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INDUSTRIAL PLANTS
by Vincent M. Altamuro
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PURPOSES

Industrial plants serve many functions. They can:
1. Protect people, products, and equipment from the weather.
2. Preserve and conserve energy.
3. Condition the inside environment to be suitable for the processes,
products, and people engaged therein.
4. Protect the outside environment from any fumes, dust, noise, or
other contaminants their processes produce.
5. Provide physical security for their contents.
6. Block access, visual and/or physical, of those not authorized to
see inside or enter them.
7. Provide the stable, strong, and smooth platform or surface
required for operations.
8. Be the frameworks for the distribution networks of the services
needed—electric power, lights, fuels, compressed air, gases, steam, air
conditioning, fire protection, water, drainage piping, communications.
9. Support the cranes, hoists, racks, and other lifting and holding
equipment attached to their superstructures.
10. Be integral parts of equipment (such as drying ovens) by having
one or more walls serve as sides of them, and the like.
11. Be safe, pleasant, and efficient places to work for employees,
impress visitors, and reflect positively on the company.
12. Fit the surroundings, blend in, be aesthetically attractive, make
architectural statements.
This list of design criteria can be expanded to include functions other
than those cited and which may be specific to a given proposed plant.
After a plant’s expected present and future activities and contents
are defined, it is designed to provide the desired functions, and then
built to provide spaces for operating personnel and to house equipment
and services. An existing plant considered for purchase or lease must
be selected so that it will provide its user a competitive advantage.
Generally, the decision to own or rent a plant depends on factors such
as the expected life of the project, prudent use of capital, the possible
need for early occupancy, the availability of a rentable building that
matches the requirements, and the possibility of either a very rapid
growth or complete failure of the enterprise. Some commercial real
estate developers will erect a building to meet the specifications of the
future operators of the industrial plant and then lease it to them under
a long-term contract, often with an option to buy it at the end of the
lease. A new structure to be designed and built must have its specifications clearly established so that it will serve its intended use and fit
its surroundings.
The creation of an industrial plant involves the commitment of sizable
resources for many years. The plant is therefore a valuable asset, both
present and future. Its design and construction must be timely and within
budget, and once undertaken, the project must, at most, be subject to
minor modifications only, and preferably none. Once the structure is in
place, it is very difficult or not economically feasible to move or change
the plant. Even if not truly irreversible, design decisions can be corrected or changed only with great difficulty and added expense. There
is often little difference in the cost of designing a plant and configuring
its equipment and services layout one way versus another. The difference arises in the operating expenses and efficiencies, i.e., the wrong
way versus the best way.
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When designing a plant, one should estimate how long it is expected
to last—both economically and physically. When making this determination, one accounts for the expected lives of the products manufactured, the processes and manufacturing methods used, the machines
used, and the extant technology, as well as the duration of the market,
the supply of labor, and so forth. Plant life and production life should
coincide to the maximum extent possible. Major difficulties arise when
a plant becomes obsolete and may warrant either abandonment or, at
best, major modification for conversion. Often the manufacturing methods employed in production have so far outgrown the original methods
that the conversion of an existing plant cannot be justified at all.
Obsolescence can be deferred by making the factory versatile, adaptable, and flexible. Possible changes in conditions can be anticipated and
the ability to alter the plant can be included in the original design. An
industrial plant is said to be versatile if it can do more than one thing,
if its equipment can switch over and make more than one variation of
the product, or if its output can be raised or lowered easily to match
demand. It is said to be adaptable if it can make other related products
with only programming and tooling changes to its equipment, without
the need to alter their layout. It has flexibility to the degree that it is easy
to move its services, machines, and other equipment to change the layout and flow paths, and thereby accommodate different products and
changing product mixes. Such a building will have a minimum of permanent walls, barriers, and other fixed features. A plant can be made to
be general-purpose or special-purpose, or more one than the other. A
general-purpose plant is more generic and can be used for a wide variety
of purposes. It is usually easier and less expensive to design, build,
and convert to new use and is more salable when no longer needed. A
special-purpose plant is designed for a specific task. It is more efficient
and can make a lower-cost product, as long as the specifications stay
within narrow limits. With modular machines, quick-change tooling,
and programmable automation, such as robots, it is possible to gain the
advantages of both general- and special-purpose construction in one
plant. It can be built with the versatility, adaptability, and flexibility to
be configured one way for one set of requirements, then reconfigured
when conditions change. This enables the manufacturer to produce the
wide variety of products that consumers want, and still make them with
the lower per unit costs of a special-purpose plant. Both economy of
scale and economy of scope are possible in the same facility.
Most industrial buildings are intended to be permanent structures—
or at least to last many years. In cases where a permanent building is
not essential, an industrial type of tent may be an alternative. Tent
technology has advanced markedly. The advantages are that tents can be
erected more quickly, more easily, and less expensively. They can be
made with aluminum arch struts which support membrane envelopes
made of flame-retardant vinyl, resulting in large poleless open spaces.
The stronger designs can withstand winds of up to 80 mi/h (128.7 km/h).
Naturally, they are not as strong as conventional structures, and security
may be a problem; vandals can cut right though the vinyl skin. They find
applications as churches, schools, prisons, and other entities as well as
industrial buildings. In some cases, they are used to handle expansion
or additional space needs until more permanent conventional buildings
can be built. Models are now available with two floors, stairs, elevators,
mezzanines, windows with screens, double doors with locks, wood
flooring or carpeting, chandeliers, tiled toilets, lockers, HVAC, etc.
There are trends in the design of some products which are causing
plants to be constructed differently, in addition to the demand for the
benefits of versatility, adaptability, and flexibility cited above. Some
products are getting smaller: computers, electronic circuits, TV cameras, and the like. For other products, greater manufacturing precision
and freedom from processing contamination require the establishment
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of ultraclean facilities such as clean rooms. These and other trends are
causing some plants to be built with the ratio of manufacturing space to
administrative space different from that in the past. In some plants with
large engineering, design, test, quality control, research and development, documentation, clerical, and other departments, the prior ratios
have been reversed, so that manufacturing and warehousing spaces constitute a rather small percent of the total plant.
In addition to the basic building structure and its supporting services,
an industrial plant comprises people, raw materials, piece parts, work in
process, finished products, warehouse stock, machines and supporting
equipment, systems and services, office furniture and files, computers,
supplies, and a host of other things. While each is an individual entity,
the plant must be designed so that all can work together in an integrated
and balanced system. For a new facility, the best way to achieve this end
is to design it in a progressive manner, going from the general to the
specific, with each step based on prior decisions, until a set of detailed
specifications is established. The sequence of design decisions is not
linear, wherein one is finalized before the next one starts. Rather, it is
more like a series of loops, with the output of one feeding back and possibly modifying prior decisions. For example, plant size could influence
the site chosen, which then could influence the amount of air conditioning and other services needed, all of which, in turn, require space
that could change the prior estimate of plant size. Almost all decisions
have an impact on one or more interrelated plant specifications. The
design of the product influences the degree of automation, which sets
in motion a chain of decisions, starting with the number of employees
required, down through the number of toilets, the size of the cafeteria,
medical department, parking lot, personnel department, etc., and ultimately even placement of emergency exit doors.
PLANT DESIGN

An industrial plant must fulfill its intended functions efficiently and
economically. Its design must consider and account for the basic
operating conditions to be served. A detailed discussion along those
lines follows.
Prerequisite Data, Decisions,
and Documentation

The decision to build or buy an individual plant is made by the company’s
senior executives. It involves the commitment of large sums of money
and is properly based on major considerations: need for additional production capacity; introduction of a new product; entering new markets;
availability of new and/or better technology and machinery; building
a new plant to replace an existing inefficient one or refurbishing and
tailoring the existing plant for new production processes and cycles;
relocation to a different area, especially if closer proximity to markets
and availability of specialized labor are involved; making products in
house which were previously bought for resale. Studies, analyses, and
projections provide input data to help determine the proper site, size,
shape, and specifications of a plant. Economic analyses, technological
forecasts, and market surveys are used to justify the investment in a plant
and to calculate the approximate amount of money required, break-even
point, payback period, and profitability. Detailed product design and
engineering documentation includes drawings, parts lists, test points,
inspection standards, and specifications. Product variations, models,
sizes, and options are defined. Sales forecast data addresses expected
unit volumes, seasonality, peaks and valleys, growth projections, and
other patterns. In addition to projections, constraints on the plant must
also be understood at the outset. These may include location restrictions,
budgetary limitations, timing deadlines, degree of mechanization, the type
of building and its appearance, limits on its effluents, exhaust fumes,
and noise, and other effects on the neighborhood and environment.
Activities and Contents

The determination of the activities and contents of a plant is facilitated
by a series of analyses and management decisions. Make/buy decisions
determine which items or component piece parts are to be made in the
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plant and which are to be purchased and stored until needed. Some purchased items are used as received, others need work (e.g., painting, plating, cutting to size). Parts purchased on a just-in-time basis will reduce
the amount of in-process storage space required.
Processes are classified as continuous (e.g., refineries, distilleries,
paper mills, chemical and plastic resin production); repetitive (e.g.,
automobiles, air conditioners, appliances, computers, telephones, toys);
or intermittent, custom job shop, or to order (e.g., elevators, ships, airliners). Some plants include combinations of these processes when they
make several types of products. In such mixed, or hybrid, situations, one
product and processing method usually dominates, but there are cases
where a plant set up for mass production work has a special-order
shop to make small quantities of variations of the basic product, such
as a vending machine that accepts only specific foreign coins. The
manufacturing methods used in these processes may include casting,
shearing, bending, drawing, forming, welding, machining, assembly, etc.
(see Sec. 13). Engineering documentation used to facilitate manufacturing
analysis includes operations analyses, flow process charts, precedence
diagrams, “gozinto” charts, bills of materials, and exploded views of
subassemblies and final assemblies. With computer-aided design
(CAD) and other graphics, these documents can often be constructed,
updated, and stored in a common database.
These documents help define the operations, their sequence and
interrelationships, inspection points, storage points, and the points in
the process where materials and parts join others to form subassemblies
and the finished product. (See Hodson, “Maynard’s Industrial
Engineering Handbook.”) Special characteristics of the operations may
be noted on these documents, such as “Very noisy operation,” “Piece
parts can be stacked, but after assembly, they cannot,” and the like.
Product movement is determined. People/tools/things must move in an
industrial plant. Workers and their tools go to the stationary work in
process, as in shipbuilding; the worker and the work go to stationary
tools, as in a general machine shop; the work in process goes to the
workers and the tools, as in an assembly line. Other combinations of the
relative movement of workers, tools, and work in progress are used.
(See Cederleaf, “Plant Layout and Flow Improvement.”)
An industrial plant should be designed to facilitate, not hamper, the
smooth movement of people, material, and information. The efficiency of
flow is also influenced by the layout of the equipment and other contents of the building. A multilevel building implies movement between
the levels, which usually takes more time, energy, and expense than
having the same activities on one level. Some operations are performed
better in high structures, where raw material is elevated and then gravityfed down through the lower levels as it evolves into a finished product.
A plant built into the side of a hill receives material directly into an
upper level without the need to elevate it. In most cases, a single-level
plant affords the opportunity for the most efficient flow of materials and
product. Even a single-level plant should have all its floor at the same
elevation so that material moving from one area to another need not go
up or down steps, ramps, or inclines. Features of the building such as
toilets and utilities should be located where they will not interfere with
the most efficient plant layout, and will not have to be moved in relayouts or expansions.
To the maximum extent possible, the material flow through an industrial plant should be smooth, straight, unidirectional, and coupled (the
output of one machine should be the input to another, without a large
cushion of inventory between them); require the least rehandling; be at
constant speed over the shortest direct route, with the least energy and
expense; and be always directed toward the shipping dock. Raw materials and piece parts should move continuously through the plant as they
are converted progressively by a combination of people and equipment
into finished products of the desired quantity and quality. Materials
must flow with few interruptions, side excursions, or stops, so that they
are in the plant for the shortest time possible and thereby facilitate expeditious product completion. Where possible, movements should be
combined with operations, such as having a mobile robot or an automatic guided vehicle (AGV) work on (inspect, sort, mark, pack, etc.)
the item while transporting it. An analysis of the plant’s activities,
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including a list of its contents and an analysis of their relative movements, results in a rational determination of how they must flow
through it. This must be done for materials (raw materials, purchased
parts, work in process, finished goods, scrap, and supplies), people, data,
and services.
Space and Size Calculations

Annual sales forecasts plotted by the month sometimes show peaks
and valleys due to seasonal variations in demand. A plant with the
capacity to produce the highest month’s demand has much of its
capacity idle or underutilized in the other months. The ideal plant
would have a constant output every month, with long production runs
of each item to minimize tool changes and setup times. This is not
always practicable, for either very high inventory buildups or shortages
could result. The compromise is the calculation of a production schedule
that is more level than the sales forecast, builds as little inventory as
possible without risking shortages, and allows for rejects, equipment
breakdowns, vacations, bad weather, and other interruptions and inefficiencies. This will result in a plant with less production equipment
and space but with more inventory space (and associated material handling equipment) to accumulate finished product to meet shipping
demands in response to sales. Obviously, the warehouse and other
storage areas must accommodate the maximum amount of inventory
expected to be stored.
The proper size of a plant is determined by calculating the total space
required (immediate and future) by all its contents: material at all stages
of production, people (employees and visitors), equipment (production,
materials handling, support, and services) and the ancilliary spaces
required (working room, aisles, lobbies). At first, only the general types
of equipment are specified (spot welders, overhead chain conveyors, forklift trucks, etc.). Later, specific items are selected and listed by manufacturer, model number, capacity, speed, size, weight, power, and other
requirements. (See Sec. 10.) Finally, one model may be substituted for
another to gain a particular advantage. A simplified typical equipment
selection calculation follows:
1. Define the operation: Joining.
2. Decide the method: Welding.
3. Note personnel available: Semiskilled.
4. Determine general machine type: Spot welder.
5. Calculate required production output:
Spot Welds Required
Product

Number of spots
Units per year
Spots per year, millions
Spots per day (250 days/year)
Spots per hour (8 h/day)
Spots per minute (60 min/h)

A

B

C

120
10,000
1.2

60
40,000
2.4

80
20,000
1.6

Total

5.2
20,800
2,600
44

6. Select a particular candidate machine, considering type of metal,
thickness of metal, diameter of spot. From catalog, choose manufacturer
(e.g., Hobart) and model (e.g., series 1500 rocker arm SW-V).
7. Calculate capacity of one machine in minutes per spot.
Operating time
Material handling time
Setup time allocated
Minutes per spot

0.03
0.06
0.01
0.10

8. Calculate the number of machines needed.
N5

TP
60HU

where N number of machines required; T standard time to perform
the operation, minutes; P
production needed per day, operations;

H standard working hours per day; U use factor—up-time of the
machine, its utilization (percent of time it is producing), or its efficiency.
Example:
N5

0.10 3 20,800
5 5.4 machines
60 3 8 3 0.80

9. Round off to next higher number: 5.4 becomes 6 machines.
10. Alternatively, return to catalog to see if there is a faster model.
If so, 5.4 could become 5 of a different model machine.
11. Record specifications of selected machine on an equipment card
or in a computer file. Appropriate notations should be made therein,
such as:
Crane must go over this machine.
Must be near outside wall for venting.
Will require supplemental lighting.
Requires a special foundation.
Requires a drain for water.
Allow room on side for gear changes.
Allow room for largest-size sheet-metal parts.
12. Use data for all machines needed to help establish specifications
for equippage of the plant:
Sum of space required (including space for workers, material, aisles,
services) becomes size of that department or function.
Sum of utilities and supplies (electricity, water, steam, compressed air,
oxygen, nitrogen, acetylene, coolants, lubricants, air conditioning)
addresses requirements for them.
Sum of weights affects floor loading capacities and specifications.
For some parameters, the extreme value is important in establishing
the building specifications; i.e., the height of the tallest machine may
set the required clear height inside the plant, locally or throughout.
Equipment mounted on columns or roof beams will influence their
size. Specific equipment may require special foundations or subfloor
access pits.
Sums of the prices of the machines and the required tooling, the number of workers, their required skills, and their wages and benefits provide information regarding the investment and operating expenses for
the plant.

The same procedure is used to determine the material handling equipment, its required space, and its influence on the plant’s specifications.
(See Immer, “Materials Handling.”) Equipment may be capable of moving materials horizontally, vertically, or in both directions; some have a
fixed path of travel, while the paths of others can be varied. The general
types of equipment that move materials horizontally in a fixed path
include conveyors, monorails, and carts pulled by trucks, dragged by
chains in floor troughs, or that follow buried wires. Conveyors are overhead or floor-level type. Overhead conveyors clear the floors of some
congestion but add to the loads carried by the building’s columns and
beams. Other types of conveyors are installed at floor level or at working
height, and include belt conveyors and powered or unpowered roller
conveyors. The general types of material handling equipment that
travel in variable horizontal paths include hand trucks, powered
trucks, pallet trucks, and automatic guided vehicles. Those that travel in
fixed vertical paths include elevators, skip hoists, chutes, and lift tables.
Those that travel in both horizontal and vertical fixed paths include
traveling bridge cranes, gantry cranes, jib cranes, and pneumatic
tubes. Those that travel in both horizontal and vertical variable paths
include robots and forklift trucks. Forklift trucks may be powered by
either battery, gasoline, or liquefied petroleum (LP) gas. Those powered
by batteries will require the installation of charging facilities within the
plant, and those with internal combustion engines will require safe fuelstorage space.
The installation of each of the above-listed material handling equipment types will influence the plant’s specifications in some way. In
computing loads on the building’s structural members, all static and
dynamic loads arising from material handling equipment must be factored into their design, as applicable.
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With respect to raw material, its form, weight, size, temperature,
ruggedness, and other qualities are considered, as are the expected
distances to be moved, speed of transit, number of trips, and amount
carried per trip. For warehouses, the important considerations are cubic
space and density of use for various package sizes, weights, and stacking
patterns.
The same basic approach is used for support functions and plant services. The space required for people can be estimated by listing them by
functions, jobs, and categories (male versus female, plant versus office,
department, location, shift, etc.), then allocating space to each. For
example, office floor space allocation in ft2 (m2) per person may be: plant
manager, from 150 to 300 (13.9 to 27.9) depending on size and type of
plant; assistant plant manager, 125 to 250 (11.6 to 23.2); department
heads, 100 to 200 (9.3 to 18.6); section heads, engineers, specialists,
100 to 150 (9.3 to 13.9); general personnel, 50 to 100 (4.6 to 9.3). When
accounting for all employees in an industrial plant, the space per person
can range from about 200 to 4,000 ft2 (18.6 to 370 m2), depending on
the type of industry and the degree of automation employed. An estimate of the male/female ratio often must be made early in the planning
stage, for many localities will issue a building permit only if adequate
sanitary and rest facilities are included for each gender.
The space required for each department and function is compiled and
added to show the approximate total plant size. See Fig. 12.1.1, which
Area
Department or function

ft

m2

Main receiving
Incoming inspection
Main stockroom
Large-component storage
Coil steel storage
Steel coil line
Sheet metal fabrication
Welding
Sheet-steel storage
Copper tubing storage
Tubing fabrication
Cleaning and painting
Insulating
Electrical subassembly
Final assembly
Finished goods storage
Wood storage and fabrication
Shipping
Maintenance and tool room
Print shop
Plant offices
Engineering laboratory
Reproduction room
Canteen/eating area
Medical/first aid
Offices and lobby
Toilets
Total

5,700
900
9,600
6,000
1,840
2,360
18,000
3,000
13,800
600
1,200
9,600
1,200
1,200
33,600
40,200
2,400
9,600
600
600
1,200
12,000
420
3,600
330
21,600
1,650
202,800

530
84
892
557
171
219
1,672
279
1,282
56
111
892
111
111
3,121
3,735
222
892
56
56
111
1,115
39
334
31
2,007
154
18,840

Function
All receiving, incoming
inspection, storage, and
shipping
All production
Engineering lab and repro
Support areas: Maintenance
and tool, print, first aid,
canteen, toilets, plant offices
General offices and lobby
Total

2

% of
total plant

ft2

m2

44.2
35.3
6.2

89,440
71,360
12,420

8,309
6,629
1,154

4.0
10.3
100.0

7,980
21,600
202,800

741
2,007
18,840

Fig. 12.1.1 Space required by department, subtotals by function, and for the
entire facility for a plant designed and built to manufacture roof-mounted commercial air conditions. (Source: VMA, Inc.)
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also shows the percent of the total plant floor space allotted to functional subtotals. The size of the plant should not be deemed final without including the manner in which to allow for anticipated growth
and/or plant expansion. Anticipated growth, if realistic, must enter into
the decisions reached as to the initial size of the plant to be built. When
dealing with the initial plant size vis-à-vis any anticipated future expansion, some questions usually posed are: Should it be large enough to
accommodate expected growth, knowing that it will be too big initially?
Should it meet only present needs, then be expanded as and if required?
Should a midsize compromise be made? A plant too big for present
needs will cost more to build and operate and may place the firm in an
uncompetitive position. Expenses for taxes, insurance, heating, air conditioning, etc. for a partially vacant plant are almost the same as for one
fully occupied. On the other hand, a plant built just to satisfy present
requirements of a growing business can quickly become cramped and
inefficient and may lead to rental of external storage and warehouse
space, with all the added expense and loss of control entailed thereby.
Any future expansion of the original plant will not only be disruptive to
operations, but also will cost significantly more than building it bigger
in the first place. The correct choice is made by analyzing all options
and comparing expected costs and profits and the realistic probability
of growth.
If a building is to be expanded or upgraded easily and economically
after it is built, that capability must be included at the outset. This is
done by deciding in advance the direction and degree of possible future
expansion, knowing that if the business grows, not all sections of the
plant may have to be expanded to the same degree. After the basic form
of the building shape and envelope have been addressed, attention is
then directed to other matters: location of the building on the property;
materials of construction for internal walls that may have to be
rearranged; location of spaces and equipment that will be difficult or
impossible to move in the future, such as toilets, shipping/receiving
docks, transformers, heavy machinery, and bridge cranes.
Superstructure members, pipes, monorails, ducts, and so on can be
terminated at the proposed expansion side of the plant, with suitable
end caps or terminations which may be removed easily and activated
quickly when required. Installations of major utilities are prudently
sized to handle future expansion. If the initial design strategy includes
anticipation of vertical expansion via mezzanines, balconies, or additional stories, foundations, footings, superstructure, and other structural
elements must be designed with that expansion in mind. To accommodate that requirement at some later date will prove to be prohibitively
expensive and will disrupt ongoing operations to a degree unimaginable. By the same token, if future operations require a contraction of
active space in the proposed plant, space would be available, at worst,
for sublease to others. Regardless of whether possible expansion or contraction is contemplated, the initial plant design should consider both
possibilities and seek to have either occur with minimum disruption of
production.
Plant Emplacement and Site Selection

The emplacement of a plant is defined by its geographical location, site,
position, and orientation, in that order. Geographical location is determined by the country, region, area, state, county, city, and municipality
in which the plant is situated. The site is that particular plot of land
which can be identified by street address or block and lot numbers in
that geographical location. The position and orientation speak to the
exact placement and compass heading of the building on the site.
Those responsible for finding a place to build an industrial plant
should be aware that places once polluted, unbuildable, and uninhabitable can sometimes be cleaned and cleared for occupancy after a time
and treatments. The famous Love canal site in upstate New York had to
be evacuated in 1978–1980 after more than 21,000 short tons of buried
chemicals started oozing into basements and contaminating groundwater. Now, 20 years later, people are living safely in new homes there.
Therefore, it might be productive to look at previously condemned
places for the possible reclassification by the EPA as removed from the
Superfund list and now decontaminated and buildable. Places cleaned
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up just enough that the remaining risk is compatible with the way the
land is to be used are called brown fields, such that one may be designated as “clean,” or not, if, say, a parking lot, an industrial plant, or
homes are to be built on it.
Typical considerations entering each stage of the placement decision,
from broad to specific, follow.
Location: Political and economic environment. Stability of currency
and government. Market potential. Raw materials supply. Availability
and cost of labor. Construction or rental costs. Environmental regulations. Climate. Applicable laws within the governing jurisdiction. Port,
river, rail, highway, airport quality. Utilities and their relative costs.
Taxes. Incentives offered. Local commercial services. Housing,
schools, hospitals, shops, libraries, museums, restaurants, parks, houses
of worship, and other community attractions. Crime rate, police and fire
protection. General ambiance of the locality. Also, the trends of all the
above.
Site: Availability. Price. Incentives offered. Building and zoning
codes. Near highway entrance/exit, on railroad spur, waterway, and
major road. Public transportation for employees. Availability of water,
sewer, and other utilities. Topography, elevation, soil properties, subsurface conditions, drainage, flood risk, earthquake faults. Neighbors.
Visibility.
Position: Placement for possible expansion with sides of building
that may be extended facing an open area or parking lot and the sides
not to be extended close to the property line. Proximity to railroad
tracks, road, utilities or other fixed features. Positions of buildings on
neighboring property.
Orientation: Turned toward or away from winter’s wind and summer’s sun, as desired, considering the frequently open large shipping and

Fig. 12.1.2 Plot plan of an industrial plant. (Source: VMA, Inc.)

receiving doors. Needs for heating, air conditioning, natural light, color
matching, and the like that would be affected by compass heading.
Proximity to competitors may be desirable if the locale has developed into a well-recognized center for that industry, where are found
skilled people and a wide variety of suppliers and supporting services,
(e.g., testing laboratories, local centers of higher learning with faculty
available for consultation on an ad hoc basis). Without these conditions,
and especially if the product is heavy and expensive to ship, it is desirable to locate close to market areas and distant from competitors.
The amount of land required depends on plant size, the number of
employees and their need for parking space, the probability of storing
some raw materials and finished goods outdoors, the need to turn large
trucks around on the property, the possibility of future expansion of the
plant, zoning, and the possible desire to create an open park-like ambiance.
Total land area of from 4 to 8 times the plant size is usually adequate; the
lower end of the range applies in built-up areas, and the higher end applies
in suburban areas. In some locations the land can cost more than the plant.
Before placement of a plant becomes final, all conditions and
extremes should be simulated, including winter storms, rainy seasons,
floods, several consecutive days of 100!F heat, power outages, labor
disruptions, and the like. It is unlikely that the perfect site will be found,
thus sought-after attributes must be ranked in order of importance. As
an incentive to get new industry, some governments will build roads and
schools and reroute buses if necessary. Test borings are often taken at a
candidate site before a commitment is made to buy or lease it to ensure
that it is suitable. A plot plan (see Fig. 12.1.2) can be made with an
approximation of the planned plant on the candidate site indicating land
size, topography, drainage, position on the plot, anticipated expansion,
compass orientation, location of power lines, railroad tracks, roads,
rivers, open fields, neighbors, etc.

PLANT DESIGN
Configuration

The configuration of a plant is determined ideally by the optimum layout of its contents. Compromises are usually made, however, often
resulting in a conventionally shaped building. A building with several
extended branches is very expensive. For a given floor area, a square
building requires less total wall length than other quadrilateral shapes,
but rectangular buildings are the most common compromise between
cost and efficiency. For the lease or purchase of an existing building, the
best approach is to design the best layout and then seek an existing
building within the desired area in which that layout may be accommodated. For a new building, the layout is set down before the location is
selected and then adjusted for the particular features of the site. A layout prepared after the site has been selected can be tailored to fit the
site, all the while maintaining the desired features of that layout.
Before the configuration and layout become final, certain broad and
tentative choices about the type of building should be made. These
include general-purpose versus special-purpose, multilevel versus single level, use of mezzanines and balconies, with windows or windowless, etc. Setting aside considerations of material flow, a multilevel
building enjoys the advantages, on a unit floor area basis, of using less
land and costing less to build. The columns, however, will generally be
spaced closer together, thereby presenting an impediment to desired
flow paths and a reduction in options for overall layout. A single-level
building, on the other hand, can more easily support heavier floor loads
by virtue of its concrete slab on grade floor construction.
The matter of the shipping/receiving floor level vis-à-vis the truck
bed level must be resolved satisfactorily, keeping in mind that loading
and unloading ought to be effected with small hoists or forklifts for
maximum efficiency. To that end the loading floor level can be built to
be flush with the bed height of most of the anticipated truck traffic, or
the truck parking apron can be inclined downward to align the two. If
those cases when trucks with other bed heights have to be accommodated, small demountable ramps can be employed, the same being built
sufficiently rigid to permit forklift traverse.
Balconies and mezzanines may be added to gain more storage space,
to locate offices with a view of the production areas below, for raw materials or subassembly work that can be gravity-fed and drop-delivered
to the operations below, and for the placement of service equipment
(hot-water tanks, compressors, air conditioners, and the like). Basements
may be included for the placement of heavy equipment, pumps, compressors, furnaces, the lower portion of very tall machines, supplies,
and employee parking.
Windows in an industrial plant lower lighting bills, permit truer color
matching in natural light, aid cooling and ventilation when opened, may
provide a means of egress in case of fire, and may lower fire insurance
rates. The advantages of a windowless plant are easy control of the
intensity and direction of light (elimination of glare, contrasts, shadows,
diffusion, and changing direction); (sometimes) less expensive construction; and less heat transfer, dust and dirt infiltration, maintenance
expense to wash and repair glass, and worker distraction; better security;
lower theft insurance rates. It is generally easier and more economical
to design a windowless building. The absence of fenestration allows
more flexibility in interior layouts by virtue of uninterrupted wall
space. The absence of low windows, in particular, obviates the need for
blinds or drapes to keep the interior private from the passing viewer.
Elimination of an enticing target to vandals and terrorists is not to be
dismissed lightly; often damage to machinery and equipment, as well as
injury to personnel, results from flying missiles launched at and through
windows.
The relative positions and detailed layouts of each department’s
machines, support equipment, services, and offices are based on analyses of their functions, contents, activities, operations, flow, relationships, and frequency of contacts. The layouts may be product- or
process-oriented, or a combination of the two. In a product-oriented
layout, machines are arranged in the sequence that the production
process requires. This permits the product to advance in a direct path,
such as on an assembly line, and with smooth material flow. In a
process-oriented layout, the machines are grouped by type, such as a
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welding or drilling area. This requires that the products requiring those
operations be brought to that area. It is used where products vary and
the output of each is low, such as in a job shop, and allows production
to continue even when a machine breaks down.
Another early decision involves the preferred placement of the
receiving and shipping departments and the related basic pattern of
material flow through the plant. If it is preferred to have the material
enter at one end of the plant and exit at the other (Fig. 12.1.3a and b),
then separate receiving and shipping facilities, equipment, and personnel will be required. Capital investment and operating economies ensue
from combining these functions, with shared personnel, equipment,
supervision, and space, but then the basic material flow will loop back
to allow the finished product to exit from the same location where raw
materials entered (Fig. 12.1.3c).

Receiving

Shipping
(a)

Receiving

(b)

Shipping

Receiving

Shipping

(c)

Fig. 12.1.3 Three different relative positions of a plant’s receiving and shipping
areas. (Source: VMA, Inc.)

The drawing showing the size, shape, and position of each department
or area of an industrial plant is called a block diagram. It is developed
by constructing a series of analysis documents. These include the frequency of relationship chart, proximity preference matrix, relative position block arrangement, sized block arrangement, initial block diagram,
refined block diagram, and final block diagram (or simply block diagram). The frequency of relationship chart (also called a from/to chart)
is constructed from an analysis of the engineering and manufacturing
documentation and the activities of the plant. It shows the frequency
and magnitude of movement, flow, and contacts between the entries. It
may be weighted to include the importance of high-priority factors.
The proximity preference matrix (also called a relationship chart) is constructed the same way. It shows (Fig. 12.1.4) which functions, departments, equipment, and people should be close to each other, how close,
and why, and which should be away from which other and why. It is
constructed with a diamond-shaped box at the intersection of every
two entries. The notations made in each box show the importance of
their need to be either close or separated by a number or code. The
reasons can also be shown by entering a code in the lower half of the
box, as shown in Fig. 12.1.4. The matrix may be made at the function
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Fig. 12.1.4 A proximity preference matrix listing the departments, functions, and areas, and ranking how near or far each should be
relative to the others, and why. (Source: VMA, Inc.)
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Fig. 12.1.5 A relative position block arrangement that attempts to satisfy and optimize the dictates of the prior
proximity preference matrix. (Source: VMA, Inc.)

or department level and, later, at the individual machine or person level.
The objective of the matrix and chart is to lay out the plant so that things
are as close to (or as far from) other things to satisfy the criteria established, and ensure that those with the highest number of contacts are so
located to minimize the time, distance, and energy required.
When this is done, a relative position block arrangement (Fig. 12.1.5)
may be made; this shows the various arrangements possible by shifting
around pieces representing the departments. The arrangement selected
is the one that best satisfies the relationships (in decreasing order of
importance) and degrees of contacts, as previously determined. The size
of each model (or computer graphic representation) is the same because
only the relative positions of the departments or areas is of interest at
this stage of the design. Assigning a different color or background pattern to each adds to clarity and, when carried through to final and
detailed drawings, helps visualize quickly the totals of separated areas;
e.g., the total of inventory storage areas spread throughout the plant can
be understood quickly if all are shaded the same color on the drawings.
The sized block arrangement diagram (Fig. 12.1.6) is the relative position
block arrangement with the size of each area scaled (but still square) to
represent its square footage as determined by its expected contents and
room for expansion (unless the expansion is to be handled by extending
the building, in which case the department should be placed where
expansion is proposed. The initial block diagram converts the square representation of each department into a shape that is more suitable for its
contents and activities, but of the same square footage. The refined block
diagram (Fig. 12.1.7) adjusts the initial shapes to effect a compromise
between the advantages of having them be the best operational shape and
those of fitting them in an economical rectangular building. L-, T-, U-,
H-, and E-shaped buildings are often the result of such configuration
compromises.

After the main aisles are drawn, as straight as possible, to serve as
dividers between departments, the size and shape of each area can be
fine-tuned, and a final block diagram, or simply block diagram, is drawn,
keeping the same color code scheme used throughout. Detailed layouts
are constructed for each department and function to fit within the spaces
allocated in the block diagram. When assembled onto one drawing, the
block diagrams become the detailed layout for the entire plant.
There are several aids to constructing both block diagrams and detailed
layouts. These range from scaled templates to three-dimensional models
of machines and equipment. They are available as plain blocks and as
highly detailed plastic or cast-metal models. Computer-based optimization programs are also available. Some computer-aided design packages
contain libraries of plant components and equipment that can be selected,
positioned, rotated, and moved on the screen until a satisfactory layout
is achieved. See Figs. 12.1.8 and 12.1.9 for two- and three-dimensional,
respectively, computer-generated detailed layout drawings. Arrows are
added to these diagrams to show flow paths. Copies of these drawings
can be annotated with dimensions and machinery and furniture descriptors and given to vendors and contractors for them to submit bids to
supply and install the items. They are also kept on file for use in future
maintenance and/or revisions.
Features not expected to be moved in the future or that will become
permanent parts of the building should be located first, e.g., stairways,
doors, toilets, transformers, steam boilers, fuel tanks, pumps, compressors,
piping, and permanent walls. Accurately dimensioned definitive drawings
must be made to guide installers of equipment and services.
In addition to the layouts of the production areas, the support functions must also be planned. Support groups assist the production
departments; they include research and development, testing laboratories, engineering, production planning and control, quality control,
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Fig. 12.1.6 A sized block arrangement that converts the prior relative position block arrangement into one that shows
the required size of each department, function, and area, while maintaining the preferred relative position of each.
(Source: VMA, Inc.)

machine shop, sales and advertising, technical literature, purchasing,
data processing, accounting and finance, files storage, personnel, medical, administration and management, general office, supply storage,
reception lobby, conference rooms, training rooms, library, mail room,
copying and reproduction, cafeteria, vending machines, water fountains,
washrooms, toilets, lockers, custodial and maintenance, security, and so
on. Adequate space must be provided for the people working in these
areas and their workstations must be designed with ergonomics, lighting, air quality, comfort, and safety in mind.
Many industrial plants have the supervisors’ offices situated on the
factory floor for better contact with and control of their people.
Likewise, offices for quality control inspectors, industrial engineers,
and manufacturing or process engineers often are located in the production areas. Such offices may be built with the building or may be
purchased and installed as preengineered, prefabricated units. General
and administrative offices usually are distant from the plant’s machinery and equipment, whose noise and vibrations would otherwise affect
the performance of the occupants therein and their ancillary equipment
(computers, for example).
Office furniture may be arranged in military style (orderly straight
rows), the open plan method (fewer and movable partitions), landscaped (free form with plants and curved dividers), individual offices
(glass, wallboard, steel, or masonry walls), or any combination of these.
In those arrangements wherein the partitions and dividers are classified

as furniture instead of parts of the building, they may be depreciated
over a much shorter period of time than the permanent structure. Space
is allocated on the basis of position in the organization chart, with the
senior executives getting windows (if any) and the most senior getting
a large corner office. Floor coverings, ranging from tile to carpeting,
again depends on position, as do the amount and type of furniture.
The plant’s reception lobby should measure approximately 160 ft2
(14.9 m2) if seating for four persons is required, and at least 200 ft2
(18.6 m2) for 10 visitors. Add 60 to 100 ft2 (5.6 to 9.3 m2) if a
receptionist is to be seated there. Cloak rooms require 6 ft2 (0.6 m2) per
10 garments.
If a cafeteria is included, 20 ft2 (1.9 m2) per person of expected occupancy should be provided if it is equipped with tables and chairs, plus
space required by any vending machines. Conference and meeting
rooms should provide about 20 ft2 (1.9 m2) per person of expected
attendance, and training rooms with theater-type seating should be
400 ft2 (37.2 m2) for groups of 20, 600 (55.8) for 40, and 1,000 (92.9)
for 80. A plant library will range from 400 to 1,000 ft2 (37.2 to 92.9 m2),
depending on its contents. Record storage requires 6 ft2 (0.6 m2) per file
cabinet. Storage space must be provided for stationery and supplies.
Slop sink and mop closets should be 12 to 15 ft2 (1.1 to 1.4 m2).
Facilities should be placed as close as possible to those who will use
them; those for universal use must be located conveniently. In very
large plants, spaces and facilities for universal use must be supplied in
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Fig. 12.1.7 A refined block diagram that converts the prior sized block arrangement onto one that makes the shape of
each department, function, and area be such that, together, they fit into a building of a more conventional shape, while
maintaining the size and relative position of each. (Source: VMA, Inc.)

multiples, and include toilets, clothes closets, lockers, time clocks,
emergency exit doors, copy machines, vending machines, and drinking
fountains. Aisle locations and widths are critical elements in the management of internal traffic, and are based on: use only for pedestrians or
by material handling vehicles as well, in which case load widths must
also be included as a design parameter; whether traffic is one-way or
two-way, with loaded vehicles passing each other; traversing vehicular
traffic only or with dropoff and/or pickup points along the route; and
provision of turnaround space for vehicles (forklifts and the like) or
restrictions on maneuvering within aisles. For efficient traffic flow, the
configuration that will work best most often is one with one main aisle
and a number of smaller feeder aisles, with straight, well-marked aisles
intersecting at right angles. Aisles located at exterior walls will result in
loss of storage space, and generally will be remote from the central area
meant to be served. While necessary and functional, aisle space can
occupy from 15 to 30 percent of the plant’s total floor space. Planning
for aisle space and the location of exits must defer to any applicable
labor laws or local ordinances.
Services

An industrial plant’s services are those utilities that power and supply
the production and support functions. They include electric power and

backup emergency power; heating, ventilating, and air conditioning
(HVAC); water for processes, drinking, toilets, and cleaning; smoke,
fume, and fire detection and fire fighting; natural gas and/or fuel oil,
process liquids and gases, compressed air, steam; battery chargers for
electric forklift trucks, AGVs, and mobile robots; communication networks and links for telephone, facsimile, computers, and other database
nodes; surveillance and security systems; and waste, scrap, and effluent
disposal drains and piping. The design of these requires not only the
specification of the equipment, but also the layout of the distribution
networks, with drops to where needed and points of interface to the
apparatus served.
Flexibility is increased and unsightly and dangerous wires are
eliminated by installing buried electric raceways in the floor before concrete is poured. Wires channeled thus are connected to floor-mounted
equipment through access caps; changes in machine layout or additions
to the complement of machinery are facilitated via connections into
the raceways. Definitive, current records of buried raceways document
exact locations of raceways and any modifications made thereto over
periods of time, and while they are archival in nature, they serve to
prevent confusion and guesswork. Other raceways and wire conduits
are dispersed through the plant to accommodate electric convenience
outlets, communication equipment, and similar services.
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Fig. 12.1.8 A two-dimensional computer-generated detailed layout of one area of an industrial plant, showing furniture, fixtures, and flow path. (Source: Cederleaf, “Plant Layout and Flow Improvement,” McGraw-Hill.)

Electric power is usually transmitted over the utility’s lines at between
22,000 and 115,000 V. The plant usually includes transformers to reduce
voltage to 2,300–13,000 V. Most building codes require that these transformers be installed outside the building. The next level of voltage reduction, down to 120–480 V, is provided by transformers usually located
inside the building and dispersed to strategic locations to provide balanced
service with minimum-length runs of service connections. Alternatively,
the plant may arrange for the local utility to supply electric power already
stepped down to the levels needed; 240/120-V single phase, three-wire;
208/120-V three-phase, four-wire; 480/277-V three-phase, four wire.
The last is more economical for motors and industrial lighting.
Natural light entering the plant through windows and skylights is
erratic and difficult to control. All areas of the plant must be illuminated
adequately for the activities conducted therein. Section 12.5 lists typical illumination levels. Density of light, illuminance, is designated in
footcandles, fc (lumens per square foot) or lux, lx (lumens per square
meter). One fc 10.76 lx. In most cases, tasks requiring illuminance
more than 100 to 150 fc (1,080 to 1,600 lx) also require directed supplemental illumination. No area should be illuminated at a level less
than 20 percent of nor more than 5 times that of adjacent areas because
eyes have trouble adjusting rapidly to drastic differences in illuminance.
Proper illumination is also a function of the type and form of the lighting fixtures. Luminaires are selected to shed direct, indirect, or diffused
light. Lamp types include incandescent, fluorescent, mercury vapor,
metal halide (multivapor), and high-pressure sodium vapor. The number and type of lamps per luminaire, height, spacing, and percent

reflectance of the floor, walls, and ceiling are contributing factors. The
plant should have a portion of its lights attached to an emergency power
source that switches on when the regular power fails. (See Rosaler,
“Standard Handbook of Plant Engineering.”) A stationary diesel-, gas-,
or gasoline-powered electric generator is usually installed to provide
emergency electric power. The available fault current at all points in
the electric distribution system should be determined so that protective
devices can be installed to interrupt it. Selected circuits should have
uninterruptible power supplies (UPSs), isolators, and regulators to protect against outages, voltage surges, sags, spikes, frequency drifts, and
electrical noise. Exit signs and a clear path to the exits should be capable of being energized by emergency power, from either a standby generator or batteries.
Water, water distribution, and fixtures are essential for many plant
processes, including paint booth “waterfalls”; for cooling machines,
welders, and the like; for adding water as an ingredient in some products; in toilets, showers, cafeterias, and drinking fountains; for sprinkler systems and fire fighting; and for custodial work and landscaping
maintenance. If large amounts of hot and/or cold water are required
by the process, boilers and/or chillers are provided, along with associated piping and pumps for fuel and water distribution. The number
of toilet fixtures as required by building codes is based on the number
and gender of expected building occupants. Dispensers that chill
and/or heat water are useful to prepare beverages and soups. Water
consumption per person per 8-hr shift in personnel facilities ranges
from 30 to 80 gal (114 to 303 L).
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Fig. 12.1.9 A three-dimensional computer-generated detailed layout of the same area shown in Fig. 12.1.8. (Source:
Cederleaf, “Plant Layout & Flow Improvement,” McGraw-Hill.)

Fire protection In cases of large fires, fireproofing materials can
prevent, lessen, or slow down the heating of a building’s steel structural
components, lest they lose strength, weaken, deform, and possibly collapse. Further studies of the collapse of the World Trade Center suggest
that gaps in the sprayed-on insulation could act as gateways to actually
direct heat onto the steel, rather than keep it away. Lightweight, fluffy
fireproofing material is popular because it is relatively inexpensive and
easy to spray onto the steel. But it is also easily damaged during the maintenance work on ducts, cabling, wiring, sprinkler piping, etc.; and it
becomes friable over time such that the slightest touch causes it to fall
off, creating the above-mentioned gaps.
Sprinklers are installed according to the recommendations of the
National Fire Protection Association (NFPA). Automatic sprinklers can
be the wet type, wherein water is always in the pipes up to each head,
or the dry type, wherein the pipes are filled with air under pressure to
restrain water until the fusible link in the head melts and releases the air
pressure, allowing water to flow.
The dry type is used outdoors and in unheated areas where water
could freeze. Sprinkler heads are either standard or deluge type.
Standard heads have a fusible element in each head that is melted by the
heat of a fire, thereby opening the head and releasing water. Deluge
heads do not have fusible elements, but a deluge valve which is opened
in response to a signal from any of several heat sensors situated in the
protected area. In the standard type, only the heads whose elements are
melted release water, whereas deluge heads act simultaneously. A deluge system is more likely to extinguish sparks at the periphery of a fire,
but it also may ruin materials that are doused unnecessarily with water.
A preaction system includes sensors and an alarm which gives plant

personnel a chance to deal with the fire before sprinklers actuate and
douse valuable merchandise. The alarm may also be wired to signal the
local fire department. The sprinkler heads must be spaced in accordance
with the prevailing code: generally one head per 200 ft2 (18.6 m2) for
low-hazard areas, 90 ft2 (8.4 m2) for high-hazard areas, and about 120 ft2
(11.2 m2) for general manufacturing; about 8 to 12 ft (2.44 to 3.66 m)
between heads and height of the highest head not over 15 ft (4.57 m)
are typical. (See also Sec. 18.3). Drains should be installed to carry
away sprinkler water. The supply of water for all of the above listed
needs must be adequate and reliable. For fire fighting, the greatest fire
hazard and the size of the water supply required to deal with it must be
estimated. The expected flow from all hoses and sprinklers, the static
pressure, and the minimum flow available at a given residual pressure
must be considered. Again, codes and insurance company requirements
control. Sources of water include city mains, gravity tanks on towers,
reservoirs on roofs or in decorative ponds that are part of the landscaping,
wells, nearby lakes, and rivers.
Heat The heat required for personnel comfort depends on the plant’s
location, which in turn, influences the types and capacities of heaters
selected. Generally, factory areas can be kept a little cooler, about 65!F
than the 72!F recommended for office areas. Heating systems include
warm air, hot water, steam, electric, and radiant. Warm air requires a
furnace to heat the air and ducts and blowers to distribute it. Circulating
hot water and steam heat also require boilers and furnaces and a network of distribution pipes and radiators. Electric space heaters require
fixed wiring and local outlets. Unit radiant heats may be fueled by gas,
steam, hot water, or electricity and are placed above doors and work
areas, oriented to direct heat where it is required. Piping can be

12-14

INDUSTRIAL PLANTS

embedded in the concrete slab on grade, and in other floors, walls, and
ceilings to provide radiant heat from circulating hot water.
Ventilation, the introduction of fresh outside air, the exhaust of stale
inside air, or merely the movement of otherwise still inside air, can be
effected naturally or mechanically. Natural ventilation requires windows,
skylights, louvers, or other openings. Mechanical ventilation requires
fans and blowers (and sometimes ducts) to draw air in, circulate it, and
exhaust it. The number of cubic feet per minute (cubic metres per minute)
of air per person required by people working in an office is about 10 (0.3),
and between 25 and 50 (0.7 to 1.4) for those working on the factory
floor. The total amount of air needed and the number of air changes
per hour determine the number and sizes of fans, motors, and ducts.
One change per hour is too little, with no discernible difference in air
quality; 50 to 60 changes of air per hour are too many, and the resulting
high-velocity drafts cause sensations of chilling and accompanying
discomfort. Minimally, 5 changes of air per hour are required.
Whether a building is air conditioned or not, large high-mounted
slow-speed fans can aid in expelling hot air in the summer when vents are
opened. When vents are closed in the winter, they redirect risen warm
air to the occupied spaces below.
Air conditioning adds to employee comfort, increases their productivity, and is essential for the manufacture of certain products. The calculation of the expected heat gains required to specify an air-conditioning
installation is similar to the procedure for calculating heat loss in the
design of a heating system. For air conditioning, the required cooling
load is calculated in Btu per hour and converted to required tons of
refrigeration by dividing by 12,000. (See Sec. 12.4.) The tonnage
required would be one basis for the selection of the type of water-cooled
or evaporative condensers, compressors, air handling units, motors,
pumps, ducts, registers, circuitry, panels, and controls to be installed.
Packaged air-conditioning units mounted on window sills, floors, ceilings, or roofs are often used. (See Merritt and Ricketts, “Building
Design and Construction Handbook.”)
The design and installation of a compressed-air system includes the
summation of the volume and pressure of air required at all plant locations. The pipe diameters and total pressure drops between compressor
and the most remote point of delivery must be determined. Pressure
drop is a function of pipe and hose friction and the requirements of airpowered devices. Piping may be fixed, by and large, but the number and
types of air-powered devices will change from time to time as production
processes are changed or rearranged. Thus, there is some variability
to be expected in the calculations to determine compressor discharge
volume and pressure. Suitable allowances for unknown quantities are
usually factored into the final design selection.
Internal and external communications systems must be installed. With
autofacturing (see Sec. 17), the design, manufacture, production control,
inventory control, storekeeping, warehousing, sales, and shipping records
are all integrated and tied to the same information database. An internal
local-area network (LAN), with computers, terminals, displays, and
printers distributed throughout the plant and offices, will be required to
plan, analyze, order, receive and accept material, record, feed back data,
update files, and control and correct operating conditions. AGVs and
mobile robots can be programmed to navigate off beacons installed
throughout the plant.
Parking for employees and visitors must include spaces for handicapped persons. Parking lots are usually paved with 3 in (7.6 cm) of
asphaltic cover over 6 in (15.2 cm) of gravel base. Lines are painted to
designate spaces, which may be “straight in” (at a 90! angle to the
curb), or at a smaller angle, typically 45! to 60!. The angle used influences the width of the aisles, depth (distance from the edge of the aisle
to the curb) of each space, and the amount of curb length required for
each car. For example, parking at a 45! angle requires an aisle width of
about 13 to 15 ft (4.0 to 4.6 m), a space depth of about 20 to 21 ft (6.1
to 6.4 m) and uses about 13 ft (4.0 m) of curb per space (because of the
overlaps); a 90! layout requires an aisle width of about 24 to 27 ft (7.3
to 8.2 m) and a space depth of about 19 to 20 ft (5.8 to 6.1 m) and
uses about 9 to 10 ft (2.7 to 3.1 m) of curb per space. The width of each
space (except those for the handicapped, which are wider) ranges from

9 to 10 ft (2.7 to 3.1 m) and their lengths from 19 to 20 ft (5.8 to 6.1 m).
The number of parking spaces to be provided depends on the number of
people expected and the extent to which public transportation is available and used. It is expected that there will be more than one employee
per vehicle. Factors ranging from 1.2 to 2.5 persons per car can be used,
depending on the firm’s best estimate of the practices of its employees.
For multiple-shift operations, it must be recognized that those working
the second shift will arrive and need parking spaces before those on the
first shift leave and vacate them. For those using public transportation,
a shelter against the weather may be erected; often it is provided by the
bus company.
In addition to parking space for automobiles, space must be provided
for trucks that bring material to the plant and carry products away.
Sizes of trucks, truck tractors, and their trailers vary widely, as do
their turning radii. Many trucks will drive in frontward, maneuver to
turn around, and back into the loading docks and platforms. Space must
be provided for them to do this, even when there are other trucks present. The minimum size apron (measured by the distance from the outermost obstruction, whether it be a part of the building, the front of
another truck already in the loading dock, or anything else that is in the
way), required to maneuver a tractor-trailer into or out of a loading
position, in one maneuver and with no driver error, varies with the
length of the tractor-trailer expected and the width of the position to be
provided. For example:
Tractor-trailer
length

Position
width

Minimum
apron size

35 ft (10.7 m)

10 ft (3.1 m)
12 ft (3.7 m)
14 ft (4.3 m)
10 ft (3.1 m)
12 ft (3.7 m)
14 ft (4.3 m)
10 ft (3.1 m)
12 ft (3.7 m)
14 ft (4.3 m)

46 ft (14.0 m)
43 ft (13.1 m)
39 ft (11.9 m)
48 ft (14.7 m)
44 ft (13.4 m)
42 ft (12.8 m)
57 ft (17.4 m)
49 ft (15.0 m)
48 ft (14.6 m)

40 ft (12.2 m)

45 ft (13.7 m)

Truck heights range from about 8 ft (2.4 m) for a panel truck to around
13.5 ft (4.1 m) for double-axle semis and others. Doorways must be
sized accordingly. Seals and pads may be added around the doors to fill
the gap between the back of trucks and the building. Besides conventional rollup doors, plastic strips and air curtains may be used to provide
a partial barrier between the plant’s environment and the weather.
The plant’s security measures should include structural protection
against wind, rain, flood, lightning, earthquakes, and fire. Security
against intruders, breakins, and vandalism can include fencing, gates,
perimeter lights, surveillance cameras, and sensors. Security guard
booths may be purchased as prefabricated units, complete with lights,
heat, and air conditioners.
Emergency egress should provide for more than one route to safety,
minimal distances to doors, doors that are locked from the outside but
can be opened with a push from the inside (by panic bars), all to be
accessible and usable by the handicapped. When designing a plant for
ease of use by handicapped employees and visitors, all physical barriers
must be eliminated and aids installed, such as ramps, braille signs,
wheelchair-width doors and toilet booths, wheelchair-height sinks and
drinking fountains, and the like. Applicable local building codes and
federal regulations will guide and control the final designs.
Most of the above services and systems are built into the structure or
influence its design and, therefore, must be determined before the specifications of the building become final.
Building Structure

The specifications for an industrial plant’s structure depend on its contents, intended use, general location, and specific site. In the usual order
in which they are constructed are foundation and footings, columns
(and bay sizes), beams and roof trusses, exterior walls, floor slab, roof
decking and covering, exterior doors and fenestration, interior partitions,
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walls, doorways, services (electric power, compressed air, etc.), interior
decor, and other special features.
Firm foundations and footings are required to support the columns,
peripheral and some interior walls, machinery, and other equipment.
Especially heavy machines, or those subject to large dynamic loads
(often repetitive), may require special design that incorporates measures
to isolate vibrations. Depth, size, and foundation reinforcement depends
on the subsurface conditions. Installation of piles may be dictated by
unsuitable load-bearing soil. Almost all foundations consist of castin-place concrete; in rare instances, load-bearing concrete blocks are set
onto a previously poured concrete base. Site topography and location of
the building may require the construction of retaining walls; these may
be cast concrete or assembled with precast concrete sections which may
serve also to provide a decorative treatment. The subgrade on which the
concrete floor slabs will be poured must be well-compacted and made
level. Often, the floor slab is not cast until heavy equipment (used to
erect superstructure) is removed from the site.
Steel superstructure members are designed to provide the clear spans
delineated by the selected bay sizes. They also support intermediate
floors (if any); roof-mounted equipment; material handling equipment
such as monorails; and lighting fixtures, piping, ductwork, and other
utilities. The design must account for all dead and live loads, usually in
accordance with applicable local building codes and other accepted
structural codes. (See Secs. 5, 6, and 12.)
The sizes and locations of columns and beams establish the bay
sizes. The longer the span, the larger the bay size, but this reflects back
into construction with heavier columns, deeper beams and trusses, and
concomitant higher costs. Inasmuch as larger bay sizes permit greater
freedom in plant layouts and ease material handling, the added expense
of large bay sizes is often worth it. Accordingly, the trend in plant
design is to incorporate large bays. While any bay size is feasible, a
cost/benefit tradeoff may set reasonable limits. Typical bay sizes are
30 " 40 ft (9 " 12 m), 40 " 60 (12 " 18), and 40 " 80 (12 " 24).
There are warehouses whose bay size is dictated by the requirement
to accommodate stacks of standard pallets with minimum waste space.
Aircraft manufacturing plants and commercial hangars enclose enormous column-free cavernous spaces; lengths of 300 to 400 ft (91 to
122 m) are the norm in those applications.
When columns must support heavy traveling bridge cranes, a second
row of columns is incorporated into the main columns to provide support for rails and to effect a stiffer structural configuration.
Beams are set at the top of columns and establish the clear height of
the building interior; 15, 20, and 25 ft (4.5, 6.1, and 7.6 m) are typical
in manufacturing areas, and 30 to 40 ft and more (9.1 to 12.2 m) are
employed in warehouse space. When a two-story office is part of a
single-level plant (Fig. 12.1.7) the overall height of the building is often
set to the second-story height to permit a simple flat roof. Factory clear
heights should be at least the height of the highest machine, with a
generous margin added; for large products, the clear height is often
designed to be twice the height of the largest product. Anything suspended from the beams or girders reduces the clear height. Deeper open
roof trusses permit some piping, wiring, and other services to be woven
through them and light fixtures placed between them, thereby not
reducing clear working space. Roof decking and roofing is affixed to
roof trusses or beams.
Exterior walls can be load bearing (support one end of a beam) or
nonbearing. If nonbearing, all beam loads are transferred to columns
spaced at intervals along the building perimeter. Walls are constructed
of masonry [brick or concrete block masonry units (CMUs), sometimes incorporating glass block]; metal panels, usually integrally
stiffened; wood for special applications (storage of highway deicing
salts); natural stone or stone veneer/precast-concrete panels; or stone
veneer on masonry backup walls. Where conditions allow, poured
concrete walls are cast on the flat (at grade), then tilted up and secured
into place; this technique is attractive especially for warehouses with
repetitive wall construction devoid of windows and other openings.
Metal panels are usually galvanized steel, with or without paint, or
painted aluminum.
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Factory floors may be required to sustain live loads from less than
100 pounds per square foot (psf ) (0.5 kPa) to over 2,000 psf (96 kPa).
A general-purpose light-assembly floor ordinarily will have no less than
100 psf (0.5 kPa) floor load capacity. A special purpose plant floor may
be built with floor load capacities which vary from place to place in
accordance with the requirements for different load-carrying capacity.
Certainly, in the extreme, to build in a maximum floor loading capacity
of, say, 2,000 psf (96 kPa) throughout a plant when there is minimal
likelihood for that requirement other than in discrete areas, would not
be cost-effective. Concentrated live loads (most often from wheeled
material handling vehicles) are accounted for in the design of the floor
slabs as required. The final design of the plant floor will meld the above
factors with other requirements so that the sum of all dead and live
loads can be safely sustained in the several areas of the floor.
Virtually all slab on-grade concrete floors are cast in place; in rare
cases, precast concrete sections are used. Wooden plank flooring is
rarely used on new construction. Upper floors are most often constructed
with precast concrete planks overlaid with a cement mortar topping
coat, or employ ribbed decking. When upper-floor loading capacities
require it, those floors can also be cast in place; in those instances, concrete is cast into ribbed metal decking which acts as wet form work and
remains in place. End grain wood blocks may be set atop a concrete
floor to mitigate against unavoidable spillage of liquids. (See Sec. 12.2.)
The load-carrying capacity of concrete slabs on grade is ultimately
limited not only by the strength of the concrete itself, but also by the
ability of the subgrade material to resist deformation. The proper design
of the floor, especially at grade, will account for all the parameters
and result in a floor which will safely sustain design floor loading.
Automatic guided vehicle systems and mobile robots (see Sec. 10)
require level and smooth floors. The floor surface may be roughened
slightly with a float to reduce slipping hazards, or have a steel trowel
finish to accommodate AGV and mobile robot navigation. If it is contemplated that products or equipment will be moved by raising and
floating them on films of air, the floor must be crack-free. If a slight
floor slope can be tolerated from an operational point of view, that will
ease cleaning by allowing water to flow to drains. The slab’s surface
may be coated, treated, or tiled for protection, comfort, ease of maintenance, and/or aesthetics. Expansion joints around column bases will
inhibit propagation of small cracks resulting from differential settlement between column footings and floor slabs.
At this stage, the building looks like the one shown in Fig. 12.1.10.
A flat roof is always slightly pitched to drain water toward scuppers,
gutters, and downspouts. It is constructed with ribbed metal decking or
precast concrete planks, topped with a vapor barrier, insulation, a topping surface, flashing, sealants or caulking, and roof drains. The covering of a built-up roof (BUR) comprises three to five layers of roofing felt
(fiberglass, polyester fabric, or other organic base material), each layer
mopped with hot bitumen (asphalt or coal tar pitch). The wearing surface of roofing may include a cap sheet with fine mineral aggregate,
reflective coating, or stone aggregate. When extensive roof traffic is
anticipated, pavers or wood walkways are installed. A recent successful
roof surface is composed of a synthetic rubber sheet, seamless except at
lapped, adhesively bonded joints. It has proved to be a superior product,
providing long, carefree life.
The seal between roofing and parapet walls or curbed openings is
effected with flashing bent and cemented in place with bituminous
cement. The flashing material may be galvanized steel aluminum, copper,
stainless steel, or a membrane material.
Flat roofs lend themselves to ponding water to help cool the plant.
Roof ponds (and water sprays) can reduce interior temperatures by
10 to 15!F (6 to 9!C) in the summer. Roof ponds can serve as a backup
source of water for fire fighting. If water is ponded on a roof, roof construction must be handled expressly for that purpose. There are structural implications which must be considered as well.
Doors and ramps should be made 2 ft (0.6 m) larger than the largest
equipment or material expected and large enough to allow ingress of
fire fighting apparatus. It is often convenient to place very large pieces of
equipment such as molding machines and presses inside the building
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Fig. 12.1.10 A view of a plant during construction. Shown are its columns, roof trusses, and exterior masonry walls.
The reinforced-concrete floor slab is being poured over compacted soil. (Source: VMA, Inc.)

envelope before the walls are completed. After exterior walls and roof are
in place, the building interior is sufficiently secure for assembling materials for the remaining construction and to receiving smaller equipment.
Interior walls and partitions (masonry, wood, wallboard, and metal)
follow, after which office flooring and framing are installed (Fig. 12.1.11).
Steel framing (called steel for stick by some) is sometimes an alternative
to using wood studs. Walls framed with steel studs look the same as
those made of wood when they are finished with any material externally,
and with regular drywall inside. Metal is longer-lasting, stronger, and
able to have larger spans, creating clearer spaces with fewer interior
supports, which offers greater design and architectural flexibility and
styling options. The studs are bolted and screwed together, versus the
nails used with wood. The sizes and gage of the members can range
from lighter and thinner galvanized steel to thicker, heavier “red iron”
members. They come with prepunched access holes for ease of
installing wire and cable and of adding cross supports to make their
assemblage more rigid. Metal framing requires fewer wall studs, thus
creating fewer uninsulated thermal bridges. Metal frames can also be
more energy-efficient when dimensioned to provide deeper wall cavities to hold thicker insulation. They are impervious to insects, mold, rot,
splits, shrinkage, and warpage. Many are made from recycled metal.
The price of sheet metal studs may be higher or lower than for wood
studs; but for a true cost comparison, the total cost (e.g., material, time,
labor) of building with metal versus wood must be considered. The
remainder of the construction involves completion of wiring, lighting,
and other services; application of paint or wall coverings, floor coverings, and decor; and so on.

Other Considerations

Industrial plants must be built in conformance with all state and local
codes. The International Code Council has issued—and periodically
updates—an “International Building Code (affixed with the year of the
latest version).” It applies to the design and construction of all buildings
except one- and two-family houses, which are covered by other codes.
It also has subcodes, such as for plumbing, electrical, HVAC, fire protection, and most recently energy conservation. Each individual state in
the United States can and does select parts of or all the International
Building Code to create its own pertinent code.
The applicable standards, regulations, and procedures of the 1971
Williams-Steiger Occupational Safety and Health Act (OSHA), as
amended, must be followed in the construction and operation of the
building and the design and use of the plant’s equipment; likewise, the
regulations of the Environmental Protection Agency (EPA), as amended,
and the design standards of the Americans With Disabilities Act (ADA),
as amended, must be followed.
Color can serve several purposes in an industrial plant. As an aid to
safety, it can be used to identify contents of pipes, dangerous areas,
aisles, moving parts of equipment, emergency switches, and fire fighting and first aid equipment. It also can be used to improve illumination,
conserve energy, reduce employee fatigue and influence on morale
positively.
OSHA, American National Standards Institute (ANSI) specification
Z53.1, and specific safety regulations require the use of specific
identity colors in certain applications. As a general guide, yellow or wide
yellow-and-black bands are used to indicate the need for caution and to

CONTRACT PROCEDURES

Fig. 12.1.11 A view of framing for the first- and second-story offices of a plant,
with a roof beam and the steelwork supporting the second floor visible. (Source:
VMA, Inc.)

highlight physical hazards that persons might trip on, strike against, or
fall into, such as edges of platforms, low beams, stairways, and trafficked
aisles along which equipment moves. Orange designates dangerous parts
of machines or energized equipment that may cut, crush, shock, or otherwise injure, such as the inside of gear boxes, gear covers, and exposed
edges of gears, cutting devices, and power jaws. Red is the basic color
for the identification of fire protection equipment and apparatus, danger
and stop signs, fire alarm boxes, fire exit signs, and sprinkler piping.
Green designates safety items, such as first aid kits, gas masks, and
safety deluge showers, or their locations. Blue designates caution and is
limited to warning against starting, use of, or movement of equipment
under repair, and utilizes tags, flags, or painted barriers. Purple designates
radiation hazards. Black, white, or a combination of both designates
traffic control and housekeeping markings, such as aisleways, drinking
fountains, and directional signs.
There are also color conventions for the identification of fluids conducted in pipes. Instead of being painted their entire length, pipes are
painted with colored bands and labels at intervals along the lines, at
valves, or where pipes pass through walls. ANSI Standard A 13.1-1975
specifies the following colors for pipe identification: red for fire protection; yellow for dangerous materials; blue for protective materials;
green and white, black, gray, or aluminum for safe materials.
The noises created during the operation of a plant can be dealt with at
their sources, along their paths, and at their receivers. At the sources, noise
is minimized or eliminated by: changing the process; replacing (with
quieter) equipment; modifying equipment by redesign or component
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changes; moving to another location; installing mufflers and shock
mounts; using isolation pads; and shielding and enclosing equipment
with material having a high sound transmission loss (STL) value. STL
is a measure of the reduction in sound pressure as it passes through a
material. Along the paths, attenuation of noise is enhanced by increasing the distance between sources and receivers; introducing discontinuities in the transmission path, such as barriers and baffles which
interrupt direct transmission; installing acoustical barriers with an STL
of at least 24 dB and with sufficient absorption to prevent reflection of
the noise back to its source; and by placing sound-absorbent material on
surfaces along its path, such as acoustical ceilings and floor and wall
coverings. At the receivers, enclosures, workstation partitions of soundabsorbing material, earplugs, and “white-noise” generators can be used.
(See Secs. 12.6 and 18.2.)
Provisions must be made for waste disposal, including: disposal of
refuse and garbage, treatment of process fluids and solids, and waste
and recyclables recovery, all in accordance with applicable EPA and
other regulations.
Among many other things, the plant design process must address
matters such as fuel storage, storm and surface drainage, snow removal
facilities and procedures (if the local climate warrants), design for ease
of maintenance of the building as well as the grounds and associated
landscaping, the articulation of the architect’s idiom, energy efficiency
in the materials of construction and the equipment installed to service
the plant, and diligence in compliance with environmental impact studies
(if required). Buildings, like other designed and made products, can—to
varying degrees—help or hurt the environment. Once pristine sites
can become air-, soil-, and water-fouled by sewerage, animal waste,
toxic materials dumping, lawn chemicals, etc. Governments, attempting
to preserve the environment, tend to make it more and more difficult for
prospective builders to get permits. A green industrial building is one
whose design, construction, and operation have a positive—or at least a
minimal negative—impact on the environment. The builders might have
selected an “environmentally friendly” site; used salvaged and recycled
materials in their construction and operations; minimized consumption
of water, energy, and other resources; provided for good indoor air
quality; treated their effluents; and done all other things possible to
maintain a healthier (“greener”) presence. Builders that do such things
to a required degree may be awarded an LEED (Leadership in Energy
and Environment) rating by the U.S. Green Building Council, There are
comparable organizations in some other countries.
After the plant is designed, but before a commitment is made to build
it, its operations should be simulated to bring forth and correct any errors
or omissions. In addition to testing its specifications for normal conditions, extremes (severe storms, power outages, truckers’ strikes, etc.)
should also be evaluated. This simulation is similar to that done before
the plant’s site is made final, but comes after the structure and layout have
been designed. A sensitivity analysis should be made to see the effect on
operations of changes in inputs and operating conditions. Depending on
these analyses and best guesses as to the future, adjustments may have to
be made to ensure that the plant will operate effectively and economically
under all reasonable conditions, and that it has no features that will harm
people or do damage to the products or the environment.
CONTRACT PROCEDURES
Cost Estimates

Cost estimates fall into three general classes:
1. Preliminary estimates made usually from sketch drawings and
brief outline specifications to determine the approximate total cost of a
project.
2. Comparative estimates made usually during the progress of design
to determine the relative cost of two or more alternative arrangements
of equipment, type of building, type of floor framing, and the like.
3. Detail estimates made from final plans and specifications and
based on a careful quantity survey of each component part of the work.
Primary quantity estimates are usually more accurate when comparison
with comparable projects is lacking or not feasible. The procedure entails
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computations based on quantity takeoffs from preliminary plans and
specifications, and can include the gross area of exterior walls, interior
partitions, floors, and roof. Each is multiplied by known (or estimated)
unit cost factors. Other items, such as number of electrical outlets and
number of plumbing fixtures and sprinklers, are estimated, and their
cost computed. Equipment costs can be based on preliminary quotations from manufacturers.
The following items should be included in preliminary estimates (or in
other more detailed estimates which may follow as plans develop to the
final stage): land cost; fees to real estate brokers, lawyers, architects,
engineers, and contractors; interest during construction; building permits; taxes, including local sales or use taxes; demolition of existing
structures including removal of old foundations; yard work including
leveling, drainage, fencing, roads, walks, landscaping, yard lighting,
and parking spaces; transportation facilities including railroad tracks,
wharves, and docks; power supply and source; water supply and source;
sewer and industrial waste disposal. A judicious contingency factor is
included to provide for unforeseen conditions that may arise during the
development of the project. It may amount to 5 to 15 percent (or more)
depending on the character and accuracy of the estimate, whether the
proposed design and construction will follow established procedures or
incorporate new state-of-the-art features, and the exact purpose for
which the estimate is made.
Especially for complex new or altered construction, estimates may
be updated continually as a matter of course. This will serve to monitor the evolving cost of the project and the time constraints placed on
construction.
Working Drawings, Specifications,
and Contracts

The technical staff of a given industry has special knowledge of trade
practices, process requirements, operating conditions, and other fundamentals affecting successful operation in that field and is best fitted
to determine the basic factors of process design and plant expansion.
Unless the company is extremely large, it is unlikely that they will
have the specialized staff or that their own staff will have the time
available to undertake the complete layout. The efficient transformation
of these requirements into completed construction usually requires
experience of a different nature. Therefore, it is generally advisable
and economical to employ engineers or architects who specialize in
this particular field.
Three general procedures are in common use. First, the employment
on a percentage or fixed-fee basis of an engineering and construction
organization skilled in the industrial field to prepare the necessary
working drawings and specifications, purchase equipment and materials, and execute the work. This has become known as design/build. For
the duration of the project, such an organization becomes a part of the
owner’s organization, working under the latter’s direction and cooperating closely with the owner’s technical staff in the development of the
design and in the purchase and installation of equipment and materials.
This procedure permits construction work to start as soon as basic
arrangements and costs have been determined, but before the time
required to complete all working drawings and specifications. This is
often termed fast tracking. Such a program will result in the earliest possible completion consistent with economical construction.
A second procedure is to employ engineers or architects with wide
experience in the industrial field to prepare working drawings and specifications and then to obtain competitive lump-sum bids and award separate contracts for each or a combination of several subdivisions of the
work, such as foundations, structural steel, and brickwork. This method
provides direct competition restricted to units of like character and permits intelligent consideration of the bids received. Provision must be
made for proper coordination of these separate contracts by experienced
and skilled field supervision. In recent years, a construction manager has
been hired for this purpose. This procedure requires more time than that
first described, since all work of a given class should be completely
designed before bids for that subdivision are sought. Where construction

conditions are uncertain or hazardous, the first method is likely to be
more economical. A combination of the first method for uncertain conditions and the second method for the balance may prove most advantageous at times.
A third procedure is to employ engineers or architects to complete all
plans and specifications and then award a lump-sum contract for the
entire work, or one for all building work, and one or more supplementary major contracts to furnish and install equipment. This method is
particularly useful where there are no serious complications or hazards
affecting construction operations, but it requires considerably more
time, since most of the working drawings and specifications must be
complete before construction is started. It has the significant advantage,
however, of fixing the total cost within narrow limits before the work
starts, provided the contracts cover the complete scope of work intended
and no major changes ensue.

CONSTRUCTION

The design, construction, occupancy, and operation of an industrial
plant is a complex endeavor involving many people and organizations.
Project control tools and techniques such as the critical path method
(CPM), the program evaluation and review technique (PERT), bar
charts, dated start/stop schedules, and daily “do lists” and “hot lists” of
late items are all helpful in keeping construction on time and within
budget.
Checkpoints and milestones, with appropriate feedback as the project progresses, are established to monitor progress. Bailout points
are established in the event the project must be aborted sometime
after the beginning of construction. On the other hand, contingency
plans should be in hand and include planned reassignment of equipment, materials, and financial and personnel resources to keep the
project on schedule. Figure 12.1.12 shows the scheduled and actual
dates of completion of the phases noted for a small plant depicted in
several of the previous figures.
Some portion of the organization (often the construction manager’s
office), is charged with the delicate task of coordinating contractors and
the multiplicity of trades at the job site, and as part of its function, it will
generate “punch lists” of deficient and/or incomplete work which must
be completed to the owner’s satisfaction before payment therefore is
approved.

Project planning
Basic layout
Structural design
Equipment specifications
Construction contract
Ground breaking
Detailed office layout
Detailed plant layout
Equipment purchases
Furniture purchases
Organization firmed
Steelwork completed
Masonry completed
Roof completed
Staffing and training
Systems designed
Forms designed
Offices completed
Equipment received
Building occupied

Scheduled

Actual

March
April
April
April
May
June
June
July
August
September
September
October
October
November
November
November
December
December
December
December

March
April
April
April
May
June
June
July
August
September
September
October
October
November
November
November
December
December
December
December

Fig. 12.1.12 The project schedule and completion dates for the single-level
202,800 ft2 industrial plant used as an example in Figs. 12.1.1 to 12.1.7, 12.1.10,
and 12.1.11. (Source: VMA, Inc.)
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Staff Contribution
REFERENCES: “Manual of Steel Construction—Allowable Stress Design,”
American Institute of Steel Construction. “National Design Specification for
Wood Construction,” American Forest and Paper Association. “Design Values for
Wood Construction,” American Forest and Paper Association. “Uniform Building
Code” (as applicable), International Conference of Building Officials. SEI/ASCE
7-05, “Minimum Design Loads for Buildings and Other Structures,” American
Society of Civil Engineers. Blodgett, “Design of Welded Structures,” J. F. Lincoln
Arc Welding Foundation. “Masonry Designers Guide,” The Masonry Society.
“Building Code Requirements for Structural Concrete and Commentary,”
American Concrete Institute. “Wood Handbook,” Forest Products. Laboratory,
USDA. “International Building Code” (IBC), International Code Council. “Cold
Formed Steel Framing Design Guide,” AISI. Note: The editions of the references
that currently apply and that are cited in the applicable codes must be used.

LOADS AND FORCES

Buildings and other structures should be designed and constructed to
support safely all loads of both permanent and transient nature, without
exceeding the allowable stresses for the specified materials of construction. Usually, there are governing local codes, either unique to the
jurisdiction or incorporating accepted codes (International Building
Code, Building Code Requirements for Structural Concrete, Uniform
Building Code, etc.,—sometimes amended locally), that will guide the
selection of appropriate loads. In general, the following will enter into
the design considerations: dead loads, generally agreed to include the
weight of all permanent construction; live loads, produced by the use or
occupancy of the building; external (or environmental) loads resulting
from wind, snow, rain, ice, and earthquakes. The individual types of
loading may be used singly or in combination, depending upon the use
and location of the building and its inherent design features. For
instance, the building may be designed to impound water on the roof for
the purpose of keeping the roof deck (and the building below) cooler. In
that case the collected and retained water has a major impact on the
design of the roof structure. The governing code will address the matter of loading per se, or the use of combined loads by reference to other
definitive sources whose information has standing. Absent specific
guidance in the local governing code, for areas not so regulated, the
data cited in the paragraphs below have been culled from many years
of successful application.
Live loads on floors are generally regulated by the building codes in
cities or states. For areas not regulated, the following values will serve
as a guide for live loads in lb/ft2 (kPa): rooms for habitation, 40 (1.92);
offices, 50 (2.39); halls with fixed seats, 60 (2.87); corridors, halls, and
other spaces where a crowd may assemble, 100 (4.76); light manufacturing or storage, 125 (5.98); heavy manufacturing or storage, 250
(11.95); foundries, warehouses 200 to 300 (9.58 to 14.37). Floor decks
and beams that support only a small floor area must also be designed
for any local concentrations of load that may be placed upon them.
Girders, columns, and members that support large floor areas, except in
buildings such as warehouses where the full load may extend over the
whole area, may often be designed for live loads progressively reduced
as the supported area becomes greater. Where live loads, such as cranes
and machinery, produce impact or vibration, static loads should be
increased as follows: elevator machinery, 100 percent; reciprocating
machinery, 50 percent; others, 25 percent.
Roof live loads should be taken as a minimum of 20 lb per horizontal
ft2 (957.6 kPa) for essentially flat roofs (rise less than 4 in/ft), varying
linearly with increasing slope to 12 lb/ft2 for steep slopes (rise greater
than 12 inches per foot). Reductions may also be made on the basis
of tributary area greater than 200 ft2 (18.58 m2) of the member under
consideration, to a maximum of 40 percent for tributary areas greater

than 600 ft2. The minimum roof live load shall be 12 lb/ft2 after all
reduction factors have been applied. Where snow loads occur, appropriate
design values should be based on the local building codes.
Dead loads are due to the weight of the structure, partitions, finishes,
and all permanent equipment not included in the live load. The weights
of common building materials used in floors and roofs are given below
(see also Sec. 6).
Material

Weight, lb/ft2

Asphalt and felt, 4-ply
Corrugated asbestos board
Glass, corrugated wire
Glass, sheet, 1⁄8 in thick
Lead, 1⁄8 in thick
Plaster ceiling (suspended)
Acoustical tile
Sheet metal
Shingles, wood
Light-weight concrete over metal deck
Sheathing, 1 in wood
Skylight, 3⁄16 to 1⁄4 in, glass and frame
Slate, 3⁄16 to 1⁄2 in thick
Tar and gravel, 5-ply
Tar and slag, 5-ply
Roof tiles, plain, 5⁄8 in thick

3
5
5–6
2
8
10
1–2
1–2
3
30–45
3
6–8
8–20
6
5
20

NOTE: lb/ft2 " 0.04788

kPa.

Earthquake Effects Two distinct methods of designing structures
for seismic loads are currently accepted. The more familiar method,
employed by the Uniform Building Code (UBC), yields equivalent
loading for use with the allowable stress design approach. The National
Earthquake Hazard Reduction Program (NEHRP) has developed
Recommended Provisions for the Development of Seismic Regulations
for New Buildings, which is based on the ultimate strength design
approach. The NEHRP approach is the basis for model codes, such as
the IBC. SEI/ASCE 7-05 has an extended and detailed presentation
applicable to determination of rational earthquake loads.
Wind Pressures on Structures Every building and component of
buildings should be designed to resist wind effects, determined by taking into consideration the geographic location, exposure, and both the
shape and height of the structure. For structures sensitive to dynamic
effects, such as buildings with a high height-to-width ratio, structures
sensitive to wind-excited oscillations, such as vortex shedding or icing,
and very tall buildings, special consideration should be given to design
for wind effects and procedures used should be in accordance with
approved national standards. Wind loads should not be reduced for the
shading effects of adjacent buildings.
Wind pressure on walls of buildings should be assumed to be a minimum of 15 lb/ft2 (0.72 kPa) on surfaces less than 50 ft above the
ground. For buildings in exposed locations and in locations with high
wind velocity, pressures should be calculated based on the procedures
outlined in SEI/ASCE 7-05, or as dictated by the governing code.
Boundary-layer wind tunnels, which simulate the variation of wind
speed with height and gusting, are used to better estimate the design
wind loading.
The effect of the sudden application of gust loads has sometimes been
blamed for peculiar failures due to wind. In most cases, these failures
can be explained from the pressure distributions in a steady wind. If a
relatively flexible structure such as a radio tower, chimney, or skyscraper
with a natural period of 1 to 5 s is set into vibration, the stresses in
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the structure may be increased over those calculated from a staticload analysis. Provision should be made for this effect by increasing the
static design wind. A rational analysis should be performed to calculate
the magnitude of this increase, which will depend on the flexibility of
the structure.
Even a steady wind may give rise to periodic forces which may build
up into large vibrations and lead to failure of the structure when the frequency of the exciting force coincides with one of the natural frequencies of vibration of the structure. The periodic exciting force may be
due to the separation of a system of Kármán vortices (Fig. 12.2.1) in
the wake of the body. The exciting frequency n in cycles per second is
related to d, the dimension of the body normal to the wind velocity V.
Dangerous vibrations related to the “flutter” of airplane wings may
arise on bridges and similar flat bodies. These self-induced vibrations
may be caused (1) by a negative slope of the curve of lift against angle
of attack (Den Hartog, op. cit.) or (2) by a dynamic instability which
arises when a body having two or more degrees of freedom (such as
bending and torsion) moves in such a manner as to extract energy out
of the air stream. The first of these vibrations will occur at one of the
natural frequencies of the structure. The second type of vibration will
occur at a frequency intermediate between the natural frequencies of the
structure.

Fig. 12.2.1 Von Kármán vortices.

The wind forces and the pressure distribution over a structure corresponding to a design wind V can be determined by model testing in a
wind tunnel. Extrapolation from model to full scale is based on the fact
that at every other point on the body, the pressure p is proportional to
the stagnation pressure q (see Sec. 11) and thus the ratio p/q constant
for a fixed point on the body, as the scale of the model or the velocity
of the wind is changed. Since the principal component of the wind force
is due to the pressures, the force F acting on the surface S is
F

pavgS

(p/q)avgqS

and denoting (p/q)avg by a normal force coefficient or shape factor CN
F

CN 1⁄2 rV 2S

CN qS

The shape factors so obtained apply to full scale for structures with
sharp edges whose principal resistance is due to the pressure forces. For
bodies that do not have any sharp edges perpendicular to the flow, such
as spheres or streamlined bodies, the factor CN is not constant. It
depends upon the Reynolds number (see Sec. 3). For such bodies, the
law for variation of the shape factor CN must be determined experimentally before safe predictions of full-scale forces can be made from
model measurements.
Radio Towers and Other Framed Structures For open frame towers,
by using round structural members instead of flat and angular sections,
a substantial reduction in wind force can be effected.
Load Combinations Methods of combining types of loading vary
with the governing local codes. Dead loads are usually considered to act
all the time in combination with either full or reduced live, wind, earthquake, and temperature loads. The reductions in live loads are based on
the improbability of fully loaded tributary areas, generally when the
tributary area exceeds 150 ft2. Most codes consider that wind and earthquake loads need not be taken to act simultaneously. There are two
basic design methods in use: allowable stress or working stress design
and limit states or ultimate strength design. Whereas allowable stress
design compares the actual working stresses with an allowable value,
the limit states approach determines the adequacy of each element by
comparing the ultimate strength of the element with the factored design
loads. For load combinations see SEI/ASCE 7-05, or as dictated by the
governing code.
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Members are usually proportioned so that stresses do not exceed allowable working stresses which are based on the strength of the material and,
in the case of compressive stresses, on the stiffness of the element under
compression. Internal forces and moments in simple beams, columns, and
pin-connected truss bars are obtained by means of the equations of static
equilibrium. Continuous beams, rigid frames, and other members characterized by practically rigid joints require for analysis additional equations derived from consideration of deflections and rotations.
Design may also be on the basis of the ultimate strength of members,
the factor of safety being embodied in stipulated increases in the design
loads. In steel-frame construction, the procedures of plastic design determine points where the material may be allowed to yield, forming plastic
hinges, and the resulting redistribution of internal forces permits a more
efficient use of the material.
Floors and Roofs

Except in reinforced-concrete flat-slab construction, floors and roofs generally consist of flat decks supported upon beams, girders, or trusses. The
decks may usually be considered a series of beamlike strips spanning
between beams and themselves designed as beams. The design of a beam
consists chiefly in proportioning its cross section to resist the maximum
bending and shear and providing adequate connections at its supports,
without exceeding the unit stresses allowed in the materials (see Sec. 5)
and limiting maximum live load deflection at midspan to 1⁄360 of the span.
Up to spans of 20 to 30 ft (6.1 to 9.1 m), either wood or steel beams
of uniform section are generally more economical than trusses, while
for spans above 50 to 70 ft (15.2 to 21.3 m), trusses are usually more
economical. Between these limits, the line of economy is not welldefined. Conditions that favor the use of trusses are as follows: (1) identical trusses are repeated many times, (2) the height of the building need
not be increased for the greater depth of the truss, and (3) fire protection of wood or metal is not required.
Roof trusses often have their top chords sloped with the roof. Common
trusses for steeply pitched roofs are shown in Figs. 12.2.2 to 12.2.6, the top
chord panels equal in each truss. The members shown by heavy lines are
in compression under ordinary loads, those in light lines in tension. The
trusses of Figs. 12.2.6 to 12.2.9 are adapted for either steel or wood. In
wooden trusses, the tensile web members may be steel rods with plates,
nuts, and threaded ends. The truss of Fig. 12.2.6 is usually made of steel.
The forces in any member of these trusses under a vertical load uniformly distributed may be found by multiplying the coefficients in
Tables 12.2.1 to 12.2.5 by the panel load P on the truss. For other slopes,
types of trusses, or loads, see “General Procedure” below. Trusses for
flat roofs are commonly of one of the types shown in Figs. 12.2.7 to
12.2.13 except that the top chords conform to the slope of the roof.
Floor trusses normally have parallel chords. Common types are shown
in Figs. 12.2.7 to 12.2.13 in which heavy lines indicate members in compression, light lines in tension, and dash lines members with only nominal
stress, under equal vertical panel loads. The panel lengths l in each truss
are equal. The stress in each member is written next to the member in
the figure, in terms of the panel load and the lengths of members. For
a truss like one of the figures turned upside down, the stresses in the
chords and diagonals remain the same in magnitude but reversed in sign.
Forces in verticals must be computed (compare Figs. 12.2.7 and 12.2.8).
For other loads and other types of trusses see “General Procedure” below.
Weights of Trusses The approximate weight in pounds of a wooden
roof truss may be taken as W LS(L/25 # L2/6,000), where L is the
span and S the spacing of trusses in feet. The approximate weight in
pounds of a steel roof truss may be taken as W 1⁄5 LS( 2L 1 1⁄8 Ld.
Choice of Roof Trusses
WOODEN TRUSSES. For pitched roofs with spans up to 20 ft (6.1 m)

the simple king-post truss (Fig. 12.2.2) may be used. For spans up to
40 ft (12.2 m) the trusses of Fig. 12.2.2 and Fig. 12.2.4 are good. For
spans up to 60 ft (18.3 m) the trusses of Figs. 12.2.3 and 12.2.5 are
good. The number of panels rarely exceeds eight or the panel length,
10 ft (3m). For flat roofs, the Howe truss (Figs. 12.2.7, 12.2.10, and
12.2.12) is built of wood with steel rods for verticals; the depth is oneeighth to one-twelfth the span. Wooden trusses are usually spaced 10
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to 15 ft (3.0 to 4.6 m) on centers. Wood is rarely used in roof trusses
with span over 60 ft (18.3 m) long. Steel trusses for pitched roofs
may well take the form shown in Figs. 12.2.3 to 12.2.6 for spans up to
100 ft (30.5 m). For flat roofs, the Warren truss (Figs. 12.2.9, 12.2.11,
and 12.2.13) is usually constructed in steel; the depth of the trusses
ranges from one-eighth to one-twelfth the span, with trusses spaced
from 15 to 25 ft (4.6 to 7.6 m) on centers.
Stresses in Trusses

Fig. 12.2.7

An ideal truss is a framework consisting of straight bars or members connected at their ends by frictionless ball-and-socket joints. The external
forces are applied only at these ball-and-socket joints. Internal forces and

Fig. 12.2.8

Fig. 12.2.2

Fig. 12.2.9

Fig. 12.2.3

Fig. 12.2.10

Fig. 12.2.4

Fig. 12.2.11

Fig. 12.2.5
Fig. 12.2.12

Fig. 12.2.6

Fig. 12.2.13

Fig. 12.2.2 to 12.2.6 Types of steep roof trusses.

Fig. 12.2.7 to 12.2.13 Types of floor and roof trusses.
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Table 12.2.1

Coefficients for Truss Shown in Fig. 12.2.2
Coefficients of P for force in

Pitch h/L

AD

BD

CE

DE

EF

1⁄

2.25
2.60
3.00
3.75

2.71
3.00
3.35
4.03

1.80
2.00
2.24
2.69

0.90
1.00
1.12
1.35

1.00
1.00
1.00
1.00

3

0.288*
1⁄
4
1⁄
5
*30! Slope.

Table 12.2.2

Coefficients for Truss Shown in Fig. 12.2.3
Coefficients of P for force in

Pitch h/L
1⁄
3
0.288*
1⁄
4
1⁄
5

AE

AG

BE

CF

DH

EF

FG

GH

HJ

3.75
4.33
5.00
6.25

3.00
3.46
4.00
5.00

4.50
5.00
5.59
6.74

2.7
3.0
3.35
4.04

3.60
4.00
4.47
5.39

0.83
0.88
0.94
1.07

0.72
0.73
0.75
0.79

1.25
1.32
1.42
1.60

2.00
2.00
2.00
2.00

*30! slope.

Table 12.2.3

Coefficients for Truss Shown in Fig. 12.2.4
Coefficients of P for force in

Pitch h/L

AD

AF

BD

CE

DE

EF

1⁄

2.25
2.60
3.00
3.75

1.50
1.73
2.00
2.50

2.70
3.00
3.35
4.04

2.15
2.50
2.91
3.67

0.83
0.87
0.89
0.93

0.75
0.87
1.00
1.25

3

0.288*
1⁄
4
1⁄
5
*30! slope.

Table 12.2.4

Coefficients for Truss Shown in Fig. 12.2.5
Coefficients of P for force in

Pitch h/L

AE

AH

BE

CF

DG

EF

FG

GH

1⁄

3.75
4.33
5.00
6.25

2.25
2.60
3.00
3.75

4.51
5.00
5.59
6.73

3.91
4.33
4.84
5.83

4.51
5.00
5.59
6.73

0.83
0.88
0.94
1.07

1.42
1.45
1.49
1.57

2.50
2.65
2.83
3.20

3

0.288*
1⁄
4
1⁄
5
*30! slope.

Table 12.2.5 Coefficients for Truss Shown in Fig. 12.2.6
Coefficients of P for force in
Pitch h/L
1⁄

3

0.288*
1⁄
4
1⁄
5

AF

AH

AM

BF

CG

DK

EL

FG
KL

GH
JK

HJ

JM

LM

5.25
6.06
7.00
8.75

4.50
5.20
6.00
7.50

3.00
3.46
4.00
5.00

6.31
7.00
7.83
9.42

5.75
6.50
7.38
9.05

5.20
6.00
6.93
8.68

4.65
5.50
6.48
8.31

0.83
0.87
0.89
0.93

0.75
0.87
1.00
1.25

1.66
1.73
1.79
1.86

1.50
1.73
2.00
2.50

2.25
2.60
3.00
3.75

*30! slope.

stresses in such straight bars are axial, either tension or compression,
without bending. Since frictionless ball-and-socket joints are impossible,
and the ends of bars are often bolted or welded, the ideal truss is
never realized. For purposes of analysis, the primary stresses, which are
always axial, are determined on the assumption that the truss under consideration conforms to the ideal. Secondary stresses are additional
stresses, generally flexural or bending, brought about by all the factors
that make the actual truss different from the ideal. In the following discussion, only primary forces and stresses will be considered.

Analytical Solution of Trusses
General Procedure After all external forces (loads and reactions)
have been determined, the internal force or stress in any member is
found (1) by taking a section, making an imaginary cut through the
members of the truss, including the one whose stress is to be found,
so as to separate the truss into two parts; (2) by isolating either of
these parts; (3) by replacing each bar cut by a force, representing the
force in the bar; and (4) by applying the equations of statics to the part
isolated.
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The various ways in which sections can be taken and the equations
used to determine the forces are illustrated by a solution of the truss in
Fig. 12.2.14.
A section 1–1 (Fig. 12.2.14) may be taken around a joint, L0. Isolate
the forces inside the section (Fig. 12.2.15a). Assume the unknown
forces to be tension. Since the forces are concurrent and coplanar, two
independent equations of statics will establish equilibrium. These may
be either $x 0 and $y 0 or $M 0 taken about two axes perpendicular to the plane of the forces and passing through two points selected
so that neither point is the intersection of the forces, or so that the line
joining the two points is not coincident with either of the unknown
forces.

Fig. 12.2.14

Using the first set of equations and taking components of all forces
along horizontal and vertical axes; e.g., the horizontal component of the
3,250-lb force is 1,250 and the vertical component is 3,000 lb.
$x
$y

0
0

slk # sbl (19.2/20.8) # 1,250
sbl(8/20.8) % 9,500

From these equations, slk %24,050 and sbl 24,700.
The minus sign indicates that the force acts opposite to the assumed
direction. If all the unknown forces are assumed to be in tension, then a
plus sign in the result indicates that the force is tension and a minus sign
indicates compression.
Hence, slk is 24,050 lb compression and sbl is 24,700 lb tension.
Using the $M 0 twice,
$M about U1
from which Slk

0
%slk " 8 % 1,250 " 8 % 9,500 " 19.2

24,050 lb compression.

$M about L 1 5 0 5 sbl s8/20.8d19.2 2 9,500 3 19.2
from which sbl 24,700 tension.
Instead of taking a section around a joint, a cut may be made vertically or inclined, cutting a number of bars such as Fig. 12.2.15b or
Fig. 12.2.15c. If only three members are cut, and they are neither concurrent nor parallel, the forces can be found by taking moments of all
forces on either side of the section about axes passing through the intersections of any two members.
Considering the part to the left of section 2–2, the forces in the three
members (Fig. 12.2.15b) may be determined by taking moments about
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L0, U1, and L2 of all forces acting on the part on either side of the section, e.g., on the left of the section because it has the fewer forces:
$M about L0
$M about U1
$M about L2

smn(8/20.8)38.4 # 2,500
" 8 % (32,649 % 6,000)19.2
0 %smj " 8 % 1,250 " 8 % 9,500 " 19.2
0 scn(19.2/20.8)16 # 2,500
" 8 % 9,500 " 38.4 # 26,649 " 19.2

from which smn 33,290 tension, smj 24,050 compression, and scn
11,298 compression.
This method is sometimes called the “method of moments.”
Considering the part to the right of section 3–3, the forces in the three
members (Fig. 12.2.15c) may be determined by taking moments about
L0, U3, L3 of all the forces acting on part or either side of the section,
e.g., on the right of the section because it has the fewer forces:
$M about L0

0

$M about L3

0

$M about U3

0

spq " 57.6 # 6,250 " 24 # 3,000
" 57.6 % (27,851 % 10,000) " 75.6
%sdp(19.2/20.8)24 # 6,250 " 24
%17,851 " 18
sqh " 24 # 12,500 " 24 % 17,851 " 18

from which spq 17,825 tension, sdp 7,733 compression, and sqh
888 tension.
Considering the part to the right of section 4–4, the forces in the three
members (Fig. 12.2.15d) may be found by taking moments about axes
where two unknowns intersect, e.g., about U3 and L4. Since two
unknown forces are parallel, their lines of action do not intersect.
However, the equation $y 0 will enable one to find the force in the
member which is not parallel to the other two:
$M about U3 0 sqh " 24 % (27,851 % 10,000)18 # 12,500 " 24
$M about L4 0 %ser " 24 # 5,000 " 24
$y 0 srq(24/30) # 27,851 % 10,000
from which sqh
compression.

888 tension, ser

5,000 tension, and srq

22,314

Columns and Walls
Vertical elements in building construction consist of columns, posts, or
partitions that transmit concentrated loads; walls or partitions that transmit linearly distributed loads (and may, if so designed, transmit lateral
loads from story to story); rigid frames that transmit lateral as well as
vertical loads; and braced frames that, ideally, transmit only lateral
loads from story to story.
Columns may be of timber, steel, or reinforced concrete and should
be proportioned for the allowable stresses permitted for the material
used and for the flexibility of the column. Care must be taken in the
framing of beams and girders to avoid or to provide for the additional
stresses due to connections which transfer loads to columns with large
eccentricities. For instance, a beam framing to a flange of a steel column, with a seat or web connection, will produce an eccentric moment
in the column equal to Rd/2, where R is the beam reaction and d the
depth of the column section. Columns not adequately restrained against
deflection of the top may be subject to considerable additional moment
because of the resulting eccentricity of otherwise axial loads.
Rigid frames consist of columns and beams welded, bolted, or otherwise connected so as to produce continuity at the joints and permit the

Fig. 12.2.15 Resolution of forces for truss shown in Fig. 12.2.14.
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entire frame to behave as a unit, capable of resisting both vertical and
lateral loads. Advantages of rigid frames are the ease and simplicity
of erection, increased headroom, and more open floor plans free of
braced frames. Rigid frames composed of rolled sections are commonly used for spans up to 100 ft (30.5 m) in length. Built-up members have been utilized on spans to 250 ft (76.2 m). Welded fabrication
offers particular advantages for frames utilizing variable-depth members and on parabolic-shape roofs. The distribution of moments in the
statically indeterminate rigid frame is effected by the relationship of
the column height to span and roof rise to column height, as well as the
relative stiffness of the various members. The solution for the moments
in the frame is obtained from the usual equations of statics plus one or
more additional equations pertaining to the elastic deformations of the
frame under load.
Bearing walls, which are intended to transmit gravity loads from story
to story, are designed as vertical elements of unit width such that the
combined effects of axial and/or bending stresses do not exceed their
allowable values according to the formula fa/Fa # fb/Fb ' 1.0, where
f is the actual stress in the axial or bending mode, and F is the allowable stress in the appropriate mode.
Shear walls, either concrete or masonry, which are intended to transmit earthquake, wind, or other lateral loads from story to story parallel
to the plane of the wall, are designed as cantilevered vertical shear
beams. Loads are distributed among the various wall elements, created
by door and window openings, on the basis of their relative rigidities.
Unless special conditions indicate otherwise, the assumption is made,
in calculating individual stiffnesses, that the wall is fixed against rotation, in the plane of the wall, at the bottom. The individual wall elements are then designed to resist both their share of the wall shear and
the moments it induces as well as any vertical loads due to bearing wall
action and/or overall wall overturning. Individual wall elements, then,
will have special vertical reinforcing at each side (trim reinforcement)
to resist bending moments. Diagonal trim reinforcements, 96 bar diameters in total length, where possible, are placed at corners of openings
in concrete walls to inhibit cracking. Trim reinforcing should consist of
a minimum of two 5⁄8-in-diameter (1.6-cm) bars (No. 5 bars).
Uplift and downward forces at opposite ends of the shear walls, due to
the tendency of the wall to overturn in its own plane when acted upon
by lateral forces, must be resisted by vertical reinforcement at those
locations. Special boundary elements are required for shear walls in
areas of high seismicity (UBC Zones 3 and 4). Only minimum tributary
dead loads may be counted upon to help resist uplift while maximum
dead plus live loads should be assumed acting simultaneously with downward overturning loads. Load reversal, due to wind or seismic loads, must
be considered.
Shear walls should be positioned throughout the plan area of the
building in such a manner as to distribute the forces uniformly among
the individual walls with approximately one-half of the wall area oriented in each of the two major directions of the building. At least one
major wall should be positioned, if possible, near each exterior face of
the building. Shear walls should be continuous, where possible, from
top to bottom of the building; avoid offsetting walls from floor to floor,
and particularly avoid discontinuing walls from one level to the level
below. Positioning shear walls near major floor openings that would
preclude proper anchorage of floor (or roof) to wall should be avoided
so that diaphragm forces in the plane of the floor may have an adequate
force path into the wall.
Where rigid diaphragms (such as concrete slabs or metal deck with
concrete fill) exist, shears are distributed to the individual walls on the
basis of their relative rigidity taking into account the additional forces
due to the larger of either accidental or actual horizontal torsion
resulting from the eccentricity of the building seismic shear (located
at the center of mass) or eccentricity of applied wind load with respect
to the center of rigidity of the walls. Where flexible diaphragms (such
as metal deck with nonstructural fill or plywood) exist, shears are distributed to walls on the basis of tributary area. When diaphragms are
semirigid, based on type, construction, or spacing between supporting
elements, shears could be distributed by both methods (relative rigidity

and tributary area) with individual walls designed to resist the larger of
the two shears.
Braced frames, which are intended to transmit lateral loads from floor
to floor, are designed as trusses that are loaded horizontally instead of
vertically and are principally used in steel construction. Lateral loads
are distributed to them on the same basis as to shear walls; therefore,
the same general rules apply to their ideal placement. Bracing of individual bays may take the form of X-bracing, single diagonal bracing, or
K-bracing. Where K-braces are used, the additional bracing forces associated with vertical floor loads to the braced beam must be considered.
Alternative floor framing to avoid large beam loads to the braced beam
should be considered where possible.
X-bracing may be designed so that either the tension diagonal takes
all the lateral load or so that the tension and compression diagonals
share the load. When the tension diagonal resists all the lateral load, the
minimum slenderness ratio (kl/r) of the member should not exceed 300;
the additional axial load in the column to which the top of the brace is
connected, the connection load at each end of the brace and the horizontal footing load at the bottom of the brace, is double that obtained
when braces share the load. In X-bracing systems where the tension and
compression members share the lateral load, maximum slenderness
ratios should be limited to 200 (the members may be considered to
brace each other about axes that are normal to the plane of the bay), but
connection and individual horizontal foundation loads are decreased.
With either method of design, it is important to follow the path of the
force from its origin through the structure until it is transferred to the
ground. With any bracing system, it is wise to sketch to scale the major
connection details prior to finalization of calculations; the desirable
intersection of member axes is often more difficult to achieve than a
single line drawing would indicate. Connection of braces to columns at
intermediate points between floors should be avoided because plastic
hinges in columns lead to structural instability.
Stud walls consist of wood or steel sheet metal studs with one or more
lines of horizontal bridging. The allowable vertical load on the wall is a
function of the maximum permissible load on each stud as a column
and the spacing of the studs.
Corrugated or flat sheet steel or aluminum, are commonly employed for
walls of industrial or mill buildings. These sheets are usually supported
on steel girts framing horizontally between columns and supported
from heavier eave struts by one or more lines of vertical steel sag rods.
Reinforced-concrete or masonry walls should be designed so that the
allowable bending and/or axial stresses are not exceeded, but the minimum thicknesses of such walls should not be less than the following:

Material
Reinforced concrete
Plain concrete
Reinforced brick masonry
Grouted brick masonry
Plain solid masonry
Hollow-unit masonry
Stone masonry (ashlar)
Interior nonbearing concrete or
masonry (reinforced)
Interior nonbearing concrete or
masonry (unreinforced)
* " 25.4

Max ratio,
unsupported
height or length
to thickness

Nominal min
thickness, in*

25
22
25
20
20
18
14
48

6
7
6
6
8
8
16
2

36

2

mm.

Foundations
Bearing Pressure of Soils The bearing pressure which may be
allowed on soil may vary over a large range. For important structures,
the nature of the underlying soil should be ascertained by borings or
test pits. If the soil consists of medium or soft clay, a settlement analysis based on consolidation tests of undisturbed soil samples from the
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foundation strata is necessary. Structures founded upon mud, soft clay,
silt, peat, or artificial filling will almost certainly settle, and no foundation for a permanent structure should rest on or above such material
without adequate provision for the resulting settlement. Table 12.2.6
gives a general classification of soils and typical safe pressures which
they may support.
These values approximate the pressures allowed by the building law
in most cities. Actual allowable bearing pressures should be based on
the quality and engineering characteristics of the material obtained
from analysis of borings, standard penetration tests, and rock cores.
Other laboratory tests, when the cost thereof is warranted by the magnitude of the project, may show higher values to be safe. The foundation for a building housing heavy vibrating machinery such as power
hammers, heavy punches, and shears should receive some allowance for
possible compression and rearrangement of soil due to the vibrations
transmitted through it. The foundation for a tall chimney should be
designed with a comparatively low pressure upon the soil, because of
the disastrous results which might occur from local settlement.
Footings The purpose of footings is to spread the concentrated
loads of building walls and columns over an area of soil so that the unit
pressure will come within allowable limits. Footings are usually constructed of concrete, placed in open excavations with or without sheeting
and bracing. In the past, stone, where available in quantity and the proper
quality, has been used economically for residential building footings.
Table 12.2.6

Safe Bearing of Soils
Safe bearing capacity
Nature of soil

tons/ft2

MPa

Solid ledge of hard rock, such as granite, trap,
etc.
Sound shale and other medium rock, requiring
blasting for removal
Hardpan, cemented sand, and gravel, difficult
to remove by picking
Soft rock, disintegrated ledge; in natural
ledge, difficult to remove by picking
Compact sand and gravel, requiring picking
for removal
Hard clay, requiring picking for removal
Gravel, coarse sand, in natural thick beds
Loose, medium, and coarse sand; fine
compact sand
Medium clay, stiff but capable of being spaded
Fine loose sand

25–100

2.40–9.56

10–15

0.96–1.43

8–10

0.76–0.96

5–10

0.48–0.96

4–6

0.38–0.58

4–5
4–5
1.5–4

0.38–0.48
0.38–0.48
0.15–0.38

2–4
1–2

0.20–0.38
0.10–0.20

Allowable bearing pressures for granular materials are typically determined as 10 percent of the standard penetration resistances (N values)
obtained in the field from standard penetration tests (SPTs) and are in
tons/ft2.
Concrete footings may be either plain or reinforced. Plain concrete
footings are generally limited to one- or two-story residential buildings.
The center of pressure in the wall or column should always pass
through the center of the footing. Where columns, because of fixity,
impose a bending moment on the footing, the maximum soil pressures,
due to the combined axial and moment components, shall be positive
throughout the area of the footing (i.e., no net uplift) and shall be less
than the allowable values. Footings in ground exposed to freezing
should be carried below the possible penetration of frost.
Deep foundations are required when a suitable bearing soil is deep
below the surface, typically more than 10 to 15 ft. (3.0 to 4.6 m).
Sometimes deep foundations are necessary even if the suitable bearing
materials are shallower, but groundwater conditions make excavation
for footings difficult. The most common types of deep foundations
include caissons or drilled piers and piles. Where the bearing soil is
clay stiff enough to stand with undercutting, and the material immediately above it is peat or silt, the open-caisson method may be economical.
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In this method, cylindrical steel casings 3 ft and more in diameter are
sunk as excavation proceeds, the casings having successively smaller
diameters. At the bottom of the shaft thus formed, the soil is undercut
to obtain sufficient bearing area. The shaft and the enlargement at the
base are then filled with concrete, the cylinders sometimes being withdrawn as the concrete is placed. The open-caisson method cannot be
used where groundwater flows too freely into the excavation. Where
large foundations under very heavy buildings must be carried to great
depth to reach rock or hardpan, particularly where groundwater flows
freely, the pneumatic-caisson method is used.
Drilled-in piers are formed by drilling with special power augers up
to 5 ft (1.5 m) diameter or greater. The holes are drilled to the desired
bearing level with or without metal casings, depending on the soil conditions. Belling of the bottom may also be performed mechanically
from the surface. In poor soils, or where groundwater is present, the
hole may be retained with bentonite clay slurry which is displaced as
concrete is placed in the caisson by the tremie method.
Pile Foundations Piles for foundations may be of wood, concrete,
steel, or combinations thereof. Wood piles are generally dressed and, if
required, treated offsite; concrete piles may be prepared offsite or cast
in place; steel piles are mill-rolled to section. They can be driven,
jacked, jetted, screwed, bored, or excavated. Wood piles are best suited
for loads in the range of 15 to 30 tons (133.4 to 177.9 kN) per pile and
lengths of 20 to 45 ft (6.6 to 15 m). They are difficult to splice and may
be driven untreated when located entirely below the permanent water
table; otherwise piles treated with creosote should be used to prevent
decay. Wood piles should be straight and not less than 6 in in diameter
under the bark at the tip. Concrete piles are less destructible, and hence
are adaptable to many conditions, including driving in dense gravels,
and can be up to approximately 120 ft (40 m) long. Concrete piles are
divided into two classes: those poured in place and those precast, cured,
and driven. Cast-in-place piles are made by driving a mandrel into the
ground and filling the resulting hole with concrete. In one well-known
pile of this type (Raymond), a thin sheet-steel corrugated shell is fitted
over a tapered mandrel before driving. This shell, which is left in the
ground when the mandrel is removed, is filled with concrete.
Prestressing of precast-concrete piles provides greater resistance to
handling and driving stresses. With a concrete pile, 25 to 60 tons (222.4
to 533.8 kN) or more per pile are carried. Structural steel H columns
and steel pipe with capacities of 40 to 300 tons (350 to 1,800 kN) per
pile have been driven. Experience has shown that corrosion is seldom a
practical problem in natural soils, but if otherwise, increasing the steel
section to allow for corrosion is a common solution.
Methods of Driving Piles The drop hammer and the steam or pneumatic hammer are usually employed in driving piles. The steam or
pneumatic hammer, with its comparatively light blows delivered in
rapid succession, is of advantage in a plastic soil, the speed with which
the blows are delivered preventing the readjustment of the soil. It is also
of advantage in soft soils where the driving is easy, but a light hammer
may fail to drive a heavy pile satisfactorily. The water jet is sometimes
used in sandy soils. Water supplied under pressure at the point of the
pile through a pipe or hose run alongside it erodes the soil, allowing the
pile to settle into place. To have full capacity, jetted piles should be driven after jetting is terminated particularly if the pile is to resist uplift
loads. Diesel hammers are sometimes used if the equipment is available. They do not require a steam boiler or an auxiliary engine for pneumatic power and thus generally render more economical service. When
driving piles (or sheet piling) into relatively sandy soils, vibratory hammers have proved successful; the vibrations imparted to the hammer by
an engine-driven unbalanced eccentric serve to set up dilatory action in
the pile, making penetration faster and much simpler.
In applications where piles must be pulled, or extracted, the reverse
operation is performed by the hammer; i.e., the pile is subjected to a
tensile force for removal. Vibratory hammers offer exemplary performance in such applications.
Determination of Safe Loads for Piles Piles may obtain their supporting capacity from friction on the sides or from bearing at the point.
In the latter case, the bearing capacity may be limited by the strength of
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the pile, considered as a column, to which, however, the surrounding
soil affords some lateral support. In the former case, no precise determination of the bearing capacity can be made. Many formulas have
been developed for determining the safe bearing capacity in terms of
the weight of the hammer, the fall, and the penetration of the pile per
blow, the most generally accepted of which is that known as the
Engineering News formula: R
2wh/(s # 1.0) for drop hammers, R
2wh/(s # 0.1) for single-acting steam or pneumatic hammers, R 2E/
(s # 0.1) for double-acting steam or pneumatic hammers, where R
safe load, lb; w weight of hammer, lb; h fall of hammer, ft; s
penetration of last blow, in; E rated energy, ft ( lb per blow. This formula and similar ones are based on the determination of the energy
in the falling hammer, and from this the pressure which it must exert
on the top of the pile. The Engineering News formula is currently used
typically for timber piles with capacities not exceeding 30 tons. It
assumes a factor of safety of 6. It is a wise practice to drive index piles
and determine their bearing capacity through pile load tests typically
carried to twice the service load of the pile before proceeding with the
final design of important structures to be supported on piles. The design
then is based on the safe service load capacity so determined, and the
piles are driven to the same penetration resistance to which the successfully tested index piles where driven by the same driving hammer.
Spacing of Piles Wood piles are preferably spaced not closer than
21⁄2 ft (0.76 m), and concrete piles 3 ft (0.91 m) on centers. If driven
closer than this, one pile is liable to force another up. Piles in a group
must not cause excessive pressure in soil below their tips. The efficiency,
or supporting value of friction piles when driven in groups, by the
Converse-Labarre method, is
1 2 d/s[sn 2 1dm 1 sm 2 1dn]
90mn
where d pile diameter, in (cm); s spacing center to center of piles,
in (cm); m number of rows; n number of piles in a row.
Capping of Piles Piles are usually capped with concrete; wood piles
sometimes with pressure-treated timber. Concrete is the most usual
material and the most satisfactory for the reason that it gets a full bearing on all piles. The piles should be embedded 4 to 6 in (10 to 15 cm) in
the concrete. In the event some pile(s) may be subjected to tension, a
means of anchoring the pile top(s) into the concrete must be used.
Retaining Walls A wall used to sustain the pressure of earth behind
it is called a retaining wall. Retaining walls which depend for their stability upon the weight of the masonry are classed as gravity walls. Such
walls built on firm soil will usually be stable when they have the following proportions: top of fill level, back vertical, base, 0.4 height; top
of fill level, back battered, base, 0.5 height; top of fill steeply inclined,
back vertical, base, 0.5 height; top of fill steeply inclined, back battered,
base, 0.6 height. An additional factor of safety is obtained by building
the face on a batter. Care should be taken in the design of a wall that the
allowable soil pressure is not exceeded and that drainage is provided for
the back of the wall. The foundations of retaining walls should be
placed below the level of frost penetration. Retaining walls of reinforced concrete are made thin, with a broad base, and the wall either
cantilevered from the base or braced with buttresses or counterforts.
It is impossible to derive formulas for the earth pressure on the
back of the wall which will take account of all the actual conditions.
Assuming the earth to be a loose, homogeneous, granular mass, and
the coefficient of friction to be independent of the pressure, Rankine
deduced the following formula for a wall with vertical back:
cos d 2 2cos2 d 2 cos2 a
1
P 5 a wh2 1 vhb cos d c
d
2
cos d 1 2cos2 d 2 cos2 a

the center of pressure being at a height 1⁄3 H(wh # 3v)/(wh # 2v) above
the base, where P earth pressure per lin ft (m) of the wall, lb (kg); h
height of the wall, ft (m); w weight of earth per ft3 (m3), lb (kg); v
weight of superposed load per ft2 (m2) of surface, lb (kg); d the angle
with the horizontal of the earth surface behind the wall; and a angle
of internal friction of the earth, deg. (For sands, a
30 to 38!.) The
direction of the pressure is parallel to the earth’s surface. The retaining

wall should have sufficient thickness at the base so that the resultant of
the earth pressure P combined with the weight of the wall falls well
within the base. If this resultant falls at the outside edge of the middle
third, the maximum vertical pressure on the foundation (at the outer
edge of the base) will be equal to 2W/T lb/ft2 (Pa), where W is the total
vertical pressure on the base of 1 ft (m) length of wall and T the thickness of the wall at the base, ft (m).
In the design of walls of buildings which must withstand earth pressure and low independent walls, where refinement is not necessary, the
earth pressure is frequently assumed to be that of a fluid weighing 40 to
45 lb/ft3 (641 to 721 kg/m3).
MASONRY CONSTRUCTION

The term masonry applies to assemblages consisting of fired-clay, concrete, or stone units, mortar, grout, and steel reinforcement (if required).
The choice of materials and their proportions is based on the required
strength (compressive, flexural, and shear), fire rating, acoustics, durability, and aesthetics. The strength and durability of masonry depends
on the size, shape, and quality of the unit, the type of mortar, and the
workmanship. Resulting bond strength is affected by the initial rate of
absorption, texture, and cleanliness of the masonry units.
Brick Common red bricks are made of clay burned in a kiln.
Quality characteristics are hardness and density. Light-colored brick is
apt to be soft and porous. Brick for masonry exposed to the weather or
where strength is desired should have a crushing strength of not less
than 2,500 lb/in2 (17.3 MPa) and should absorb not over 20 percent of
water by weight, after 5-h immersion in boiling water (see Sec. 6).
Mortar Mortar is the bonding agent that holds the individual units
together as an assembly. All mortars contain cement, sand, lime, and
water in varying proportions. Mortars are classified as portland-cementlime mortar or masonry cement mortar. (See Sec. 6.9.)
Laying and Bonding Brick should be laid in a full bed of mortar
and shoved laterally into place to secure solid bearing and a bed of even
thickness and to fill the vertical joints. Clay brick should be thoroughly
wet before laying, except in freezing weather. Concrete bricks/blocks
should not be wetted before placement. Brick laid with long dimension
parallel to the face of the work are called stretchers, perpendicular to the
face, headers. Bats (half-brick) should not be used except where necessary to make corners or to form patterns on the face of the wall. Each
continuous vertical section of a wall one masonry unit thick is called a
wythe. Multiwythe walls, of brick or block faced with brick, are now
commonly tied together with ties or anchors between each wythe of
brick and block. Such ties are typically provided every other course.
When the wythes are adequately bonded or tied; the wall may be considered as a composite wall for strength purposes. Walls may also be
tied together longitudinally by overlapping stretchers in successive
courses. Transverse bond is obtained by making every sixth course
headers, the headers themselves overlapping in successive courses in
the interior of thick walls. Variations in the arrangement of headers are
often used in the face of walls for appearance. The area of cross section
of full-length headers should not be less than one-twelfth the face of the
wall, in bonding each pair of transverse courses of brick. Three examples of bond are shown in Fig. 12.2.16.
Arches over windows and doorways are laid in concentric rings of
headers on edge, with radial joints. The radius of the arch should be 1
to 11⁄4 times the width of the opening.
Lateral Support Brick walls should be supported laterally by bonding to transverse walls or buttresses, or by anchoring to floors, at intervals not exceeding 20 times the thickness. Floors and anchors must be
capable of transmitting wind pressure and earthquake forces, acting
outward, to transverse walls or other adequate supports, and thus to the
ground. The height of piers between lateral supports should not exceed
12 times their least dimension.
Concrete Masonry Units (CMUs) Hollow or solid concrete blocks
are used in building walls, often faced with brick or stone on the exterior
walls. Standard block sizes are based on a brick module, nominally 4
in high.

TIMBER CONSTRUCTION
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Fig. 12.2.16 Bonds used in bricklaying.

Allowable compressive stresses in masonry are related to the masonry
unit strength and the type of mortar as follows:
Type M or
S mortar

Type N mortar

Kind of masonry

lb/in2

MPa

lb/in2

MPa

Stone ashlar
Rubble
Clay brick (2500 lb/in2)
Hollow CMU (1000 lb/in2)
Solid CMU (2000 lb/in2)

360
120
160
75
160

2.48
0.83
1.10
0.52
1.10

320
100
140
70
140

2.20
0.69
0.97
0.48
0.97

Minimum thickness of load-bearing masonry walls shall be 6 in for
up to one story and 8 in for more than one story.
Reinforced Masonry The design of masonry with vertical reinforcing bars placed and fully grouted in some of the cells provides increased
capacity to resist flexure and axial loads. In addition, in areas where
seismic design is required, due to the brittle nature of unreinforced
masonry, all masonry must be reinforced to prevent a brittle failure
mode. The design principles for reinforced masonry are similar to the
design for reinforced concrete.
Reinforced Concrete See Sec. 12.3.
TIMBER CONSTRUCTION
Floors The framing of wooden floors may be divided into two general types: joist construction and solid, or mill, construction. The first
consists of joists 2 to 6 in wide, of the necessary depth, and spaced about
12 to 16 in (30 to 40 cm) on centers. The wall ends should rest on and
be anchored to walls and the interior ends carried by a line of girders
on columns. These joists should be securely cross-bridged not over 8 ft
(2.4 m) apart in each span to prevent twisting and to assist in distributing concentrated loads. Solid blocking should be provided at ends and at

each point of support. The floor is formed of a thickness of rough
boarding on which the finish flooring is laid. Solid or mill-construction
floors are designed to do away with the small pockets which exist in
joist construction and thus reduce the fire hazard. They are generally
framed with beams spaced 8 to 12 ft (2.4 to 3.6 m) on centers and spanning 18 to 25 ft (5.5 to 7.6 m). The wall ends of beams rest on and are
anchored to the wall, and the interior ends are carried on columns and
tied together to form a continuous tie across the building. Ends of timbers in masonry walls should have metal bearing plates and 1⁄2 in
space at sides and end for ventilation, to prevent rot. The ends should be
beveled and the anchors placed low to avoid overturning the wall if the
beams drop in a fire. In all cases, care should be taken to provide sufficient bearing at the points of support so that the allowable intensity of
compression across the grain is not exceeded. In case it is desirable to
omit columns, or the floor load requires a closer spacing of beams,
girders are run lengthwise of the building over the columns to take the
beams, the ends of which are hung in hangers or stirrup irons and tied
together, over or through the girders. This is called intermediate framing.
Steel beams are sometimes used in place of wooden beams in this type
of construction, in which case a wooden strip is bolted to the top flange
of the beam to take the nailing of the plank, or the plank is laid directly on
top of the beam and secured by spikes driven from below and clinched
over the flange. The floor is formed of 3 or 4 in (7.5 or 10 cm) plank
grooved in each edge, put together with splines and securely spiked to
beams. On top of the plank is laid flooring, with a layer of sheathing
paper between. In case the floor loads require an excessive thickness of
plank, or in localities where heavy plank is not easily obtainable, the
floor is built up of 3 " 6 in (7.5 " 15 cm), or other sized pieces, placed
on edge, and securely nailed together. (See Table 12.2.7.)
The roofs of buildings of joist and mill construction are framed in a
manner similar to the floors of each type and should be securely
anchored to the walls and columns. In case columns are not desired in
the top story, steel beams or trusses of either steel or wood are used. For
spans up to 35 ft (10.7 m), trussed beams can often be used to advantage.

Table 12.2.7 Properties of Plank and Solid Laminated Floors
(b breadth 12 in, f fiber stress)
Nominal
thickness
or depth,
in
(1)

Actual
thickness d,
in
(S4S)
(2)

Area of
section
A
bd, in2
(3)

Moment of
inertia I
bd3/12, in4
(4)

Section
modulus
S bd2/6,
in3
(5)

1
11⁄2
2
21⁄2
3
4
5
6
8
10
12

3⁄4
11⁄4
11⁄2
2
21⁄2
31⁄2
41⁄2
51⁄2
71⁄2
91⁄2
111⁄2

9.00
15.00
18.00
24.00
30.00
42.00
54.00
66.00
90.00
114.00
138.00

0.422
1.95
3.38
8.00
15.60
42.9
91.1
166.4
422
857
1,521

1.13
3.13
4.50
8.00
12.50
24.5
40.5
60.5
112.5
180.5
264.5

Safe load, lb/ft2 on 1-ft
span*
f

1,000
lb/in2†
(6)
753
2,085
3,000
5,334
8,334
16,334
27,000
40,300
75,000
120,400
176,400

f

1,600
(7)
1,205
3,336
4,800
8,534
13,334
26,134
43,200
64,500
120,000
192,500
282,000

Coef of deflection, uniform
load‡
E
1,000,000
(8)

E
1,760,000
(9)

53.4
11.51
6.66
2.82
1.441
0.524
0.247
0.1348
0.0533
0.0263
0.0148

93.98
20.26
11.72
4.96
2.54
0.922
0.1404
0.0765
0.0303
0.0149
0.0084

* Divide tabular value by square of span in feet.
† For other fiber stress f, multiply tabular value by f/1,000.
‡ For deflection in, multiply coefficient by load, lb/ft2, and by fourth power of span in ft, and divide by 1,000,000. For other modulus of elasticity E, multiply coefficient of col. 8 by 1,000,000,
and divide by E.
NOTE: 1 in 2.54 cm; 1 lb 4.45 N; 1 lb/in2 6.89 kPa.
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For unit stresses in timber, see Sec. 6.7. For unit stresses in wooden
columns, see Table 12.2.9. Table 12.2.7 gives the properties of mill
floors made of dressed plank, and of laminated floors made of planks of
edge, laid close.
Timber Beams
Properties of Timber Beams Table 12.2.8 presents those properties
of wooden timbers most useful in computing their strength and deflection

Table 12.2.8

as beams. (The “nominal size” of a timber is indicated by the breadth
and depth of the section in inches. The “actual size” indicates the size
of the dressed timber, according to National Lumber Manufacturers
Assoc. The moment of inertia and section modulus are with the neutral
axis perpendicular to the depth at the center. The safe bending moment in
inch-pounds for a given beam is determined from the section modulus
S by multiplying the tabular value by the allowable fiber stress. To
select a beam to withstand safely a given bending moment, divide the

Properties of Wooden Beams (Surfaced Size)
Max safe uniform load, lb,
based on

Nominal
size, in
(1)

Actual size
b " d, in,
dressed
(S4S) size
(2)

Area of
section
bd, in2
(3)

Weight at
40 lb/ft3,
lb/ft
(4)

2"4
3"4
4"4
2"6
3"6
4"6
6"6
2"8
3"8
4"8
6"8
8"8
2 " 10
3 " 10
4 " 10
6 " 10
8 " 10
10 " 10
2 " 12
3 " 12
4 " 12
6 " 12
8 " 12
10 " 12
12 " 12
4 " 14
6 " 14
8 " 14
10 " 14
12 " 14
14 " 14
6 " 16
8 " 16
10 " 16
12 " 16
14 " 16
16 " 16
8 " 18
10 " 18
12 " 18
14 " 18
16 " 18
18 " 18
12 " 20
20 " 20
24 " 24
26 " 26
28 " 28
30 " 30

11⁄2 " 31⁄2
21⁄2 " 31⁄2
31⁄2 " 31⁄2
11⁄2 " 51⁄2
21⁄2 " 51⁄2
31⁄2 " 51⁄2
51⁄2 " 51⁄2
11⁄2 " 71⁄4
21⁄2 " 71⁄4
31⁄2 " 71⁄4
51⁄2 " 71⁄2
71⁄2 " 71⁄2
11⁄2 " 91⁄4
21⁄2 " 91⁄4
31⁄2 " 91⁄4
51⁄2 " 91⁄2
71⁄2 " 91⁄2
91⁄2 " 91⁄2
11⁄2 " 111⁄4
21⁄2 " 111⁄4
31⁄2 " 111⁄4
51⁄2 " 111⁄2
71⁄2 " 111⁄2
91⁄2 " 111⁄2
111⁄2 " 111⁄2
31⁄2 " 131⁄4
51⁄2 " 131⁄2
71⁄2 " 131⁄2
91⁄2 " 131⁄2
111⁄2 " 131⁄2
131⁄2 " 131⁄2
51⁄2 " 151⁄2
71⁄2 " 151⁄2
91⁄2 " 151⁄2
111⁄2 " 151⁄2
131⁄2 " 151⁄2
151⁄2 " 151⁄2
71⁄2 " 171⁄2
91⁄2 " 171⁄2
111⁄2 " 171⁄2
131⁄2 " 171⁄2
151⁄2 " 171⁄2
171⁄2 " 171⁄2
111⁄2 " 191⁄2
191⁄2 " 191⁄2
231⁄2 " 231⁄2
251⁄2 " 251⁄2
271⁄2 " 271⁄2
291⁄2 " 291⁄2

5.25
8.75
12.25
8.25
13.75
19.25
30.3
10.87
18.12
25.4
41.3
56.3
13.87
23.1
32.4
52.3
71.3
90.3
16.87
28.1
39.4
63.3
86.3
109.3
132.3
46.4
74.3
101.3
128.3
155.3
182.3
85.3
116.3
147.3
178.3
209
240
131.3
166.3
201
236
271
306
224
380
552
650
756
870

1.46
2.43
3.40
2.29
3.82
5.35
8.40
3.02
5.04
7.05
11.4
15.6
3.85
6.42
8.93
14.5
19.8
25.0
4.69
7.81
10.94
17.5
23.9
30.3
36.7
12.88
20.6
28.0
35.6
43.1
50.6
23.6
32.0
40.9
49.5
58.1
66.7
36.4
46.1
55.9
65.6
75.3
85.0
62.3
106
153
180.6
210
242

Moment of
inertia I
bd3/12, in4
(5)

Section
modulus
S bd2/6,
in3
(6)

Bending on
1 ft span,*
f 1,000
lb/in2
(7)

Shear at
100† lb/
in2
(8)

Coef‡ of
deflection,
uniform
load E
1,000,000
(9)

5.36
8.93
12.51
20.8
34.7
48.5
76.3
47.6
79.4
111.1
193
264
98.9
164.9
231
393
536
679
178
297
415
697
951
1,204
1,458
678
1,128
1,538
1,948
2,360
2,770
1,707
2,330
2,950
3,570
4,190
4,810
3,350
4,240
5,140
6,030
6,920
7,820
7,110
12,050
25,400
35,200
47,700
63,100

3.06
5.10
7.15
7.56
12.60
17.65
27.7
13.14
21.9
30.7
51.6
70.3
21.4
35.7
49.9
82.7
113
143
31.6
52.7
73.9
121
165
209
253
102.4
167
228
289
349
410
220
300
380
460
541
621
383
485
587
689
791
893
729
1,236
2,160
2,760
3,470
4,280

2,040
3,400
4,760
5,040
8,390
11,760
18,490
8,760
14,600
20,500
34,400
46,900
14,290
23,700
33,300
55,200
75,200
95,300
21,100
35,100
49,300
80,800
110,200
139,600
169,000
68,300
111,400
152,000
192,400
233,000
273,000
146,800
200,000
254,000
307,800
360,000
414,000
255,000
323,000
391,000
459,000
528,000
595,000
485,000
824,000
1,440,000
1,840,000
2,320,000
2,850,000

700
1,166
1,632
1,100
1,835
2,570
4,040
1,445
2,410
3,380
5,500
7,500
1,850
3,080
4,310
6,970
9,500
12,030
2,250
3,750
5,250
8,430
11,510
14,570
17,620
6,180
9,900
13,500
17,120
20,700
24,300
11,380
15,530
19,610
23,800
27,900
32,000
17,500
22,200
26,800
31,500
36,200
40,800
29,900
50,700
73,400
86,700
100,600
116,000

4.20
2.52
1.80
1.082
0.648
0.464
0.295
0.473
0.284
0.202
0.1162
0.0852
0.227
0.1364
0.0974
0.0573
0.0421
0.0332
0.1264
0.0757
0.0543
0.0323
0.0237
0.01864
0.01543
0.0332
0.01987
0.01462
0.01153
0.00953
0.00812
0.01315
0.00967
0.00762
0.00630
0.00539
0.00468
0.00672
0.00531
0.00438
0.00373
0.00325
0.00288
0.00316
0.00187
0.000888
0.000639
0.000472
0.000356

* For total safe uniform load, pounds, on beam of span L, feet, divide tabular value by L. For fiber stress f other than 1,000 lb/in2 multiply by f and divide by 1,000.
† For shearing stress other than 100 lb/in2, multiply by stress and divide by 100.
‡ For deflection, inches, multiply coefficient by total load, pounds, and by cube of span, feet, and divide by 1,000,000. For other modulus of elasticity E, multiply coefficient by 1,000,000 and
divide by E.
NOTE: 1 in 2.54 cm; 1 ft 0.305 m; 1 lb 4.45 N; 1 lb/in2 6.89 kPa.
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bending moment in inch-pounds by the allowable fiber stress, and
choose a beam whose section modulus S is equal to or larger than the
quotient thus obtained. For formulas for computing bending moments,
see Sec. 5.2. Note that the allowable fiber stress must be modified by
adjustment factors: CD, load duration factor; CM, wet-service factor; Ct,
temperature factor; CF, size factor; and other factors which apply to
laminated, curved, round, and/or flat use. (See also Sec. 6.7, “Properties
of Lumber Products.”)
Maximum loads in Table 12.2.8, cols. 7 and 8, are for uniform loading.
Use half the values of col. 7 for a single load concentrated at midspan;
for other loadings compute the bending moment and use the section
modulus, col. 6. The values of col. 8 apply to all symmetrical loadings.
For unsymmetrical loading, compute the maximum shear, which must
not exceed one-half the tabular value.
The coefficients of deflection listed in Table 12.2.8 can be used to
deduce deflection as indicated in the footnotes to the table. Coefficients
of deflection under concentrated loads applied at the middle of the span
may be obtained by multiplying the values in the table by 1.6. The
results are only approximate, as the modulus of elasticity varies with the
moisture content of the wood.
The deflection due to live load of beams intended to carry plastered
ceilings should not exceed 1⁄360 of the span (span in inches).
A convenient rule may be derived by assuming that the modulus of
elasticity is 1,000 times the allowable fiber stress, which applies to all
woods with sufficient accuracy for the purpose. Beams loaded uniformly to capacity in bending will then deflect 1⁄360 of the span when the
depth in inches is 0.90 times the span in feet; and beams with central
concentration, when the depth is 0.72 times the span in the same units.
For such beams, the deflection in inches is, for uniform load, 0.03L2/d;
for central concentration, 0.024L2/d, where L is the span, ft, and d the
depth, in. Variation in type of loading affects this result comparatively
little.
Timber Columns
Timber columns may be either square or round and should have metal

bases, usually galvanized steel, to cut off moisture and prevent lateral
displacement. For supporting beams, they should have caps which, at
roofs, may be of steel, or wood designed for bearing across the grain.
At intermediate floors, caps should be of steel, although in some cases
hardwood bolsters may be used. Except when caps or beams are of steel,
columns should run down and rest directly on the baseplate. Table 12.2.9
gives working unit stresses for wood columns recommended where the
building laws do not prescribe lower stresses. Use actual, not nominal,
dimension of timbers. The column capacity Pcol F cr Anet, where F cr is
interpolated from Table 12.2.9, and Anet is the net cross-sectional area
of the column. The values for F cr in Table 12.2.9 are generally conservative and are based on the factors cited in the table footnotes. In the
event E ) 1,000Fc, the value of F rc must be computed to include the
value of CP as follows:
F rc 5 Fc CD CM Ct CF CP
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(Note that actual design stress fc # F rc.d
Cp 5 column stability factor 5
2

Å

a

1 1 FcE /F c*
2c

1 1 FcE /F c* 2
FcE /F *c
b 2
c
2c

F *c 5 FcCDCMCtCF
FcE 5

K cE E

critical buckling design stress in compression parallel
to the grain for a given wood species and geometrical
configuration of column

sl e /dd2

where Fc tabulated allowable design value for compression parallel
to the grain for the species (Sec. 6.7); KcE
0.3 for visually and
mechanically graded lumber and 0.418 for glulam members; le
effective length of column; d least dimension of the column cross section; E modulus of elasticity for the species (Sec. 6.7); c constant
for the type member: 0.8 for sawn lumber, 0.85 for timber piles, 0.9 for
glulam members; for factors CD, etc., sec Sec. 6.7.
Glued Laminated Timber Structural glued laminated timber, commonly called glulam, refers to members which are fabricated by pressure
gluing selected wood laminations of either 3⁄4 or 11⁄2 in (19 or 38 mm)
surfaced thickness. The grain of all the laminations is approximately
parallel longitudinally, with exterior laminations being of generally
higher-quality wood since bending stresses are greater at the outer
fibers. Curved and tapered structural members are available with the
recommended minimum radii of curvature being 9 ft 4 in (2.84 m) for
3
⁄4-in laminations and 27 ft 6 in (8.4 m) for 11⁄2-in lamination thickness.
Laminations should be parallel to the tension face of members; sawn
tapered cuts are permitted on the compression face.
Available net (surfaced) widths of members in inches are 21⁄4, 31⁄8, 51⁄8,
83⁄4, 103⁄4, 121⁄4, and 141⁄4; depths are determined by stress requirements.
Economical spans (see “Timber Construction Manual,” American Institute
of Timber Construction) for roof framing range from 10 to 100 ft (3 to
30 m) for simple spans. Floor framing, which is designed for much
heavier live loads, economically spans from 6 to 40 ft (1.8 to 12 m) for
simple beams and from 25 to 40 ft (7.5 to 12 m) for continuous beams.
Glued laminated members are generally fabricated from either
Douglas fir and larch, Douglas fir (coast region), southern pine, or
California redwood, depending on availability. Allowable design stresses depend on whether the condition of use is to be wet (moisture content in service of 16 percent or more) or dry (as in most covered
structures), the species and grade of wood to be used, the manner of
loading, and the number of laminations as well as the usual factors for
duration of loading. The cumulative reduction factors described above
also apply to glulam beams. Additional factors including Cv, volume
factor; Cfu, flat use factor; and Cc, curvature factor, also must be applied
to glued laminated beams. Refer to the National Design Specification
for Wood Construction for further information on glued laminated timber design. (See Sec. 6.7.)

Table 12.2.9 Values of F9c , Working Stresses for Square or Rectangular Timber Columns, lb/in2
(Compression parallel to grain.)*
le/d, in/in
Fc

10

15

20

25

30

35

40

45

50

55†

60†

70†

80†

1,000
1,300
1,600
1,900

680
884
1,088
1,292

615
799
984
1,168

508
660
812
964

389
505
622
739

293
381
469
557

225
292
359
427

176
229
282
335

141
184
226
268

116
150
185
220

96
125
154
183

81
106
130
154

60
78
96
114

46
60
74
88

* Values of F rc in the table are based on CD 0.9 (long-duration, permanent, 50-year loading); CM 0.8 (moisture content * 16%); Ct
section up to 5 in wide " 12 in deep); KcE 0.3; E + 1,000 Fc. If E ) 1,000 Fc, see text for procedure to compute F rc; c 0.8.
† Columns should be limited to le/d 50, except for individual members in stud walls, which should be limited to le/d 80.

1.0 (operating temperature ) 100!F); CF

1.0 (cross
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A summary of allowable unit stresses may be found in Sec. 6.7 for
glued laminated timber.
Connections
Bolted Joints Compression may be transmitted by merely butting
the timbers, with splice pieces bolted to the sides to keep alignment and
resist incidental bending and shear. The same detail (Fig. 12.2.17)

Fig. 12.2.17 Bolted splices for timber framing.

serves in tension, but the entire stress must then be transmitted through
the bolts and splice pieces. If of wood, these should have a thickness h
equal to 1⁄2 b. In light, unimportant work, splice pieces may be spiked.
Table 12.2.10 gives the allowable load in pounds for one bolt loaded at
both ends (double shear) when h is at least equal to 1⁄2 b. When steel side
plates are used for side members, the tabulated loads may be increased
25 percent for parallel-to-grain loading, but no increase should be made
for perpendicular-to-grain loads. When a joint consists of two members
(single shear), one-half the tabulated load for a piece twice the thickness
of the thinner member applies. The safe load for bolts loaded at an angle
u with the grain of the wood is given by the formula N PQ/(P sin2 u #
Q cos2 u), where N allowable load per bolt in a direction at inclination u with the direction of the grain, lb; P allowable load per bolt in
compression parallel to the grain, lb; and Q allowable load per bolt
in compression perpendicular to the grain, lb.
The size, arrangement, and spacing of bolts must be such that tension on the net section of the timber through the bolt holes and shear
along the grain do not exceed allowable values. Bolts should be at least
7 diameters from the end of the timber for softwoods and 5 diameters
for hardwoods and spaced at least 4 diameters on center parallel to the
grain. Crossbolting, to prevent splitting the timber end, is sometimes
desirable.

The efficiency of bolted timber connections may be greatly increased
by the use of ring connectors. Split rings and shear plates are fitted into
circular grooves, concentric with the bolt, in the contact surfaces, and
transmit shear stresses across the joint. Grooves for split rings and shear
plates are cut with a special tool, while toothed rings are usually seated
by drawing together the timbers with high-strength bolts. Allowable
loads for these various connectors are given in the “Design Values for
Wood Construction,” published by the National Lumber Manufacturers
Assoc. Selected values are given in Table 12.2.11.
The holding power of wire nails is as follows (“Design Values for Wood
Construction”): The resistance to withdrawal is proportional to the
length of embedment, to the diameter of the nail (where the wood does
not split), and to G2.5, where G is the ovendry specific gravity of the
wood (see Sec. 6 for G values of various species). The safe resistance
to withdrawal of common wire nails driven into the side grain of seasoned wood is given by Table 12.2.12. Nails withdrawn from green
wood have generally slightly higher resistance, but nails driven into
green wood may lose much of their resistance when the wood seasons;
the allowable withdrawal load should be one-fourth of that given in
Table 12.2.12. Cement and other coatings on nails may add materially
to their resistance in softwoods. Drilling lead holes slightly smaller than
the nail adds somewhat to the resistance and reduces danger of splitting.
The structural design should be such that nails are not loaded in withdrawal from end grain.
The safe lateral resistance of common wire nails driven in side grain
to the specified penetrations is given in Table 12.2.12 and is proportional to D1.5 where D is the diameter, in. These values are for seasoned
wood and should be reduced 25 percent for woods which will remain
wet or will be loaded before seasoning. For nails driven into end grain,
values should be reduced one-third.
Common wire spikes are larger for their lengths than nails. Their resistance to withdrawal and lateral resistance are given by the same formulas
as for nails, but greater precautions need to be taken to avoid splitting.
The resistance of wood screws to withdrawal from side grain of seasoned wood is given by the formula P
2,850G2D, where P
the
allowable load on the screw, lb/in penetration of the threaded portion;
G
specific gravity of ovendry wood; D
diameter of screw, in.
Wood screws should not be designed to be loaded in withdrawal from
end grain.
The allowable safe lateral resistance of wood screws embedded 7 diameters in the side grain of seasoned wood is given by the formula P
KD2, where P is the lateral resistance per screw, lb; D is the diameter,
in; and K is 4,800 for oak (red and white), 3,960 for Douglas fir (coast
region) and southern pine, and 3,240 for cypress (southern) and Douglas
fir (inland region).

Table 12.2.10 Allowable Load in Pounds on One Bolt Loaded at Both Ends (Double Shear)
(For additional values and for conditions other than normal, see “Design Values for Wood Construction.”)
Length of
bolt in
main
member,
in

Douglas fir-larch

California
redwood (open grain)

Oak, red and white

Western spruce,
pine, fir, cedars

Diam of
bolt, in

Parallel
to grain

Perpendicular
to grain

Parallel
to grain

Perpendicular
to grain

Parallel
to grain

Perpendicular
to grain

Parallel
to grain

Perpendicular
to grain

11⁄2

1⁄2
3⁄4

21⁄2

1⁄2

1,050
1,580
2,100
1,230
2,400
3,500
1,230
2,400
4,090
2,400
3,180
4,090

470
590
680
730
980
1,130
730
1,170
1,350
1,170
1,260
1,350

780
1,170
1,560
990
1,950
2,590
990
2,010
3,110
2,010
2,690
3,110

310
370
440
510
620
730
580
740
870
740
810
870

1,410
2,110
2,810
1,530
2,890
4,690
1,530
2,890
4,820
2,890
3,780
4,820

730
890
1,020
960
1,480
1,700
960
1,770
2,040
1,770
1,920
2,040

760
1,140
1,520
980
1,900
2,530
980
1,990
3,040
1,990
2,660
3,040

290
360
420
490
600
700
560
720
840
720
790
840

1
3⁄4

1
31⁄2

1⁄2
3⁄4

1
51⁄2

3⁄4

1
11⁄4
NOTE: 1 in

2.54 cm; 1 lb

4.45 N.
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Table 12.2.11 Allowable Load in Pounds for One-Connector Unit in Single Shear*
(For additional values and for conditions other than normal, see “Design Values for Wood Construction.”)
Group A

Connector unit
(diam)

Number
of faces of
piece with
connectors
on the
same bolt

21⁄2-in split
ring, 1⁄2-in
bolt

Net thickness
of lumber, in

1
2

4-in split ring,
3
⁄4-in bolt

1
2

Douglas fir-larch
and southern pine
(dense), oak, red
and white

Min. edge
distances,
in

Group B

Group C

Douglas fir-larch,
southern pine
(med. grain)

California
redwood (close
grain), western
hemlock, southern
cypress

7 to
grain

' to
grain

7 to
grain

' to
grain

7 to
grain

' to
grain

1 min,
11⁄2 or more
11⁄2 min,
2 or more

13⁄4

2,630
3,160
2,430
3,160

1,900
2,280
1,750
2,280

2,270
2,730
2,100
2,730

1,620
1,940
1,500
1,940

1,900
2,290
1,760
2,290

1,350
1,620
1,250
1,620

1 min,
11⁄2 or more
11⁄2 min,
3 or more

23⁄4

4,090
6,020
4,110
6,140

2,840
4,180
2,980
4,270

3,510
5,160
3,520
5,260

2,440
3,590
2,450
3,660

2,920
4,280
2,940
4,380

2,040
2,990
2,040
3,050

25⁄8-in shear
plate, 3⁄4-in
bolt†

1
2

11⁄2 min
11⁄2 min,
21⁄2 or more

13⁄4

3,110
2,420
3,330

2,170
1,690
2,320

2,670
2,080
2,860

1,860
1,450
1,990

2,220
1,730
2,380

1,550
1,210
1,650

4-in shear
plate, 3⁄4-in
or 7⁄8-in bolt†

1

11⁄2 min,
13⁄4 or more
13⁄4 min,
21⁄2
31⁄2 or more

23⁄4

4,370
5,090
3,390
4,310
5,030

3,040
3,540
2,360
3,000
3,500

3,750
4,360
2,910
3,690
4,320

2,620
3,040
2,020
2,550
3,000

3,130
3,640
2,420
3,080
3,600

2,170
2,530
1,680
2,140
2,510

2

* One connector unit consists of one split ring with its bolt in single shear or two shear plates back to back in the contact faces of a timber-to-timber joint with their bolt in single shear.
† Allowable loads for all loadings, except wind, should not exceed 2,900 lb for 25⁄8-in shear plates; 4,400 and 6,000 lb for 4-in shear plates with 3⁄4 and 7⁄8-in bolts, respectively; multiply values by
1.33 for wind loading.
NOTE: 1 m 2.54 cm; 1 lb 4.45 N.

Table 12.2.12

Allowable Loads in Pounds for Common Nails in Side Grain* of Seasoned Wood
Size of nail

Type of
load
Withdrawal
load per in
penetration

Lateral
load*†

d

6

8

10

12

16

20

30

40

50

60

Length, in

2

21⁄2

3

31⁄4

31⁄2

4

41⁄2

5

51⁄2

6

Diam, in

0.113

0.131

0.148

0.148

0.162

0.192

0.207

0.225

0.244

0.263

0.31
0.40
0.44
0.47
0.51
0.55
0.67

9
16
20
24
29
34
57

10
18
23
27
34
41
66

12
20
26
31
38
46
75

12
20
26
31
38
46
75

13
22
29
34
42
50
82

15
27
34
40
49
59
97

16
28
37
43
53
64
105

18
31
40
47
58
70
114

20
33
43
51
63
76
124

21
35
46
55
68
81
133

0.60–0.75
0.50–0.55
0.42–0.50
0.31–0.41

78
63
51
41

97
78
64
51

116
94
77
62

116
94
77
62

132
107
88
70

171
139
113
91

191
154
126
101

218
176
144
116

249
202
165
132

276
223
182
146

Specific
gravity
G

* The allowable lateral load for nails driven in end grain is two-thirds the values shown above.
† The minimum penetration for full lateral resistance for the four groups listed is 10, 11, 13, and 14 diam from higher to lower specific gravities, respectively. Reduce by interpolation for lesser
penetration; minimum penetration is one-third the above.
NOTE: 1 in 2.54 cm; 1 lb 4.45 N.

The following rules should be observed: (1) the size of the lead hole
in soft (hard) woods should be about 70 (90) percent of the core or root
diameter of the screw; (2) lubricants such as soap may be used without
great loss in holding power; (3) long, slender screws are preferable generally, but in hardwood too slender screws may reach the limit of their
tensile strength; (4) in the screws themselves, holding power is favored
by thin sharp threads, rough unpolished surface, full diameter under the
head, and shallow slots.
The allowable withdrawal load of lag screws in side grain is given by
the formula p 1,800D3/4G3/2, allowable load per inch of penetration
of threaded portion of lag screw into member receiving the point, lb;

D shank diameter of lag screw, in; G specific gravity of ovendry
wood. Use of lag screws loaded in withdrawal from end grain should be
avoided. The allowable load in such cases should not exceed 75 percent
of that for side grain (see also Sec. 8).
The allowable lateral resistance of lag screws for parallel-to-grain
loading with screws in side grain is proportional to D2 and is dependent on species and type of side member. Selected values are given in
Table 12.2.13 for one lag screw in single shear in a two-member joint.
Lead holes for lag screws (approximately 75 percent of shank
diameter) should be prebored for the threaded portion. Lead holes for
the shank should be of the same diameter and length as that of the

12-32

STRUCTURAL DESIGN OF BUILDINGS

Table 12.2.13

Side
member

Allowable Lateral Loads in Pounds on Lag Bolts or Lag Screws

11⁄2-in wood

1⁄2-in

metal

NOTE: 1 in

7

1⁄2
3
⁄8
5
⁄8

6
6
8
8

1⁄2

3
3
6
6
10
12
16

1⁄4

2.54 cm; 1 lb

0.60–0.75

1⁄4

4
4
6
6

21⁄2-in wood

Overndry specific gravity of species

Diam of
bolt at
shank,
in

Length
of bolt,
in

1
⁄4
1

3

1⁄2
1⁄2
3
⁄4
7
⁄8

1
11⁄4

0.51–0.55
7

'

0.31–0.41

0.42–0.50
7

'

7

'

'

200
390
480
860

190
250
370
510

170
290
420
710

170
190
320
430

130
210
360
510

120
140
280
310

100
170
290
410

100
110
220
250

620
1,040
1,430
1,800

410
520
790
900

470
790
1,080
1,360

310
390
600
680

340
560
780
970

220
280
430
490

270
450
620
780

180
230
340
390

240
550
1,100
1,970
3,420
4,520
7,120

185
285
570
865
1,420
1,810
2,850

210
415
945
1,480
2,960
3,900
6,150

160
215
490
650
1,230
1,560
2,460

155
295
770
1,060
2,340
3,290
5,500

120
155
400
460
970
1,320
2,200

125
240
615
850
1,890
2,630
4,520

100
125
320
370
785
1,050
1,810

4.45 N.

unthreaded shank. Soap or other lubricant should be used to facilitate
insertion and to prevent damage to the screw. Where steel-plate side
pieces are used, the allowable loads given by the formula for parallelto-grain loading may be increased by 25 percent.
The ultimate withdrawal load per linear inch of penetration of a round
drift bolt or pin from side grain when driven into a prebored hole having
a diameter 1⁄8 in less than that of the bolt diameter may be determined
from the formula p 6,000G2D, where p ultimate withdrawal load
of penetration, lb/lin in; G
specific gravity of ovendry wood; D
diameter of drift bolt, in. A safety factor of about 5 is suggested for
general use. The allowable load in lateral resistance for a drift bolt
should ordinarily be taken as less than that for a common bolt.

However, advances in mill production methods have resulted in most
steels satisfying the higher strength requirements of ASTM A572,
Grade 50, leading to increased use of higher-strength steel at little or no
cost premium. Other higher-strength steels used in structures are A440,
A441, A588, and A242. Steel materials for pipe and tube, specified by
ASTM A53 (welded-seam pipe) and A500 (cold-formed), have yield
strengths of 33,000 to 50,000 lb/in2 (227.5 to 344.7 MPa).
Ordinary unfinished machine bolts are specified by A307. Bolts used
for structural steel connections are typically high-strength bolts specified by A325 or A490. Riveting is now rarely used, but may often be
encountered in older structures. The most common rivets are A502,
Grade 1.

STEEL CONSTRUCTION
(Note: In the design of steel structures, 1,000 lb is frequently designated as a kilopound or
“kip,” and a stress of 1 kip per square inch is designated as 1 ksi.)

Structural steel design was based only on the allowable stress design
(ASD) approach until the introduction of the load and resistance factor
design (LRFD) technique in the mid-1980s. The LRFD approach is an
ultimate strength design approach, similar to that adopted by the
American Concrete Institute for concrete design. Both ASD and LRFD
are accepted in current codes. The ASD method is still the most commonly used for design.
Specifications The following are in part condensed excerpts from
the Specifications of the American Institute of Steel Construction.
Material Ordinary steel for rolled shapes, plates, and bars is typically
specified by ASTM A36, with a yield stress of 36,000 lb/in2 (248.2 MPa).

Allowable Stresses in A36 Steel

Tension Ft:
On gross section
On net section, except at pinholes
On net section, at pinholes
Compression Fc: See Table 12.2.14
Bending tension and compression on
extreme fibers Fb:
Basic stress, reduced in certain cases
Compact, adequately braced beams
Rectangular bearing plates
Shear Fv: Web of beams, gross section

Table 12.2.14 Allowable Stress, ksi, for Compression Members of A36 Steel
Main and secondary members,
Kl/r not more than 120

Main members,
Kl/r, 121–200

Kl
r

Fa

Kl
r

Fa

Kl
r

Fa

Kl
r

Fa

Kl
r

Fa

1
5
10
15
20
25
30
35
40

21.56
21.39
21.16
20.89
20.60
20.28
19.94
19.58
19.19

41
45
50
55
60
65
70
75
80

19.11
18.78
18.35
17.90
17.43
16.94
16.43
15.90
15.36

81
85
90
95
100
105
110
115
120

15.24
14.79
14.20
13.60
12.98
12.33
11.67
10.99
10.28

121
125
130
135
140
145
150
155
160

10.14
9.55
8.84
8.19
7.62
7.10
6.64
6.22
5.83

161
165
170
175
180
185
190
195
200

5.76
5.49
5.17
4.88
4.61
4.36
4.14
3.93
3.73

NOTE: 1 ksi

6.89 MPa.

lb/in2

MPa

22,000
29,000
16,000

151.6
200
110.2

22,000
24,000
27,000
14,500

151.6
165.3
186.0
99.9

STEEL CONSTRUCTION
Allowable Stresses* in Riveted and Bolted Connections
2

Bearing: A36 steel
Pins in reamed, drilled, or bored holes
Bolts and rivets
Roller, lb/lin in (N/lin cm)
Shear: bearing-type connections†
A502, grade 1 hot-driven rivets
A307 bolts
A325 bolts when threading is
excluded from shear planes
(std. holes)
A325 bolts when threading is not
excluded from shear planes
(std. holes)

lb/in

MPa

32,400
69,000
760 " diam
(in)

223.3
475.7
1,131 " diam
(cm)

17,500
10,000
30,000

120.6
68.9
206.8

21,000

144.7

Shear: friction-type connections†
(with threads included or excluded
from shear plane)
A325 bolts in standard holes
A325 bolts in oversized or short
slotted holes
A325 bolts in long slotted holes

17,500
15,000

120.6
103.4

12,000

82.6

Tension:
A502, grade 1, hot-driven rivets
A307 bolts
A325 bolts

23,000
20,000
44,000

158.5
137.9
303.3

Bending in pins of A36 steel

27,000

186.1

* Allowable stresses are based on nominal body area of fasteners unless indicated.
† Rivets or bolts may not share loads with welds on bearing-type connections but may do so
in friction-type connections.

Proportion of Parts

Most simple beams, columns, and truss members are proportioned to
limit the actual stresses to the allowable stresses stipulated above. Other
stability or serviceability criteria may control the design. Deflection may
govern in such members as cantilevers and lightly loaded roof beams.
Buckling, rather than strength, may govern the design of compression
members. The slenderness ratio Kl/r, where Kl is the effective length of
the member and r is its radius of gyration, should be limited to 200 in
compression members, and L/r limited to 300 in tension members. Kl
should not be less than the actual unbraced length l in columns of a
frame which depends on its bending stiffness for lateral stiffness. Widththickness ratios are specified for projecting elements under compression.
Repeated fluctuations in stress leading to fatigue may be a controlling
factor. Rules are given for combined stresses of tension, compression,
bending, and shear.
Tension members should be proportioned for the gross and net section,
deducting for bolt or rivet holes 1⁄8 in (0.3 cm) larger than the nominal
diameter of the fastener.
Columns and other compression members subject to eccentric load or to
axial load and bending are governed by special rules. A long-established
rule is that fa /Fa # fb /Fb should be equal to or less than unity, where fa
is the axial stress, fb the bending stress, and Fa and Fb are the corresponding allowable stresses if axial or bending stress alone exist. This
is still considered valid when fa /Fa is less than 0.15. Joints shall be
fully spliced, except that where reversal of stress is not expected and the
joint is laterally supported, the ends of the members may be milled to
plane parallel surfaces normal to the stresses and abutted with sufficient
splicing to hold the connected members accurately in place. Column
bases should be milled on top for the column bearing, except for rolledsteel bearing plates 4 in (10 cm) or less in thickness.
Beams and girders, of rolled section or built-up, should in general be
sized such that the bending moment M divided by the section modulus
S is less than the allowable bending stress Fb. For built-up sections a rule
of thumb is, for A36 steel, flanges in compression should have a thickness of 1⁄16 the projecting half width, and webs should have a thickness
of 1⁄320 the maximum clear distance between flanges. Web stiffeners

12-33

should be provided at points of high concentrated loads; additional web
stiffeners are required in plate girders. Splices in the webs of plate girders
should be made by plates on both sides of the web. When two or more
rolled beams or channels are used side by side to form a beam, they
should be connected at separators spaced no more than 5 ft (1.52 m);
beams deeper than 12 in (30 cm) are to have at least two bolts to each
separator.
The lateral force on crane runways due to the effect of moving crane
trolleys may be assumed as 20 percent of the sum of the weights of the
lifted loads and of the crane trolley (but exclusive of the other parts of
the crane) applied at the top of the rail, one-half on each side of the runway, and shall be considered as acting in either direction normal to the
runway rail. The longitudinal force may be assumed as 10 percent of the
maximum wheel reactions of the crane applied at the top of the rail.
Bolted or riveted connections carrying calculated stress, except lacing
and sag bars, should be designed to support not less than 6,000 lb
(27.0 kN). Rivets or high-strength bolts are preferred in all places, and
both are implied in these paragraphs wherever “bolting” is mentioned;
unfinished bolts, A307, may be used in the shop or in field connections
of lightly loaded structures, or for secondary members, bracing, and the
like.
Members in tension or compression, meeting at a joint, shall have
their lines of center of gravity pass through a point, if practicable; if not,
provision shall be made for the eccentricity. A group of bolts transmitting stress to a member shall have its center of gravity in the line of the
stress, if practicable; if not, the group shall be designed for the resulting
eccentricity. Where stress is transmitted from one member to another by
bolts through a loose filler greater than 1⁄4 in in thickness, except in slip
critical connections using high-strength bolts, the filler shall be extended beyond the connected member and the extension secured by enough
bolts or sufficient welding to distribute the total stress in the member
uniformly over the combined sections of the member and the filler.
Most bolted connections transmit shearing forces by developing the
shearing or bearing values of the bolts, but bolts in certain connections,
such as shelf angles and brackets, are required to transmit tension forces.
Bolts shall be proportioned by the nominal diameter. Rivets and
A307 bolts whose grip exceeds 5 diam shall be allowed 1 percent less
safe stress for each 1⁄16 in (0.16 cm) excess length. The minimum distance between centers of bolt holes shall be 22⁄3 diam of the bolt; but
preferably not less than 3 diam.
The minimum distance from the center of any bolt hole to a sheared
edge shall be 21⁄4 in (5.7 cm) for 11⁄4-in (32-mm) bolts, 2 in (5.1 cm) for
11⁄8-in (28-mm) bolts, 13⁄4 in (4.4 cm) for 1-in (25-mm) bolts, 11⁄2 in (3.8
cm) for 7⁄8-in (22-mm) bolts, 11⁄4 in (3.2 cm) for 3⁄4-in (19-mm) bolts,
11⁄8 in (2.8 cm) for 5⁄8-in (16-mm) bolts, and 7⁄8 (2.22 cm) for 1⁄2-in
(13-mm) bolts. The distance from any edge shall not exceed 12 times
the thickness of the plate and shall not exceed 6 in (15 cm).
Design of Members
Properties of Standard Structural Shapes Detailed dimensions,
geometric properties, and other data for standard rolled sections are
listed in the AISC Manual of Steel Construction. This reference is usually the starting point when one is embarking on a design utilizing steel
shapes. For sizes not standard, or for unusual (generally much higher)
geometric properties required for special applications, an endless variety
of beam and column shapes can be fabricated by welding the desired
sections from plate stock.
A great variety of tees is produced by shearing or gas-cutting
standard beams (S shapes) or wide-flange sections (W shapes) lengthwise at midheight of the web, making two T sections.
Welding The main advantage of assembling and connecting steel
frames by welding is the reduction in the amount of metal used. The saving in metal is achieved by (1) elimination of bolt holes which reduce the
net section of tension members, (2) simplification of details, and (3)
elimination of splice plate and gusset plate material. (See also Sec. 13.3.)
Allowable stresses in welds depend on the type of weld, the manner of
loading, and the relative strengths of the weld metal and the base metal.
For complete-penetration groove welds in which the full edge thickness of
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the thinner part to be joined is beveled in preparation for welding,
allowable stresses due to tension or compression normal to the effective
area or parallel to the axis of the weld are the same as the base metal,
and the allowable shear stress on the effective area is 0.3 times the
nominal tensile strength of the weld metal (limited by 0.4 times yield
stress in the base metal). The effective area for a complete-penetration
groove weld is the width of the part joined times the thickness of the
thinner part.
For partial-penetration groove welds, allowable stresses due to compression normal to the effective area and tension or compression parallel to
the axis of the weld are the same as the base metal. For tension normal to
the effective area, the allowable stress is 0.3 times the nominal tensile
strength of the weld metal (limited by 0.6 times the yield stress of the
base metal); for shear parallel to the axis of the weld, the allowable stress
on the effective area is 0.3 times the nominal tensile strength of weld
metal (limited by 0.4 times yield stress of the base metal). The effective
thickness of partial-penetration groove welds depends on the welding
process, welding position, and the included angle of the groove but may
be safely taken as the depth of the chamfer less 1⁄8 in.
For fillet welds, allowable shear stresses on the effective area are taken
as 0.3 times nominal tensile strength of the weld (limited by 0.4 times
yield stress of the base metal), and for tension or compression parallel
to the axis of the weld, allowable stresses are the same as the base metal.
Fillet welds are not to be loaded in tension or compression normal to
the effective area; they transfer loads between members in shear only.
The effective area of a fillet weld is the overall length of the full-size
weld times the shortest distance from the root to the face (normally leg
size " sin 45!). Allowable shear in a fillet weld is taken as 930 lb/in of
length (163 N/mm) for each 1⁄16 in (1.59 mm) of leg size. (See Sec. 13.)
Typical details of welded connections are indicated in Fig. 12.2.18.

Fig. 12.2.18
connection.

Welded connections. (a) Moment connection; (b) bracing

Safe Loads for Steel Beams To determine the safe load uniformly
distributed, as limited by bending, for a structural steel beam on a given
span, apply the formula W 8Fbs/l, where W is the total load, lb.; Fb is
the allowable fiber stress (24,000 lb/in2 or any other); S is the section
modulus for the beam in question, and l is the span, in. (This formula
may also be used with equivalent metric units.) The safe load concentrated at midspan is one-half this amount. For other safe loads, note that
FbS is the safe resistance to bending in inch-pounds (or newton-metres)
afforded by the beam. Compute the load, of whatever type or distribution, which will produce a maximum bending moment equal to safe
moment of resistance (see Sec. 5 for bending-moment formulas).
To select a beam to support a given load, compute the maximum bending moment in inch-pounds, divide by the allowable fiber stress Fb, and
refer to the table for a beam having a section modulus which is not
smaller than the quotient.
Formulas for the safe loads and deflections of beams with various
methods of support and of loading are given in Sec. 5.
Short beams should be investigated for crippling of the web. In the
tables are given the safe end reactions for beams of A36 steel resting on
a seat 31⁄2 in (9 cm) long along the axis of the beam. Short beams should

also be investigated for shear, by dividing the maximum shear, in
pounds, by the area of the web, excluding the flanges.
Single angles used as beams and loaded in the plane of axis X-X or Y-Y
tend to deflect laterally as well as in the plane of the loads. Unless this
is prevented, as by pairing the angles back to back and securing them
together, the unit fiber stress due to bending may be as much as 40 percent above that computed by dividing the bending moment by S for the
axis perpendicular to the plane of the loads. The relation f M/S does
not hold for single angles and for Z bars, which are unsymmetrical about
both axes.
Deflection of Beams Table 12.2.15 gives coefficients of deflection
for steel shapes under uniformly distributed loads, and is based on the
formula; deflection in inches 30fL2/Ed, the table giving the values of
30fL2/E. ( f fiber stress, lb/in2; L span, ft; d depth of section, in;
E modulus of elasticity 29,000,000 lb/in2.)
To find the deflection in inches of a section symmetrical about the
neutral axis, such as a beam, channel, etc., divide the coefficient in the
table corresponding to given span and fiber stress by the depth of the section in inches.
To find the deflection in inches of a section which is not symmetrical
about the neutral axis but which is symmetrical about an axis at right
angles thereto, such as a tee or pair of angles, divide the coefficient corresponding to given span and fiber stress by twice the distance of extreme
fiber from neutral axis obtained from table of elements of sections.
To find the deflection in inches of a section for any other fiber stress
than that given, multiply this fiber stress by either of the coefficients in
the table for the given span and divide by the fiber stress corresponding
to the coefficients used.
I beams and channels loaded to a fiber stress of 24,000 lb/in2
(165.5 MPa) will not deflect in excess of 1⁄360 of the span (allowed for
plastered ceilings) if the depth in inches (cm) is not less than 0.74 (6.21)
times the span in feet (m) for uniform loads and 0.60 (5.00) times the
span for central concentration.
Beam Supports Steel beams are supported at the ends generally
(1) by means of web connections to girders and columns, (2) by resting
on structural-steel seats, or (3) by resting on masonry. Limiting values of
end reactions of the second type, for seats 31⁄2 in (9 cm) long, are listed
in the AISC Manual of Steel Construction. Standard AISC web connections of the first type are called framed beam connections and are designated by the number of rows of bolts. Examples of connections are
given in Fig. 12.2.19. These connections may be specified as “Standard
3 row, 4 row, etc., connections.” Connections must always be designated
and detailed for the calculated design reaction.
The capacity of web connections is governed by the shearing of the
fastener, or the bearing of the fastener on the web or on the material to
which the beam is connected, or by the strength of the connecting
angles. For example, the supporting values of standard framed beam
connections, using 7⁄8 in fasteners in members of A36 material, are
given in Table 12.2.16. For fasteners in webs thicker than 0.34 in use
the values in the column headed Double Shear; for thinner webs, bearing limits the value, and the coefficients for web bearing are to be used.
For 3⁄4-in fasteners, multiply tabular bearing values by 6⁄7 and shear values
by 36⁄49. Fasteners connecting the outstanding legs to the supporting metal
are in double shear if two beams are framed opposite or in single shear
if a beam is connected on one side only. If the supporting material of
A36 steel is thinner than 0.34 in in double-shear connections or thinner
than 0.17 in in single-shear connections, the capacity is limited by
bearing. The value of any 7⁄8-in fastener in bearing on A36 material is
60,900t, where t is the thickness of the plate. The value of 7⁄8 in A502,
grade 1 rivets or A325 HS bolts (slip-critical connections) is 9,020 lb in
single shear and 20,400 lb in double shear. The corresponding values
for A307 unfinished bolts are 6,000 lb and 12,000 lb, respectively.
Cast-iron columns were often used in the past instead of wood, to
save space, in the lower stories of heavy buildings, but are obsolete.
Occasionally they are encountered in repair and alteration work in older
buildings. The ratio of length to least radius of gyration l/r should not
exceed 70, and the average unit stress under axial compression should
not exceed 9,000 – 40l/r lb/in2.

STEEL CONSTRUCTION
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Table 12.2.15 Coefficients of Deflection for Simply Supported Steel Beams under Uniformly Distributed Loads
Span,
ft

Fiber stress of
24,000 lb/in2

Span,
ft

Fiber stress of
24,000 lb/in2

Span,
ft

Fiber stress of
24,000 lb/in2

Span,
ft

Fiber stress of
24,000 lb/in2

1
2
3
4
5

0.026
0.098
0.223
0.398
0.621

14
15
16
17
18

4.87
5.59
6.36
7.18
8.04

27
28
29
30
31

18.1
19.5
20.9
22.4
23.9

39
40
41
42
43

37.7
39.8
41.8
43.9
45.8

6
7
8
9
10

0.892
1.23
1.59
2.01
2.48

19
20
21
22
23

8.97
9.93
10.9
12.1
13.1

32
33
34
35
36

25.4
27.0
28.7
30.5
32.2

44
45
46
47
48

48.0
50.4
52.6
54.7
57.1

11
12
13

3.00
3.58
4.20

24
25
26

14.3
15.6
16.8

37
38

34.1
35.8

49
50

59.5
62.2

NOTE: For a load concentrated at midspan, use 4⁄5 of the coefficient given. 1 ft

0.305 m; 1 lb/in2

6.89 kPa.

Fig. 12.2.19 Framed beam connections.
Steel joists consisting of lightweight rolled sections, thin for their
height, or open-web trussed members fabricated by welding or otherwise, are used with economy in buildings where spans are long and
loads are light, and where a plaster ceiling affords sufficient fire protection. They are rarely used in industrial buildings, except to support
roof loads.
Steel pipe is often used for columns under light loads. Table 12.2.17
gives the safe loads on standard size pipes (ASTM A501 or A53,
grade B) used as columns. For extra-strong and double extra-strong

Table 12.2.16 Values of Standard Framed-Beam
Connections
(7⁄8-in A325 HS bolts in standard holes,* A36 members)
AISC
designation

Two angles
thickness " length

Shear
1,000 lb

Bearing on
beam web (t),
1,000 lb

10 rows
9 rows
8 rows
7 rows
6 rows
5 rows
4 rows
3 rows
2 rows

" 2951⁄20
" 2921⁄20
5⁄16 " 1,111⁄25⁄16 " 1,81⁄25⁄16 " 1,51⁄25⁄16 " 1,21⁄25⁄16 " 0,111⁄25⁄16 " 0,81⁄25⁄16 " 0,51⁄2-

204
184
164
143
123
102
81.8
61.3
40.9

609t
548t
487t
426t
365t
304t
243t
182t
121t

5⁄16

5⁄16

* Values indicated are for slip-critical connections or bearing type where threads are not
excluded from the shear plane. For bearing-type connections where threads are excluded from
the shear plane, shear values may be increased by 1.47.
† If the web of the supporting beam is thinner than 0.17 in (0.42 in if beams frame on both
sides), bearing must also be investigated.
NOTE: 1 in 2.54 cm; 1 lb 4.45 N.

pipe used as columns, the safe loads will increase approximately in the
same proportion as the weight per foot. (See Sec. 8.7.)
Structural steel tubing (ASTM A500, grade B), in square or rectangular
cross section with Fy 46 ksi (317.1 MPa), is also used for columns,
bracing members, and unbraced members subjected to large torsional
loads. The closed box shape makes tube sections especially suited for
resisting torsional loads.
Corrugated metal deck and siding is used for roofs and walls, respectively, to span between purlins for roof loads or between girts for wind
loads. The decking is sized to resist the bending caused by these loads.
Roof decking is often also used as a diaphragm to transfer wind or seismic loads to the lateral bracing system below. Load tables specifying
safe loads for different spans are available from metal deck manufacturers.
Lightweight, cold-rolled, galvanized steel sheet metal structural sections are used when the design will allow. A popular use is as a substitute
for wood framing (wall studs and light beams). Assembly is commonly
through use of self-drilling, self-tapping screws with corrosion-resistant
plating, although the thicker product is amenable to welding. The most
common cross sections rolled are shown in Fig. 12.2.20. Wall stud
sections are manufactured with punch-outs along their length to facilitate easy installation of electric wiring, piping, etc. The sections are
fabricated per ASTM 653 specifications and come in minimum yield
strengths of 33 and 50 ksi. Some of the larger sections are used as
beams and columns when used as-rolled or when assembled into stiffer
cross sections. (See Steel Stud Manufacturers Association literature.)
Fire Resistance The resistance to fire of building materials has
been tested extensively by various agencies. Table 12.2.18 gives the
fire-resistance rating of a few of the common building materials and
methods of construction as established by the Uniform Building Code
from standard fire tests.

Table 12.2.17 Safe Axial Loads for Standard (Schedule 40) Steel Pipe Columns, kips
(Stress according to AISC specification for A501 pipe*)
Nominal
pipe
size, in

Outside
diam, in

Wall
thickness,
in

Effective length of column K1, ft
6

7

8

9

10

11

12

14

16

18

20

3
31⁄2
4
5
6
8
10
12

3.500
4.000
4.500
5.563
6.625
8.625
10.750
12.750

0.216
0.226
0.237
0.258
0.280
0.322
0.365
0.375

38
48
59
83
110
171
246
303

36
46
57
81
108
168
243
301

34
44
54
78
106
166
241
299

31
41
52
76
103
163
238
296

28
38
49
73
101
161
235
293

25
35
46
71
98
158
232
291

22
32
43
68
95
155
229
288

16
25
36
61
89
149
223
282

12
19
29
55
82
142
216
275

10
15
23
47
75
135
209
268

12
19
39
67
127
201
261

* Yield stress is 36 ksi (248.2 MPa). Pipe ordered to ASTM A53, type E or S grade B, or to API standard 5L grade B will have a yield point of 35 ksi (241.3 MPa) and may be designed at stresses
allowed for A501 pipe.
NOTE: 1 in 2.54 cm; 1 ft 0.305 m. For dimensions of standard pipe see Sec. 8. Safe loads above underscore lines are for values of Kl/r more than 120 but not over 200.

C-stud/joist

Track

Channel

Furring channel

Fig. 12.2.20 Light-gage sheet metal cross sections.
Table 12.2.18

Selected Fire-Resistance Ratings

Type
Reinforced-concrete
beams and girders

Steel beams, girders, and trusses

Reinforced concrete
columns

Steel columns, 8 "
8 in or larger

Reinforced concrete
slabs

Heavy-timber floors

Details of construction
Grade A concrete, 11⁄2 in clear to
reinforcement
Grade B concrete, 11⁄2 in clear to
reinforcement

Rating
4h

4h
3h

Grade A concrete 11⁄2 in clear to reinforcement; 12-in columns or larger
Grade B concrete 2 in clear to reinforcement; 12-in columns or larger

4h

Brick walls

Solid walls, unplastered, with no combustible members framed in wall:
8 in nominal
4 in nominal

4h
Concrete masonry
units
4h
Steel-stud partitions
4h
3h
2h
4h

1h

5 in concrete (expanded clay, shale,
slate, or slag) 1 in clear to reinforcement
61⁄2 in concrete (all other aggregate) 1
in clear to reinforcement

4h

3 in tongue-and-groove plank floor
with 1 in finish flooring

1h

4h

Details of construction
Wood floor; 1 in tongue-and-groove
subfloor and 1 in finish floor with
asbestos paper between. Ceiling of
5
⁄8 in Underwriters’ Laboratories
listed wallboard

3h

21⁄2 in cover to steel
1 in gypsum-perlite plaster on metal
lath, 11⁄4 in clear of steel
Ceiling of 11⁄8 in gypsum-perlite plaster
on metal lath with 21⁄2 in min air space
between lath and structural members

Concrete (siliceous gravel):
21⁄2 in clear to steel
2 in clear to steel
1 in clear to steel
11⁄8 in gypsum-perlite plaster on metal
lath spaced from flanges with 11⁄4-in
steel furring channels
7
⁄8 in portland-cement plaster on metal
lath over 3⁄4-in channels

Type
Wood joists

Wooden-stud
partitions

Plain or reinforced
concrete walls

8 in Underwriters’ Laboratories listed
concrete blocks, laid as specified in
Underwriters’ Laboratories listing
4 in Underwriters’ Laboratories listed
concrete blocks; laid as specified in
Underwriters’ Laboratories listing
3

⁄4 in gypsum-perlite plaster both sides
on metal lath
5
⁄8 in gypsum wallboard on 35⁄8-in steel
studs; attached with 6 d nails; joints
taped and cemented

Exterior walls: one side covered with 1⁄2
in gypsum sheathing and wood siding;
other side faced with 1⁄2 in gypsumperlite plaster on 3⁄8-in perforated
gypsum lath
Interior Walls: 2 " 4 in studs with 5⁄8 in
gypsum wallboard on each side
Solid, unplastered:
7 in thick
61⁄2 in thick
5 in thick Grade B
31⁄2 in thick

Grade A

Rating
1h

4h
1h
4h

3h

2h
2h

1h

1h

4h
3h
2h
1h

Grade A concrete is made with aggregates such as limestone, calcareous gravel, trap rock, slag, expanded clay, shale, or slate or any other aggregates possessing equivalent fireresistance properties.
Grade B concrete is all concrete other than Grade A concrete and includes concrete made with aggregates conaining more than 40 percent quartz, cherts, or flint.
NOTE: 1 in 2.54 cm.
SOURCE: Uniform Building Code.
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12.3 REINFORCED CONCRETE DESIGN AND CONSTRUCTION
by William L. Gamble
REFERENCES: Breen et al., “Reinforced Concrete Fundamentals,” Wiley. Nilson,
“Design of Concrete Structures,” McGraw-Hill. Lin and Burns, “Design of
Prestressed Concrete Structures,” Wiley. Park and Gamble, “Reinforced Concrete
Slabs,” Wiley. “Building Code Requirements for Structural Concrete,”
“Commentary on Building Code Requirements for Structural Concrete,”
“Formwork for Concrete, SP-4,” and “Manual of Standard Practice for Detailing
Reinforced Concrete Structures,” American Concrete Institute. “Standard
Specifications for Highway Bridges,” American Association of State Highway
and Transportation Officials (AASHTO). “Minimum Design Loads for Buildings
and Other Structures (SEI/ASCE 7),” American Society of Civil Engineers.
“Uniform Building Code (UBC),” International Conference of Building Officials.
“PCI Design Handbook—Precast and Prestressed Concrete,” Precast/Prestressed
Concrete Institute.

The design, theory, and notation of this chapter are in general accord
with the 2005 Building Code Requirements for Structural Concrete of
the American Concrete Institute, although many detailed provisions
have been omitted.
Standard Notation
Load Factors

D
E
L
W
U
f

dead load of structure or force caused by dead load
earthquake load or force
live load of structure or force caused by live load
wind load or force
required strength of structure to resist design ultimate loads
understrength or capacity reduction factor

Beams and General Notation

a
Ab
Aps
As
Ars
Av
b
bw
c
d
d9
db
Ec
Es
f rc
2f cr
fpu
fy
h
ku
ld
s
Mn
Mu
vc
Vc
Vs
Vu

depth of compression zone, using approximate method
area of individual reinforcing bar, in2
area of prestressing steel
area of tension reinforcement
area of compression reinforcement
area of steel in one stirrup
width of compression face of beam
width of stem of T beam
kud depth to neutral axis at ultimate, from compression face
effective depth of beam, compression face to centroid of
tension steel
depth of compression steel, from compression face
diam of individual reinforcing bar, in
Young’s modulus of concrete
Young’s modulus of steel
compressive strength of concrete from tests of 6 " 12 in cylinders, lb/in2
measure of shear and tensile strength of concrete, lb/in2, i.e., if
f rc 5 4,900 lb/in2, then 2f cr 5 70 lb/in2
ultimate stress of prestressing steel, lb/in2
yield stress of reinforcing steel, lb/in2
overall height or thickness of member
ratio of ultimate neutral axis depth to effective depth
development length of reinforcing bar, in
spacing of shear reinforcement
nominal moment capacity of ideal section
ultimate moment of section
fMn or required ultimate
moment
shear stress in concrete
shear force resisted by concrete
shear force resisted by web reinforcement
shear strength of section or required ultimate shear

b1

factor relating neutral axis position to depth of equivalent
approximate stress block (see Fig. 12.3.2)
reinforcement strain at time of failure of member
yield strain of reinforcement
tension reinforcement ratio As /bd
compression reinforcement ratio Ars /bd
balanced reinforcement ratio

esu
ey
r
r9
rbal

Columns

Ac
Acore
Ag
As
e
M
P
P0
rg
rs
et

Ag% As net area of concrete in cross section
area within spiral
gross area of column
area of steel in column
eccentricity of axial load on column
Pe applied bending moment
axial thrust
failure load of short column under concentric load
gross steel ratio As /Ag
spiral steel ratio volume of spiral steel/volume of core
strain, extreme steel layer at nominal strength

Floor Systems

b0
c1
c2
Ib
Kb
Kc
Ks
l1
l2
ln
M0
q
a1

effective shear perimeter around column in flat plate, flat slab,
or footing
width of supporting column or capital, in direction of span
being considered
width of supporting column, in transverse direction
moment of inertia of beam
flexural stiffness of beam, moment per unit rotation
flexural stiffness of columns at joint, moment per unit rotation
flexural stiffness of slab of width l2, moment per unit rotation
span, center to center of supports, in direction considered
span, center to center of supports, in transverse direction
l1 % c1 clear span in direction considered
static moment
distributed design load, including load factors
EI of beam in direction 1/EI of slab of width l2

Footings

A1
A2
fb
b

loaded area
area of same shape and concentric with A1
ultimate bearing stress on concrete
ratio of long side/short side of footing

Walls

lc

unbraced height of wall

Prestressed Concrete

Aps
At
f cir
fps
fpu
fse
fsi
.fs
rp

area of prestressed reinforcement
area of anchorage-zone reinforcement
compressive strength of concrete at time of prestressing
stress in reinforcement at time of failure of member
ultimate stress of prestressing reinforcement
fsi % .fs stress in reinforcement at service load
reinforcement stress at time of tensioning steel
loss of prestress from initial tensioning value
Aps/bd
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MATERIALS
Reinforced concrete is a combination of concrete and steel acting as a

unit because of bond between the two materials. Concrete has a high
compressive strength but a relatively low tensile strength. Beams of
plain concrete fail by tension at very low stresses, but if properly reinforced by embedment of steel in their tensile regions, they may be
loaded to utilize the much higher compressive strength of the concrete.
Reinforced concrete structures are practically monolithic, are more
rigid than steel structures of the same strength, and are inherently fireresistant. Reinforcement in the concrete also controls cracking caused
by temperature changes and shrinkage.
Prestressed concrete is a form of reinforced concrete in which initial
stresses opposite those caused by the applied loads are induced by
tensioning high-strength steel embedded in the concrete. Members
may be pretensioned, in which the steel is tensioned and the concrete
then cast around it, or posttensioned, in which the concrete is cast
and cured, after which steel placed in ducts through the concrete is
tensioned.
Concrete For reinforced concrete work, only high-quality portland
cement concrete may be used, and the aggregates must be carefully
selected. The proportions are governed by the required strength, durability, economy, and the quality of the aggregates. Concretes for building construction normally have compressive strengths of 3,000 to 5,000
lb/in2 (20 to 35 MPa), except that concrete for columns may be considerably stronger, with 12,000 to 14,000 lb/in2 common in some geographic areas. Most concrete for prestressed members will have 5,000
lb/in2 or higher compressive strength. The higher-strength concretes
require thorough quality control if the strengths are to be consistently
obtained. Generally, lean, harsh mixes should be avoided because the
bond with the steel will be poor, permeability will be high, and durability of the concrete may be poor. A consistency of concrete that will
flow sluggishly but not so wet as to produce segregation of the materials when transported must be used for all reinforced concrete work in
order to embed the steel and completely fill the molds or forms. The
use of vibration is almost mandatory, and enables the use of stiffer,
more economical, concretes than would otherwise be possible (see also
Sec. 6.9).
Steel Reinforcing steel may be deformed or plain bars, weldedwire fabric, or high-strength wire and strand for prestressed concrete.
Bars with deformations on their surfaces are designed to produce
mechanical bond and greater adhesion between the concrete and steel,
and are used almost universally in the United States. Welded-wire fabric is suitable in many cases for slabs and walls, and may result in cost
savings through labor savings. Fabric is made with both smooth and
deformed wires, and the deformed fabric may have some advantage in
terms of better crack control. Deformed reinforcing bars having minimum yield stresses from 40,000 to 75,000 lb/in2 (275 to 517 MPa)
are currently manufactured. The higher-strength steels have the
advantage of allowing higher working stresses, but their ductility may
be less and it may be difficult to cold-bend them successfully, especially in the larger sizes. The chemical makeup of most reinforcing
steels is such that it is not readily weldable without special techniques, including careful preheating and controlled cooling.
Furthermore, the variation of the material from batch to batch is so
great that separate procedures must be devised for each batch. Tack
welding in assembling bar cages can be particularly troublesome
because of the stress raisers introduced. A weldable steel is produced
with the specification ASTM A-706, but it is not widely available.
Prestressing steel is heat-treated high-carbon steel, and 7-wire strand
will have a breaking stress of 250,000 or 270,000 lb/in2 (1,720 or
1,860 MPa). The usual steel is Grade 270, low-relaxation strand. The
strength of solid wire for prestressing is slightly less. ASTM specifications cover the various steels, and all steel used as reinforcement
should comply with the appropriate specification.
Reinforcing Steel Sizes The sizes of reinforcing bars have been
standardized, and the designation numbers are approximately the bar
diameter, in 1/8-in units. Table 12.3.1 gives the nominal diameter,
cross-sectional area, and perimeter for each bar size. Bars are now

marked in nominal millimeter diameters. Other marks on the bars identify the type of steel, the yield stress (grade), and the manufacturer. The
areas of the four most common 7-wire prestressing strands are given
below:
Area, in2
Diam, in

Grade 250

Grade 270

1⁄2

0.144
0.216

0.153
0.217

0.6

Table 12.3.1 Dimensions of Deformed Bars
Diam
No.

in

mm

Area, in2

Perimeter,
in

3
4
5
6
7
8
9
10
11
14

0.375
0.500
0.625
0.750
0.875
1.000
1.128
1.270
1.410
1.693

10
13
16
19
22
25
29
32
36
43

0.11
0.20
0.31
0.44
0.60
0.79
1.00
1.27
1.56
2.25

1.178
1.571
1.963
2.356
2.749
3.142
3.544
3.990
4.430
5.32

18

2.257

57

4.00

7.09

Plain and deformed wires are used as reinforcement, usually in the
form of welded mats. Plain wires are made in sizes W0.5 through W45,
where the number designates the cross-sectional area of the wire in hundredths of square inches. Deformed wires are made in sizes D1 through
D45, and the number has the same meaning. Not all sizes are made by
all manufacturers, and local suppliers should be consulted about availabilities of sizes. The formerly used wire gage numbers are no longer
used for size specifications.
Moduli of Elasticity For concrete the modulus of elasticity Ec may
be taken as w1.533 2f cr in lb/in2, where w is the weight of the concrete
between 90 and 155 lb/ft3. Normal weight concrete may be assumed to
weigh 145 lb/ft3. For steel the modulus of elasticity may be taken as
29,000,000 lb/in2 (200 GPa), except for prestressing steel for which the
modulus shall be determined by tests or supplied by the manufacturer,
but is usually about 28,000,000 lb/in2.
The modular ratio n Es/Ec is of importance in designing reinforced
concrete. It may be taken as the nearest whole number but not less than
six. The value of n for lightweight concrete may be taken as the same
for normal weight concrete of the same strength, except in calculations
for deflections.
Protection of Reinforcement Reinforcement, for both regular and
prestressed concrete, must be protected by the concrete so as to prevent
corrosion. The amount of cover needed for various degrees of exposure
is as follows:
Member and exposure
Concrete surface deposited against the ground
Concrete surface to come in contact with the ground after
casting:
Reinforcement larger than No. 5
Reinforcement smaller than No. 5
Beams and columns not exposed to weather:
Main steel, stirrups, and ties
Joists, slabs, and walls not exposed to weather
Column spirals and ties

Cover, in
3

2
11⁄2
11⁄2
3
⁄4
11⁄2

The clear cover and clear bar spacings should ordinarily exceed 4⁄3
times the maximum sized aggregate used in the concrete.
The amount of protection recommended is a minimum, and when
corrosive environments or other severe exposure occurs, the cover
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should be increased. The concrete in the cover should be made as
impermeable as possible. Fire-resistance requirements may also control
the cover requirements.
LOADS

The dead and live loads are combined in determining the cross sections
of the members. The dead load includes the weight of the structure, all
finishing materials, and usually the installed equipment. The live load
includes the contents and ordinarily refers to the movable items.
The live load (pounds per square foot) to be used for design depends
upon the loadings that will occur in the particular structure as well as
on the requirements of the local building code. The Boston Building
Code illustrates good practice and is as follows for floor loads:
Heavy manufacturing, sidewalks, heavy storage, truck garages, 250; public
garages, intermediate manufacturing, and hangars, 150; stores, heavy merchandise, light storage, 125; armories, assembly halls, gymnasiums, grandstands, public portions of hotels, theaters, and public buildings, corridors and fire escapes
from public assembly buildings, light merchandising stores, stairs, first and basement floors of office buildings, theater stages, 100; upper floors of public buildings, office portions of public buildings, stairs, corridors and fire escapes except
from public assembly buildings, theater and assembly halls with fixed seats, light
manufacturing, locker rooms, stables, 75; church auditoriums, 60; office buildings
above first floor including corridors, classrooms with fixed seats, 50; residence
buildings and residence portions of hotels, apartment houses, clubs, hospitals,
educational and religious institutions, 40. [Note: 100 lb/ft2 4.79 kPa.]
Live loads affecting structural members supporting considerable tributary floor areas are sometimes reduced in recognition of the low probability that the entire area will be loaded to the full design load at the
same time. Roofs are commonly designed to support live loads of 20 to
30 lb/ft2, with many special provisions for snow loads in SEI/ASCE 7.
Wind loads are commonly from 15 to 30 lb/ft2 (higher in areas subject
to hurricanes) of vertical projection. In the case of heavy moving loads,
allowance should be made for impact by increasing the live load by 25
to 100 percent.
Dead loads include the weight of both structure and finishing materials,
and the weights of some typical wall, floor, and ceiling materials are as
follows:
Description

Weight, lb/ft2

Granolithic finish, per in of thickness
⁄8-in hardwood, 11⁄8-in plank intermediate floor, and
tar base
3-in wood block in coal-tar pitch
Lightweight concrete fill, 2 in thick
Plaster on concrete, tile, or concrete block, two coats
Plaster on lath
6-in concrete block wall
Suspended ceiling
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7

16
10
14
5
10
25
12

Member forces, moment, shear, thrust, torsion, and deformations such
as story drift and member end rotations will result from this analysis.
The major building codes all have specific requirements and provisions
for this analysis, and the UBC is the most widely used in seismically
active regions. In most cases, an equivalent static horizontal load will be
applied to the structure, with the force in the range of 10 percent or less
to as much as 30 percent of the mass of the structure.
3. Design and detail members and connections for the imposed
forces. Chapter 21 of the ACI Code has many requirements for the
detailing of the reinforcement in the members and joints. When compared with designs for static loadings which include only dead, live, and
wind loads, seismic designs will have much more lateral reinforcement
in columns, and often much heavier shear reinforcement (especially
near the joints), and will usually have extra reinforcement within the
joint regions. Much of this added reinforcement is referred to as
confinement reinforcement, and the intent is to utilize the fact that triaxially confined concrete may be able to sustain much greater strains
before failure than unconfined concrete. Obviously, steps 2 and 3 are
parts of an iterative process which converges to an acceptable structural
design solution.
The current seismic design philosophy includes the assumption that
it is not economically possible to design structures to resist extremely
large earthquakes without damage. It is expected that structures will
resist smaller earthquakes, such as might be expected several times
during the life of a structure, with minimal damage, while a very
large earthquake which might be expected to occur once during a
structure’s design life would cause significant damage but would
leave the structure still standing. The assignment of an importance
factor for buildings is one consequence of this design philosophy.
Hospitals, school buildings, and fire stations, for example, would be
designed to a higher seismic standard than would a three-story apartment building.
LOAD FACTORS FOR REINFORCED CONCRETE

The current ACI Building Code for Reinforced Concrete is based on a
strength design concept, in which the strength of a member or cross
section is the basis of design. This approach has been adopted because
of the difficulty in assigning reasonable and consistent allowable stresses
to the concrete and steel. Factors of safety are expressed in terms of
overload and understrength factors. Overload factors reflect the uncertainty of the applied loads. The ACI Building Code and SEI/ASCE 7
have many loading combinations. The most common, omitting some of
the lesser loads (snow, rain, roof live load), are as follows:
With no wind or earthquake loads:
U

resist the ground motions. These forces have damaged or destroyed
large numbers of structures throughout the world. The art and science
of designing to resist seismic effects are still evolving, and may be
thought of in several steps.
1. Determine the ground motion to be expected at the site of interest.
This usually requires consulting a map in ASCE-7 or the prevailing
local building code, such as the Uniform Building Code (UBC). Several
steps may be required, including finding the expected acceleration of
the bedrock, followed by an accounting for the soil types between the
bedrock and the structure. There is an implicit or explicit assumption of
a probability that this ground motion will not be exceeded in some particular time interval, such as 50 or 100 years.
2. Determine the effects of the ground accelerations on the structure
which is being analyzed. This will require consideration of the natural
period of vibration of the structure and of structural characteristics such
as damping and ductility, and more elaborate analyses will be required
for large and important structures than for smaller, less crucial cases.

1.2D # 1.6L

(12.3.1)

With wind acting, use the larger of Eq. (12.3.2) or (12.3.3):

SEISMIC LOADINGS
Earthquakes induce forces in structures because of inertial forces which
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U

U 1.2D # 0.8W
(12.3.2)
1.2D # 1.6W # 1.0L
or
U 0.9D # 1.6W (12.3.3)

No section may be weaker than required by Eq. (12.3.1). Other load
combinations include seismic (earthquake) forces, liquids, and earth
pressure loadings. The understrength factors reflect the ductility of failure in the mode considered, and the consequences of a failure on the
rest of the structure. These are expressed as f factors with the following values:
Bending and tension
Shear and torsion
Spiral columns
Tied columns and bearing

f
f
f
f

0.90
0.75
0.70
0.65

These factors are used to reduce the computed ideal strengths of
members, reflecting possible weaknesses related to materials, dimensions, and workmanship.
In addition to strength requirements, serviceability checks must be
made to ensure freedom from excessive cracking, deflections, vibrations,
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Fig. 12.3.1 Typical arrangement of reinforcement in beams.

etc., at working loads. Prestressed-concrete members must also satisfy
a set of allowable stresses at this load level.
Deflections are usually controlled by specifying minimum member
depths. The values of l/16 and l/21, for beams which are simply supported and continuous at both ends, respectively, are typical, unless an
investigation is conducted to show that shallower members will result
in acceptable deflections. Crack control is obtained by careful distribution of the steel through the tensile zone. In this regard, several small
bars are superior to one large bar.
The approach to design is not a “limit design” or “plastic design”
concept, as the ultimate forces are derived from elastic analyses of
structures, using maximums for each critical section. The plastic
collapse loads and mechanisms currently used in the “plastic design” of
some steel structures in the United States are not considered.
Bridges may be designed using the same general concepts, but different overload and understrength factors are used, and the serviceability
requirements include checks on the fatigue strength.
REINFORCED CONCRETE BEAMS

Concrete beams are reinforced to resist both flexural and shear forces.
A typical reinforcement scheme for a simply supported beam is shown
in Fig. 12.3.1.
As the load on a reinforced concrete beam is increased, vertical tension cracks appear in the maximum moment regions, and gradually
grow in length, width, and number. By the time the working load is

reached, some of the cracks extend to the neutral axis and the contribution of the tensile strength of the concrete to the flexural capacity of the
beam has become very small. As the load is increased further, the reinforcement eventually yields. This load is nearly the maximum the member can sustain. Further attempts at loading produce large increases in
deflection and crack widths with very small increases in load and a
gradual reduction in the remaining concrete compression area. When a
limiting concrete strain of about 0.003 is reached at the compression
face of the beam, the concrete starts crushing and the capacity of the
beam starts dropping. For static design purposes, the achievement of the
0.003 strain is usually regarded as the end of the useful life of the beam.
Within limits to be checked later, at the time of flexural failure of a
beam the stress in the steel is equal to the yield stress, which greatly
simplifies the analysis of the member. The strain and stress distributions
in a beam are shown in Fig. 12.3.2, at failure.
It is assumed that plane sections remain plane, that adequate bond
exists, that the stress-strain relationships for concrete and steel are
known, and that tension in the concrete has a negligible influence.
The flexural strength of a cross section may be written as, including the
understrength factor and rounding the terms in the parentheses to one
significant figure:
Mu 5 fAs fy ds1 2 0.4kud
5 fAs fy ds1 2 0.6rfy /frcd

(12.3.4)

reinforcement ratio. The reinforcement ratio will
where r
As /bd
ordinarily be between 0.005 and 0.02.

Fig. 12.3.2 Stress and strain distribution in reinforced concrete beam at failure. (a) Section; (b) strains; (c) stresses; (d) approximate
stresses.

REINFORCED CONCRETE BEAMS

A satisfactory approximate stress distribution is shown in Fig. 12.3.2d.
Since T
C
0.85 f rc ba, then a
As fy/0.85 f rc b and the flexural
capacity is
Mu

fAs fy(d % a/2)

(12.3.5)

It must be demonstrated for each case that the stress in the reinforcement has reached fy, and the simplest approach is to show that esu + ey.
From Fig. 12.3.2b, esu 0.003(1 % ku)/ku 0.003(d % c)/c. The ACI
Code requires that esu + 0.004 to ensure that at least some yielding,
with resultant large deflections, occurs before a member fails.
Beams may contain both compression and tension reinforcement,
especially when the beam must be kept as small as possible or when the
long-term deflections must be minimized. The forces at ultimate are
shown in Fig. 12.3.3, and the moment may be calculated as
M u 5 f[Asr fy sd 2 drd 1 sAs 2 Arsdfy sd 2 a/2d]

(12.3.6)

where a 5 sAs 2 Ars dfy /0.85f rcb. These equations assume that the compression steel yields. If it does not, the computed a value will be
wrong, but the computed Mu value will be close to the correct value.
Again, esu + 0.004 is required. The compression steel strain is
ersu 5 0.003sk ud 2 drd/k ud, and the generalized steel stress is fs 5
es E s # fy. A general solution requires adjusting kud so that T Cc # Cs
and then summing moments of forces about some convenient axis.
Many reinforced concrete beams are flanged sections, or T beams, by
virtue of having a slab cast monolithically with the beam, and such a
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cross section is shown in Fig. 12.3.4. It will be found that the neutral
axis lies within the flange in most instances, and if kud ' t, then the
beam is treated as a rectangular beam of width b. This is checked using
k ud 5 As fy /0.85b1 f rcb, developed from equilibrium (Fig. 12.3.2). If
kud * t, the flexural capacity is computed by
M u 5 f[sAs 2 Aswdfy sd 2 a/2d 1 Asw fy sd 2 t/2d] (12.3.7)
where Asw 5 sb 2 bwdt0.85f rc /fy; and a 5 sAs 2 Aswdfy /0.85f rcbw.
Continuous T beams are treated as rectangular beams of width bw in
the negative moment regions where the lower surface of the beam is in
compression. Most continuous beams will have compression steel in the
negative moment regions, as some bottom steel is always continued into
the support regions.
Both T beams and beams with compression steel may be thought of
in terms of dividing the beam into two components—one a rectangular
beam containing part of the tension steel and the other a couple with the
rest of the tension steel at the bottom and either the compression steel
or the T-beam flanges at the top. Both components of the beam must
satisfy horizontal equilibrium.
The reinforcement ratio should not be less than rmin 5 3 2frc /fy $
200/fy. This is to ensure that the ultimate moment is somewhat greater
than the initial cracking moment. For T beams, r As /bw d for purposes
of the minimum steel requirement. This minimum steel ratio applies for
concrete strengths up to about 4,000 lb/in2. Stronger concretes require
slightly larger steel quantities.

Fig. 12.3.3 Stress and strain distributions in a doubly reinforced concerete beam. (a) Section; (b) strains (c) approximate stresses.

Fig. 12.3.4 Strain and stress distribution in a T beam. (a) Section; (b) strains; (c) approximate stresses.
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In the selection of a cross section, it is convenient to transform
Eq. (12.3.4) by substituting pbd for As and rearranging to obtain
M u /fbd 2 5 rfy s1 2 0.6rfy /f rcd

(12.3.8)

With given materials fy and f cr selection of a r value enables calculation
of the required bd2, from which a cross section may be selected. For
convenience, values of Mu/fbd2, are plotted against rfy in Fig. 12.3.5,
for several values f cr .
The strengths of prestressed-concrete beams are treated much the
same as reinforced concrete beams, and the differences will be noted
later.

and which do not support major concentrated loads will have adequate
shear strength if the minimum steel given by the following expression
is supplied:
Aps fpu s
d
Av 5
in2
(12.3.12)
80 fy d Å bw
The maximum stirrup spacing is 0.75 of the member depth, or 24 in,
and for constant-depth members, d is measured at the section of maximum moment.
At least the minimum area of shear reinforcement must be supplied
over the full length of most reinforced and prestressed members unless
it can be shown, by a test acceptable to the building official, that the
members can sustain the required ultimate loads without the steel.
Recent ACI Codes have undergone major revisions to reflect the
effects of bar spacing and bar cover on development length, ld , and on
splice lengths. In some common cases the current development lengths
will be much greater than in ACI Codes from 1983 and earlier. The current development lengths for straight bars are given in Code Sec. 12.2.2,
and a more complex, less conservative, set of requirements are in Sec.
12.2.3. When the available anchorage lengths are less than ld , hooks are
often used. The conservative Sec. 12.2.2 requirements may be summarized as
fyctcel
ld 5 Kdb
(12.3.13)
2fcr
in which K is as follows:
No. 6 and smaller bars
and deformed wire

Fig. 12.3.5 Design factors for single reinforced concrete beams.

In addition to the tension stresses caused by bending forces, shear
forces cause inclined tension stresses which may lead to inclined cracking such as is sketched in Fig. 12.3.1. Unless web reinforcement is present, the formation of such a crack usually leads directly to the
complete collapse of the member at the load which caused the crack, or
only slightly higher.
As a result of this undesirable behavior, shear reinforcement is
required in all major beams, and the normal design procedure is to proportion the beam for the flexural requirements and then add shear steel,
usually in the form of stirrups, to make the shear strength adequate.
The concrete can be assumed to resist a shear stress of vc 5 f2 2f cr ,
or a shear force of
Vc 5 f2 2f rc bd

(12.3.10)

The area of shear reinforcement is then selected to satisfy
Vs 5 fAv fy d/s

(12.3.11)

Shear reinforcement to satisfy this requirement is provided at every section of the beam, except that the region between the support and the
section at the distance d from the support is supplied with the steel
required at d from the support.
The stirrup spacing should not exceed d/2, and is reduced to a maximum of d/4 if Vu . f6 2f rc bd. Vu must not exceed f10 2f rc bd. The
minimum area of shear reinforcement allowed is Av 5 50bw s/fy. Closed
stirrups of the form shown in Fig. 12.3.1 are recommended, and are
essential in areas subjected to earthquake loadings.
Shear in prestressed-concrete members is handled in a similar manner, and the designer is referred to the ACI Code for details. However,
it will be found that most prestressed members designed for buildings
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The other terms are defined as
db
ct

ce

(12.3.9)

(or Vc 5 f2 2f rc bwd for T beams). The shear reinforcement must resist
the force in excess of Vc, so that
Vu 2 Vc 5 Vs

1. Clear spacing of bars being
developed or spliced + db and
clear cover + db with minimum ties or stirrups or
2. Clear spacing + 2db and
clear cover + db
3. Other cases

No. 7 and
larger bars

l

diameter of bar or wire, in
bar location factor
1.3 for top bars (horizontal with more than 12 in of concrete
cast below)
1.0 for other bars
coating factor
1.5 for epoxy-coated bars or wires with cover ' 3db, or clear
spacing ' 6db
1.2 for all other epoxy-coated bars or wires
1.0 for uncoated reinforcement
lightweight concrete factor
1.3 when light-weight aggregate concrete is used
1.0 when normal weight aggregate is used

The product ctce need not be taken greater than 1.7.
Bars No. 11 and smaller are commonly spliced by simply lapping
them for a distance. These splices should be avoided in regions of high
computed stress, and should be spread out so that not many bars are
spliced near the same section. If the computed tensile stress is less than
0.5fy at the design ultimate load and not more than half the bars are
spliced at one section, the lap length is 1.0ld . For other cases the minimum lap length is 1.3ld . For lower stress levels, a lap of ld is sufficient.
Development lengths in compression, important in columns and
compression reinforcement, are somewhat shorter.
Requirements for reinforcement of beams subjected to torsional
moments are contained in the ACI Code. The requirements are too
complex for discussion here, but the basic reinforcement scheme consists of closed stirrups with longitudinal bars in each corner of the stirrup. The most efficient method of dealing with torsion in many
instances will be to rearrange the structure so as to reduce or eliminate
the torsional moments.

REINFORCED CONCRETE COLUMNS
REINFORCED CONCRETE COLUMNS

Po
Straight-line
approximation

Pb, Mb

Bending
axis

P - compression

P - compression

Reinforced concrete compression members are proportioned taking
into account the applied thrust, the bending moments, and the relationship between length and thickness for the member. The strength of
a cross section or a short column can conveniently be shown with the
aid of a moment-thrust interaction diagram such as is shown in Fig.
12.3.6a, which is drawn without considering the f factor. The variation in f with thrust is shown in Fig. 12.3.6b for the same column.
The f factor is a function of the tensile strain in the steel layer farthest
from the neutral axis at nominal strength et. The value of f
0.65
(for a tied column, 0.7 for a spiral column) when et # 0.002 tension,
and f 0.9 when et $ 0.005. Linear interpolation is used for intermediate strains.

At ε t = 0.002
At ε t =
0.005

P - tension

0

M
Mn

0

0.6

0.7

0.8 0.9

φ

Tn
(a)

(b)

Fig. 12.3.6 Column capacity diagrams. (a) Typical moment-thrust interaction
diagram; (b) variation of f with P.

The load P0 is the strength of a short column under a concentric load,
and is expressed as
P0 5 0.85Ac f rc 1 As fy

(12.3.14)

The contribution of the concrete is slightly less than the cylinder
strength because of differences in workmanship, curing, and position of
casting. Mn is simply the strength in flexure, as was discussed for
beams. The Mb % Pb point is the “balance point,” at which simultaneous
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crushing of the concrete and yielding of the reinforcement occur. Failure
is initiated by crushing of the concrete at loads higher than Pb, and
by yielding of the reinforcement in tension at lower loads. Only the
reinforcement contributes to the tensile capacity of Tn As fy
The balance-point moment and thrust are found using the strain and
stress distributions shown in Fig. 12.3.7, for a symmetrical section with
steel in two faces. From equilibrium,
Pb

Cs # Cc % T

(12.3.15)

Summing moments about the centroidal axis gives
M b 5 As fy sd 2 drd/2 1 0.85b1 f cr k udbsh/2 2 b1k u d/2d

(12.3.16)

This assumes that the compression steel has yielded, and this will be
true except for very small members or members with exceptionally
large cover over the steel. The compression steel strain and stress can
be evaluated as noted below Eq. (12.3.6).
The portion of the interaction diagram below Pb may be constructed
in a point-by-point manner. For any value of es * ey, or for any value of
kud ) kudbal, the strain and stress distributions are defined. Once the forces
are defined, the moments and thrusts are computed using the same formulas as for the balance point. A modification will have to be made
when the compression-steel stress is less than fy. Likewise, points above
the balance point can be found by assuming several values of es , ey or
kud * kudbal; finding the strains, stresses, and forces; and then summing
forces and moments of forces. The straight-line approximation is always
conservative.
Care must be used in the selection of the axis about which moments
are to be summed, especially if the section is not symmetrical or symmetrically reinforced, since the force system is not a pure couple. The
most important thing is to remain consistent, and to be certain that the
internal and external moments are summed about the same axis.
In practice, either the moment-thrust curve can be reduced by the
appropriate f factor, or the computed ultimate M and P increased by
dividing by f. If the required M % P point lies on or slightly inside the
interaction curve, the design is acceptable. The maximum permitted
factored thrust is 0.80fP0, which limits the applied thrust capacity in
cases where the computed moments are relatively small. This limitation
is intended to provide resistance to accidental eccentricities. Column
reinforcement consists of longitudinal bars and lateral ties or spiral
bars. The ratio of longitudinal steel rg should be between 0.01 and 0.08.
Ties are usually No. 3 or No. 4 bars which are bent to enclose the longitudinal bars, and are spaced at not more than 16 longitudinal bar
diam, 48 tie diam, or the least thickness of the column. Ties are
arranged to bind each corner bar and alternate intermediate bars.

Fig. 12.3.7 Stress and strain distribution in a column at balanced moment and thrust. (a) Section; (b) strains; (c) stresses.
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Several typical arrangements are shown in Fig. 12.3.8. Ties hold the
longitudinal bars in place during construction, and may provide some
shear resistance and improve the behavior of the column at loads near
failure.
Spiral bars serve to confine the concrete core of the section as well
as holding the longitudinal bars. The minimum amount of spiral steel,
if advantage is to be taken of the higher f factor for spiral columns, is
rs 5 0.45sAg/Acore 2 1df cr fy

(12.3.17)

where fy is the yield stress of the spiral, but not more than 60,000 lb/in2.
The clear spacing of the turns of the spiral must be between 1 and 3 in.

A waffle slab is usually designed as a flat plate or flat slab, with pockets
of concrete omitted from the lower surface, and the slab appears as a
series of crossing joists.
One-way slabs and joists are designed as beams. A 12-in or other
convenient width of slab is selected, analyzed as an isolated beam, and
a depth and steel are picked. The main steel is perpendicular to the supports. Additional steel, parallel to the supports, is placed to control
cracking and help distribute minor concentrated loads. This steel is usually one-fourth to one-third of the main steel, but not less than a gross
steel ratio of 0.0018 for grade 60 and 0.002 for lower-grade steels.
These minimums govern in both directions, and in two-way systems as
well.
One-way joists, such as that shown in Fig. 12.3.9, are usually cast
with reusable sheet metal or fiberglass forms owned or rented by the
contractor. Standard form sizes range from about 20 to 36 in wide and
8 to 20 in deep. The web thicknesses are made to suit the shear and fireproofing requirements, and special tapered end sections may be available to increase the web widths in the regions of high shear near the
supports. Joists are exempted from the requirement that web steel be
supplied regardless of the concrete shear stress. The allowable shear
stress for the concrete is 1.1 times that for beams. The top slabs usually
range from 2.5 to 4.5 in thick, and are reinforced to span from rib to rib.
The joists are essentially designed as isolated T beams, and may be
supported on girders or walls. Joist systems are suitable for reasonably
long spans and heavy loads, and have low dead weights for the effective
depths attainable.

Fig. 12.3.8 Typical arrangement of steel in columns.

The strengths of compression members may be reduced below the
cross-sectional strengths by length effects. Most columns in unbraced
frames (frames in which the columns resist all horizontal forces) will
have some strength reduction because of length effects, and most
columns in braced frames will not, but this depends on the precise
details of the length, width, restraint by other frame members, reinforcement, and amount of creep expected. A comprehensive method of
taking column length into account is contained in the ACI Code.
Columns are also made by encasing structural steel sections in concrete, in which case the covering concrete must contain at least some
steel in order to control cracks and maintain the integrity of the concrete
in case of fire. Heavy steel pipes filled with concrete may also be used
as columns. These are also used as piling, in which case the pipe is
filled with concrete, usually after being driven to the final location.
REINFORCED CONCRETE FLOOR SYSTEMS

Several types of reinforced concrete floors are used, with the choice
depending on a number of factors such as span, live load, deflection
limits, cost, story-height limitations, local custom, the nature of the
rest of the structural frame or system, and the probability of future
alterations.
The floor systems may be divided, somewhat arbitrarily, into oneway and two-way systems. One-way systems include solid and hollow
slabs and joists spanning between parallel supporting beams or walls.
Floors in which panels are subdivided into a grid by subbeams spanning
between main girders have usually been designed as one-way slabs
when the grid length is several times the width.
Two-way systems include slabs supported on all four sides on beams
or walls, traditionally called two-way slabs. Slabs supported only on
columns located at the corners of the panels also carry loads by developing stresses in the two major directions, and are usually termed flat
plates if the slab is supported directly on the columns and flat slabs if
there are capitals on the columns to increase the effective support size.

Fig. 12.3.9 Cross section of concrete floor joist.

Slabs spanning in two directions are all designed taking into account
the shape of the panel and the relative stiffnesses of the supporting
beams, if any. The choice of types is a matter of loadings and economics.
For residential and light office loadings, the flat plate is frequently the
choice, as the very simple formwork may lead to substantial economy
and the story height is minimized. For heavier loads or longer spans,
punching shear around the columns becomes a limiting factor, and the
flat slab, with its column capitals, may be the most suitable.
In case of extremely heavy floor loads or very stringent limits on
deflections, slabs with beams on all four sides of each panel will be
most satisfactory. The formwork is more complex than for the other
slabs, but there will be some compensating savings in the amounts of
steel because of the greater depths of the beams. In addition, the twoway slab may be much more efficient if the building is to resist major
lateral loads by frame action alone, because of the difficulties in transferring large moments between columns and flat plates or slabs. The
design procedure is the same for slabs with and without beams. The
basic steps, for each direction of span in each panel, are:
1. Compute static moment M0.
2. Distribute M0 to positive and negative moment sections.
3. Distribute section moments to column and middle strips and
beams.
Most building slabs are designed for uniformly distributed loads, and
the static moment, defined as the absolute sum of the midspan positive
plus average negative moments, is
M 0 5 ql 2 sl nd2/8

(12.3.18)

REINFORCED CONCRETE FLOOR SYSTEMS

The dimensions are illustrated in Fig. 12.3.10.
Relatively simple rules for the distribution of the static moment to
various parts of the panel exist as long as the structure meets several
simple limits:
1. Minimum of three spans in each direction.
2. Panel length no more than twice panel width.
3. Successive spans differ by not more than one-third the longer span.
4. Columns on a rectangular grid, or offset no more than 10 percent
of the span.
5. Live load not more than two times the dead load.
6. If beams are used, they are used on all four sides of each panel and
are approximately the same size, except that spandrel beams only are
acceptable.
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for intermediate beam stiffnesses, but in most instances where there are
beams, they will be found to have
a1l 2 /l 1 $ 1.0
At the exterior supports, the distribution of the negative moments is
a complex function of the flexural and torsional stiffnesses of the beams
and of the panel shape, but satisfactory designs can usually be achieved
by assigning all the negative moment to the column strip and detailing
the edge beam or edge strip of the slab for torsion, by using closed stirrups at relatively small spacings, and by placing bars parallel to the
edge of the structure in each corner of the stirrups. At fully restrained
edges, use the distribution for an interior negative moment section.

Fig. 12.3.11 Beam sections for calculation of Ib and a1.

Fig. 12.3.10 Arrangement of typical slab panel.

The following is for slabs meeting these restrictions. Information on
other cases is contained in the ACI Code.
The positive-negative moment distribution for interior spans is
1M 5 0.35M 0
2M 5 0.65M 0

(12.3.19)
(12.3.20)

For end spans, the stiffness of the exterior support must be taken into
account. Table 12.3.2 gives the fractions of M0 to be assigned to the
three critical sections for five common cases.
Once the section moments have been determined, they are distributed
to the column and middle strips and beams, taking into account the
panel shape and the beam stiffness. The beam relative stiffness coefficient a1 is calculated using an effective beam cross section as shown in
Fig. 12.3.11, and the full width of the slab panel l2. The locations of the
column and middle strips are shown in Fig. 12.3.10.
The interior negative and positive moments are distributed to the column strips in the proportions shown in Fig. 12.3.12, with the remainder
of the moment going to the middle strip. Linear interpolations are made
Table 12.3.2

Fig. 12.3.12 Percentage of interior negative and positive moments assigned to
a column strip.

Beam moments are found by dividing the column strip moment
between beam and slab. If a2 l2 /l1 + 1.0, the beam moment is 85 percent
of the column strip moment. This moment is reduced linearly to zero as
a1l2 /l1 approaches zero.
This design method assumes that all panels are loaded with the same
uniformly distributed load at all times. This is obviously a gross simplification, and the requirement that the live load be no greater than
twice the dead load limits the potential overstress caused by partial
loadings.

Moments in End Spans

Interior negative factored moment
Positive factored moment
Exterior negative factored moment

Slab without beams between
interior supports

Exterior
edge
unrestrained
(1)

Slab with
beams
between all
supports
(2)

Without edge
beam
(3)

With edge
beam
(4)

Exterior
edge fully
restrained
(5)

0.75
0.63
0

0.70
0.57
0.16

0.70
0.52
0.26

0.70
0.50
0.30

0.65
0.35
0.65

12-46

REINFORCED CONCRETE DESIGN AND CONSTRUCTION

In addition, there is a requirement for column design moments, and
unless a more complete analysis is made, the following moment, divided
between the columns above and below the slab in proportion to their
stiffnesses, must be provided for:
M 5 0.07[sqd 1 0.5qldl 2l 2n 2 q rd l r2 sl rnd2]

(12.3.21)

The loads qd and ql are the distributed dead and live loads including the
overload factors. The terms q rd , l 2r , and l nr are for the shorter of the two
spans meeting at the column considered.
The shear strength of slab structures must always be checked, and
shear stresses often govern the thickness of beamless slabs, especially
flat plates.
If there are beams with a1l2 /l1 + 1.0, all shear is assigned to the
beams, and stirrups are provided to make the shear capacity adequate,
as was described in earlier coverage on beams. The beam shear is linearly reduced to zero as a1l2 /l1 is reduced to zero.
For the case of no beams, punching shear around the columns becomes
a controlling factor. In this case the average shear stress, calculated as
vv

Vu /b0 d

(12.3.22)

must not exceed the smaller of f4 2f cr , f(2 # 4/bc) 2f rc, or
ratio of long side of critical shear
f(as d/b0 # 2) 2f cr , where bc
40 for interior columns, 30 for edge
perimeter to short side and as
columns, and 20 for corner columns.
The critical shear perimeter b0 is defined by a section located d/2 away
from and extending all around the column, as shown in Fig. 12.3.13. It
is very important that holes in the slab in the vicinity of the column be
taken into account in reducing the value of b0, and that no unauthorized
holes, such as for piping, be made either during or after construction.
It is possible to increase the shear resistance by the use of properly
designed shear reinforcement, but this is not often done and is not recommended as a standard practice.

Fig. 12.3.13 Two-way reinforced concrete footing.

Transfer of moments between columns and slabs sets up shear and
torsional stresses which must also be considered in the analysis of the
shear strength.
FOOTINGS

Footings (Fig. 12.3.13) may be classified as wall footings, isolated column footings, and combined column footings. The bending moments,
shears, and bond stresses in such footings should be determined by the
principles of statics on the basis of assumed or known soil-pressure
distribution over the area of the footing. The bending moment on any
projecting portion of a footing may be computed as the moment of the
forces acting on the area to one side of a vertical plane through the critical section.
The critical section for bending in a concrete footing supporting a
concrete column, pedestal, or wall should be taken at the face of the
column, pedestal, or wall. For footings under metallic column bases or
under masonry walls where bond with the footings is reduced to the
friction value, the critical section is assumed midway between the middle and edge of the base or wall.

Shear stresses must be considered on two sections. The footing may
act as a wide beam, for which the critical section is a vertical plane
located d away from the critical section for moment, and the stresses
must satisfy those for a beam. Punching shear will often govern, and the
critical section lies at a distance d/2 from the face of the column or other
critical section for moment, as shown in Fig. 12.3.13, and as was the
case for flat plates and slabs. Footings supported on a small number of
high-capacity piles present special shear problems since the conventional critical sections for shear may not be meaningful.
The critical section for bond should be taken at the same plane as for
bending. Other vertical planes where abrupt changes of section occur
should also be investigated for bond and shear stresses.
In sloped or stepped footings, sections other than the critical ones
may require consideration. A square footing, reinforced in two directions, should have the reinforcement uniformly distributed across the
entire width. Rectangular footings, reinforced in two directions, should
have the reinforcement in the long direction uniformly distributed; in
the short direction a portion, Eq. (12.3.23), should be uniformly distributed across a strip equal in width to the short side and centered on
the structural element supported and the remainder distributed uniformly in the outer portions. The amount included in the center strip
may be computed as follows:
Reinforcement in center strip
5

2stotal reinforcement in short directiond
b11

(12.3.23)

where b is the ratio of the long side to the short side.
Combined Footings Footings supporting two or more columns
may be designed with sufficient accuracy by assuming uniform soil
pressure and applying the laws of statics. The footing shape must be
such that the center of gravity coincides with the center of gravity of the
superimposed loads; otherwise unequal settlement may occur. The longitudinal and diagonal tension reinforcement should be designed by the
ordinary rules of beam design. Lateral reinforcement should be
designed as for isolated footings and should preferably be concentrated
in bands under and near the columns proportionate in area to the column loads. The lateral reinforcement at each column should be uniformly distributed within a width centered on the column and should
not be greater than the width of the column plus twice the effective
depth of the footing.
Spread or raft foundation, consisting of a slab extending over the
entire area under the columns or of a slab supported by beams, may be
considered as loaded by a uniform upward reaction of the ground. The
principle of design is exactly the same as that applied to a floor system,
except that the load acts upward instead of downward.
Concrete piles of various types are widely used for foundations as they
have larger carrying capacity and greater durability under many conditions of exposure than wooden piles. Precast piles are designed as
columns with allowance for driving and handling stresses. Cast-in-place
piles are constructed either by driving a steel shell and filling it with
concrete or by filling the hole formed by a shell as it is withdrawn.
Another method forms a bulb at the bottom by means of a ram which
forces the concrete into the ground. The design load or capacity of castin-place concrete piles is largely empirical, being based on load-test
data. The concrete for precast piles is usually over 5,000 lb/in2 strength
and for cast-in-place piles, over 3,000 lb/in2 strength.
Dowels and Bearing Plates The stress in the longitudinal reinforcement of concrete columns should be transferred to the footing by
means of dowels, equal in number and area to the column rods and of
sufficient length to transfer the stress as in a lap splice in the column.
Bearing stresses in concrete, under design ultimate loads, should not
exceed the following values:
Entire surface loaded: fb 5 0.85ff rc

(12.3.24)

Part of surface loaded: fb 5 0.85ff rc 2A2 /A1

(12.3.25)

where A1
loaded area; and A2
surface area of same shape and
concentric with A1. 2A2/A1 should not exceed 2.0.

PRESTRESSED CONCRETE
WALLS AND PARTITIONS

Reinforced concrete is well suited to the construction of walls, especially where they have to withstand heavy pressures, such as the retaining walls of a cellar or basement, walls for coal pockets, silos,
reservoirs, or grain elevators. Such walls must be designed for flexural
shear and bond stresses as well as stability against overturning, sliding,
and soil pressure. Drainage should be provided for by weep holes or
drains. Partitions may be built of solid concrete 4 to 6 in thick, reinforced to control temperature and shrinkage cracks. Reinforced concrete walls need to be anchored by reinforcement to adjacent structural
members. All walls must be reinforced for temperature with steel
placed horizontally and vertically.
The horizontal reinforcement shall not be less than 0.25 percent and
the vertical reinforcement not less than 0.15 percent of the area of the
wall when bars are used and three-fourths of these amounts when welded fabric is used. Adequate reinforcement must be provided around all
openings for windows and doors.
Retaining walls of reinforced concrete are used to resist the pressures
of earth, water, and other retained materials and are usually of T or L
shape. The base must be so proportioned that there is sufficient resistance to sliding and overturning and that the safe bearing strength of
the soil is not exceeded. The dimensions of the concrete section and
the position and amount of steel reinforcement are determined by the
moments and shears at critical vertical and horizontal sections at the
junction of the wall and the base. Particular attention should be given to
drainage to prevent excessive water pressure behind walls retaining
earth or other materials. Walls retaining water, such as tanks, should
have steel tensile stresses limited to 12,000 lb/in2 unless special consideration is given to controlling cracks and should have ample reinforcement to provide for effects caused by shrinkage of the concrete
and temperature change.
Bearing Walls The allowable compressive force for a reinforced
concrete wall that is restrained against lateral motion at both top and
bottom and is restrained against rotation at one or both ends is given by
Eq. (12.3.26). If neither end is restrained against rotation, the 40 is
replaced with 32.
Pu 5 0.55ff rc Ag[1 2 slc /40hd2]

(12.3.26)

For the case of concentrated loads, the effective width for computational purposes can be considered as the width of the bearing plus four
times the wall thickness but not greater than the distance between loads.
The wall thickness should be at least 1⁄25 of the unsupported height or
width, whichever is smaller. For the upper 15 ft, bearing walls must be
at least 6 in thick and increase at least 1 in in thickness for each successive 25 ft downward, except that walls of a two-story dwelling need
to be only 6 in thick over the entire height, provided that the strength is
adequate.
PRESTRESSED CONCRETE
Prestressed concrete members have initial internal stresses, set up by
highly stressed steel tendons embedded in the concrete, which are generally opposite those caused by applied loads. Prestressed members are
constructed in one of two ways: (1) Pretensioned members are factory
precast products, made by tensioning steel tendons between abutments
and then casting concrete directly around the steel. After the concrete
has reached sufficient strength, the steel is cut and the force transferred
to the concrete by bond. (2) Posttensioned members, either factory or
site cast, contain steel in ducts cast in the concrete. After the concrete
has cured, the steel is tensioned and mechanically anchored against the
concrete. The ducts are preferably pumped full of grout after tensioning
to provide bond and corrosion protection, or the tendons may be coated
with corrosion inhibitors.
Very high strength steel is used for prestressing in order to overcome
the losses of steel stress due to creep and shrinkage of concrete, and
as a result of the strength, relatively small amounts of steel are
required. The concrete for pretensioned members will usually be at
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least 5,000 lb/in2 compressive strength, and at least 4,000 lb/in2 for
posttensioned members.
Because of the initial stress conditions, prestressed concrete members are generally crack-free at working loads and consequently are
quite suitable for water-containing structures. Circular tanks and pipes
are posttensioned by wrapping them with highly stressed wires, using
specialized equipment.
Losses of prestress occur with time owing to creep and shrinkage of
concrete and relaxation of steel stress. Pretensioned members also have
an initial elastic shortening loss accompanying transfer of force to the
concrete, and posttensioned members have losses due to friction
between ducts and tendons and anchor set. These losses must be taken
into account in the design of members.
Prestressed concrete members are checked for both strength and
stresses at working loads. Because of the built-in stresses, the condition
of dead load only may also govern. The flexural strength is computed
using the same equations as for reinforced concrete which were developed earlier. The steel does not have a well-defined yield stress, and the
steel stress at failure can be predicted from the following expressions:
Bonded tendons, low relaxation steel and no compression steel:
fps 5 fpu a1 2

0.28 fpu
r b
b1 p f cr

(12.3.27)

Unbonded, l/h ' 35:
fps 5 fse 1 10,000 1 f cr /100rp

(12.3.28)

but not more than fpy or fse # 60,000.
The stresses are used directly in Eq. (12.3.4), (12.3.6), or (12.3.7), as
appropriate, substituting fps for fy and Aps for As.
Allowable Stresses at Working Load

Steel:
Maximum jacking stress, but not to exceed recommendation by steel or anchorage manufacturer
Immediately after transfer or posttensioning
Concrete:
Temporary stresses immediately after prestressing
Compression
Tension in areas without reinforcement
Design load stresses (after losses)
Compression
Tension in precompressed tensile zones

0.8 fpu
0.7 fpu
0.6 f cir
3 2f cir
0.45 f rc
7.5 2f rc

The allowable tension is limited to 6 2f rc in two-way slabs. Larger
stresses, to 12 2f rc or more, are permitted, but with increasing checks
on deflections, corrosion protection, and fatigue as the stresses increase.
Details are given in the ACI Code.
The final steel stress, at working loads, will usually be 30,000 to
45,000 lb/in2 less than the initial stress for pretensioned members.
Posttensioned members will have slightly lower losses. Losses, from
initial tensioning values, for pretensioned members may be predicted
satisfactorily using the following expressions from the AASHTO,
Bridge Specifications, Sec. 9.16.2;
.fs 5 SH 1 ES 1 CRc 1 CRs 5 prestress loss

lb/in2 (12.3.29)

where SH shrinkage loss 17,000 % 150RH; ES elastic shortening
loss (Es /Ec)fcir; CRc creep loss 12fcir % 7fcds; CRs relaxation
loss 5,000 % 0.1ES % 0.05(SH # CRc), for low relaxation strands;
fcir concrete stress at level of center of gravity of steel (cgs) at section
considered, due to initial prestressing force and dead load; fcds change
in concrete stress at cgs due to superimposed composite or noncomposite
dead load; and RH
relative humidity, percent. The loss calculations
are carried out for each critical moment section. The average annual
relative humidity of the service environment should be used in the SH
calculation.
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The shear reinforcement requirements for simple cases are covered in
an earlier section. In addition to the shear steel, a few stirrups or ties
should be placed transverse to the member axis as close to the ends as
possible, to control potential splitting cracking. The area of steel, from
the AASHTO Bridge Specification, should be At 0.04 fsi Aps /20,000.
In posttensioned beams, end blocks will often have to be used to provide space for anchorage bearing plates.
The minimum clear spacing between strands in pretensioned members
is three times the strand diameter near the ends of the beam, but many
plants are set up to handle only 2-in spacings. Strands may be closer
together in central positions of members, which will help in maximizing
member effective depths and steel eccentricity.
Few precast, pretensioned members are solid rectangular sections,
and double T beams and hollow floor slab units are used extensively in
buildings. Hollow box beams and I-section beams are used extensively
in bridges and in buildings with heavy design loads. Square piling with
the prestressing strands arranged in a circular pattern is widely used.
Because of the large number of possible sections, it is necessary to
check availability of any particular section with local producers before
designing any precast structure.

JOINTS
Contraction and expansion joints may be needed at intervals in a structure

to help care for movement due to temperature changes and shrinkage.
Joints at 20- to 30-ft intervals provide good crack control. A weakened
plane, formed in the tension side of the member by a slot 1⁄4 in wide
and 1⁄2 in deep, will induce the formation of contraction cracks at
selected points. Structures over 200 ft in length should have special
consideration given to contraction provisions.
Construction joints are necessary in most structures because all sections cannot be cast continuously. They should be made at points of
minimum shearing stress and reinforced across the joint with a steel
area of not less than 0.5 percent of the area of the section cut. Provision
must be made for the transfer of shear and other forces through the construction joint. Joints in columns should be made at the underside of the
floor members, haunches, T beams, and column capitals.
The hardened concrete at a joint should be properly prepared for
bonding with the new concrete by being cleaned, roughened, and wetted. On this surface, a coat of neat cement grout or other bonding agent
should be applied just before depositing the new concrete.
FORMS

PRECAST CONCRETE

Precast slabs, beams, walls, and partitions as well as piles, retaining
wall units, light standards, railroad crossings, and bridge slabs are being
increasingly used because of the saving in time and labor cost. Such
units vary in size from small slabs for use in floors of residences to large
frames for industrial buildings. The small units, such as roof slabs, are
cast in steel forms at central plants. Some of the larger units, such as
bridge or highway slabs and wall units, are cast in wood forms at or
near the place of use. A method by which wall or partition slabs are cast
so that they are simply tilted into position has found wide use in housing and industrial construction. Another special adaptation is the
method of casting complete floors on top of each other, then lifting into
position vertically at the columns.
Particular attention must be given in the design of precast units to
reduction in weight and to details to minimize the cost of erection and
installation. Reduction in weight is obtained by the use of lightweight
aggregates, high-strength concrete, and hollow units. Precast reinforced
concrete units are seldom designed for concrete strengths of less than
4,000 lb/in2. They are often combined with cast-in-place concrete so as
to obtain the advantages of continuity. The combination of precast
beams with cast-in-place slabs gives the advantage of T-beam action.
Wall units are tied together by interlocking joints or by bolts. Care must
be taken in shipping and handling to avoid damage to the precast units,
and the design must take care of the stresses that come from such causes.
All lifting devices built into the units should be designed for 100 percent
impact. All units must be identified as to proper location and orientation
in the structure.
Because precast units are made under conditions which allow good
control of dimensions, certain restrictions can be relaxed that must be
observed for cast-in-place concrete. Cover over the reinforcement for
members not exposed to freezing need not be more than the nominal
diameter of the steel but not less than 5⁄8 in. The maximum size of the
coarse aggregate can be as large as one-third of the smaller dimension
of the member. Precast wall panels are not limited to the minimum
thickness requirements for cast-in-place walls.
To reduce the number of connections, precast units should generally
be cast as large as can be properly handled. However, some joints will
be needed to transfer moments, torsion, shear, and axial loads from
one member to another. The integrity of the structure depends on the
adequacy of the design of the various joints and connections. They
may be made by use of bolts and pins or clips and keys, by welding the
reinforcement or steel insert, or by a number of other methods limited
only by the ingenuity of the designer. The connections should not be
the weak links in the structure. Thought as to their location will avoid
many problems. The PCI Handbook shows many proven connection
details.

Forms are usually built of wood or metal but in special cases may be
made of plastic or fiberglass reinforced plastic. Wooden forms may be
the most economical unless the construction allows for the repeated use
of the same forms. Plywood and compressed wood fiber sheets, specially treated to make them waterproof, are frequently used for form
faces where good surfaces are required. Forms must be designed so that
they can be easily erected, removed, and reerected. The usual order of
removing forms is (1) column sides, (2) joists, (3) girder and beam
sides, (4) slab bottoms, and (5) girder and beam bottoms. Column forms
are held together by clamps made of wood or steel, the spacing of which
is smallest at the bottom and increases with the decrease in pressure.
Beam forms consist of the bottom and two sides held together by
clamps or cleats and supported by posts. Slab forms consist of boards
or other form material supported by joists spaced 2 or 3 ft apart or other
means. The joists either rest on a horizontal joist bearer fastened to the
clamps of the beam or girder form or are supported by stringers, or
posts, or both.
Special consideration must be given to forms for prestressed concrete
members. For pretensioned members the form must be constructed such
that it will permit movement of the member during release of the prestressing force. For posttensioned members, the form should provide a
minimum of resistance to shortening of the member. It is also necessary
to consider the deflection of the members due to the stressing force.
Design in Formwork The formwork is an appreciable portion of
the cost of most concrete structures. Any efforts, however, to reduce the
cost of the forms must not go beyond the point of safe design to prevent
failures which would in themselves raise the cost of construction.
All forms must conform to the dimensions and shape of the members
and must be sufficiently tight to prevent leakage of the mortar. They
must be properly braced and tied together to maintain their position and
shape during the construction procedure.
The formwork must support all the vertical and lateral loads that may
be applied until these loads can be carried by the concrete structure.
Loads on the form include the weight of the forms, reinforcing steel,
fresh concrete, and various construction live loads. The construction
live load varies with conditions but is often assumed to be 75 lb/ft2 of
floor area. The formwork should also be designed to resist lateral
loads produced by wind and movement of construction equipment.
Most frequently the steel and concrete will not be placed in a symmetrical pattern and frequently large impact loads will occur. Because of
the many varied conditions, it is frequently impossible to determine
with any great precision the loads which the form must carry. The
designer must therefore make safe assumptions by which the forms can
be designed such that failure will not result.
Lateral pressures in forms for walls and columns are influenced by
a number of factors: weight of concrete, height of placing, vibration,
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temperature, size and shape of form, amount and distribution of reinforcing steel, and several other variables. Formulas have been suggested
for computing safe lateral pressures to be used in form design.
However, because of limited test data, they are not generally accepted
by all engineers.
Form Liners Absorbent form liners are occasionally applied to the
surface of forms to extract the water from the surface of the concrete,
eliminate air and water voids, and produce a concrete of uniform
appearance with surfaces which are superior in durability and resistance
to abrasion.
The vacuum process, whereby water is absorbed from the concrete
through a special form liner made of two layers of screen or wire mesh
covered by a layer of cloth, has a similar effect and if properly used
reduces the water content of the concrete to a depth of several inches.
Neoprene and other types of rubber have been successfully used as
liners in precasting work in which a number of units are made from one
form. Rubber is particularly suited for patterned work.
Plastic form liners make it easy to obtain a textured surface or a
glossy smooth surface. Generally speaking, plastic liners are easily
cleaned and if not too thin are suitable for a number of reuses.
Removal of Forms The time that forms should remain in place
depends on the character of the members and weather conditions. The
strength of concrete must be ascertained before removing the forms.
Unless special precautions are taken, concrete should not be placed
below 408F. Fresh concrete should never be subjected to temperatures
below freezing. As an approximate guide for the minimum time for
form removal, the following rules, which assume moist curing at not
less than 70!F for the first 24 h, may be observed.
WALLS IN MASS WORK. In summer, 1 day; in cold weather, 3 days.
THIN WALLS. In summer, 1 day; in cold weather, 5 days.
COLUMNS. In summer, 1 day; in cold weather, 4 days, provided girders
are shored to prevent appreciable weight reaching the columns.
SLABS UP TO 7-FT SPAN. In summer, 4 days; in cold weather, 2 weeks.
BEAMS AND GIRDER SIDES. In summer, 1 day; in cold weather, 5 days.
BEAMS AND GIRDERS AND LONG-SPAN SLABS. In summer, 7 days; in cold
weather, 2 weeks.
CONDUITS. 2 or 3 days, provided there is not a heavy fill upon them.
ARCHES. If a small size, 1 week; large arches with a heavy dead load,
3 weeks.
Forms for prestressed members may be removed when sufficient prestressing has been applied to enable them to carry their dead loads and
the expected construction loads.
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EVALUATION OF EXISTING CONCRETE
STRUCTURES

This section is intended to give some guidance to the persons responsible for inspections of structures, whether these are done routinely, or
before changing a loading or use, or during remodeling, or when something suspicious is found. Serious problems clearly need to be evaluated
by a structural engineer experienced in such evaluations, testing, and
renovation; such problems should not be evaluated by one who is primarily a structural designer.
The following are some signs of distress. Any cracks wider than
about 0.02 in (0.5 mm) are potentially serious, particularly if there are
more than a few. If the cracks are inclined like the shear crack shown in
Fig. 12.3.1, they are an additional warning sign and should be investigated promptly. At interior supports and other locations where the
beams are continuous with the columns, these cracks may also start at
the top surface. Any cracking parallel to the member axis is potentially
serious.
Rust stains and streaks from cracks indicate corrosion problems.
Corrosion, especially from salt, disrupts the concrete surrounding the
steel long before the bar areas are significantly reduced, because rust
occupies much more volume than the steel it replaces. This rusting
causes internal cracking, which can often be detected by tapping on the
concrete surface with a hammer (1-lb size), which produces a distinctive “hollow” sound. “Stalactites” growing from the bottoms of members may be either salt or lime, but both indicate water-penetration
problems and the need for waterproofing work.
Concrete exposed to freezing and thawing or to attack by some
chemicals may crumble and disintegrate, leading to loss of section area
and protective cover on the reinforcement. Large deflections and/or
slopes in members may be indicative of impending distress or disaster,
but sometimes members were not built very straight, and in such cases
the warning sign is actually a change in the conditions.
Any reinforced concrete building designed before about 1956 has a
potential weakness in the shear strength of the beams and girders
because of a deficiency in the codes of that era, and major changes in
loading and seemingly minor signs of distress should be investigated
carefully. This problem may also exist in highway bridges designed
before 1974. Prestressed members should not have this problem.
Repairs are made by injecting epoxy into cracks, by surface patching,
by chipping away significant volumes of concrete and replacing it, and
by other means. The repair materials range from normal concretes to
highly modified concrete and polymer materials.

12.4 AIR CONDITIONING, HEATING, AND VENTILATING
By Norman Goldberg
REFERENCES: ASHRAE Handbooks “Fundamentals,” “Systems and Equipment,”
and “Applications.” Stamper and Koral, “Handbook of Air Conditioning, Heating
and Ventilating,” Industrial Press. Carrier, “Handbook of Air Conditioning
Design,” McGraw-Hill.

Air conditioning is the process of treating air to meet the requirements
of a conditioned space by controlling its temperature, humidity, cleanliness, and distribution. This section presents standards, basic data, and
physical laws for use in the design of air conditioning and related heating and ventilating systems.
COMFORT INDEXES

The human body generates heat and disipates that heat to the surrounding air by sensible flow and the evaporationg of moisture.

Effective Temperature Effective temperature (ET) combines the
effect of ambient temperature and humidity into a single index.
ASHRAE Comfort Chart The American Society of Heating,
Refrigeration, and Air Conditioning Engineers (ASHRAE) comfort
envelope shown in Fig. 12.4.1 is based on clothing and activity. Comfort
varies with skin temperature and skin wettedness.
Temperature-Humidity Index

The term temperature-humidity index (THI) is used to describe the combined effects of temperature and humidity on comfort experienced by
people. Since individual reactions can vary considerably from person to
person, this quantity should be considered as a guide rather than as an
absolute. However, relatively few people will feel discomfort when the
THI is 70 or below. By the time it reaches 75, about half the people will
be uncomfortable. An index of 80 in a work area may cause a decrease in
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Wind-Chill Index

workers’ efficiency. To compute THI, any one of the following formulas
may be used:
THI 5 0.4st d 1 t wd 1 15
5 0.55t d 1 0.2t dp 1 17.5
5 t d 2 s0.55 2 0.55 RHdst d 2 58d

The wind-chill index (WCI) attempts to describe how much heat the body
will lose under certain conditions of wind and temperature. It is determined empirically by an equation which is used to describe the rate of
heat loss from a litre cylinder of water at 33!C (91.4!F) as a function of
ambient temperature and wind velocity. The formulas for the wind-chill
index are

(12.4.1)

where td dry-bulb temperature, !F; tw wet-bulb temperature, !F;
tdp dew-point temperature, !F; and RH relative humidity, expressed
as a decimal. To convert to degrees Celsius, tc 5⁄9 (tf % 32).

WCI 5 s10.45 2 V 1 10 2Vds33 2 t a d
where V

metres per second, ta

kcal/(m2 ( h) (12.4.2)

!C.

WCI 5 s10.45 2 0.447V 1 6.6854 2Vds91.4 2 t ad

(12.4.3)

where V miles per hour, ta !F.
Instead of using the WCI to express the severity of a cold environment, meteorologists use an index derived from the WCI called the
equivalent wind-chill temperature. This is the ambient temperature that
would produce, in a calm wind (defined for this application as 4 mi/h),
the same WCI as the actual combination of air temperature and wind
velocity. Equivalent wind-chill temperature teq,wc can be calculated by
t eq,wc 5 20.0818sWCId 1 91.4

(12.4.4)

where teq,we is expressed as a temperature, !F. (See Table 12.4.1.)
INDOOR DESIGN CONDITIONS

Indoor design conditions are determined by the application, usually
either the comfort of the people occupying the space or the control of
conditions within that space to facilitate a process.
Comfort Conditions Typical indoor design conditions for summer
and winter comfort are shown in Table 12.4.2.
Conditions for Process Design These vary widely, depending on
the process. See the manufacturer’s requirements and/or the ASHRAE
Handbook “Applications.”
OUTDOOR DESIGN CONDITIONS

Outdoor design conditions are based primarily on the geographical
location but they are affected to some extent by the criticality of the
application and by the economics of maintaining indoor conditions at
specified design levels during unusual outdoor weather conditions.
Outdoor design conditions for comfort applications are usually not
the most severe conditions that have been experienced in a locality, and
recommended levels may be exceeded for an average of 5 percent of the
hours during the cooling season.

Fig. 12.4.1 Standard effective temperatures and ASHRAE comfort zones.
(ASHRAE “Handbook of Fundamentals,” 1993.)
Table 12.4.1

Equivalent Wind-Chill Temperature of Cold Environments*
Actual thermometer reading, 8F

Wind speed,
mi/h
0
5
10
15
20
25
30
35
40†

50

40

30

20

10

50
48
40
36
32
30
28
27
26

40
37
28
22
18
15
13
11
10

30
27
16
9
4
0
%3
%4
%6

20
16
3
%5
%11
%15
%18
%20
%22

10
6
%9
%18
%25
%30
%33
%36
%38

0

%10

%20

%30

%40

%50

%60

%30
%36
%58
%72
%82
%89
%94
%98
%101

%40
%47
%71
%86
%96
%104
%110
%114
%117

%50
%57
%83
%99
%110
%119
%125
%129
%133

%60
%68
%95
%113
%125
%134
%140
%145
%148

Equivalent chill temperature, 8F

Little danger: In less than 5 h, with dry skin, Maximum danger from false sense of security.

(WCI less than 1,400)

0
%5
%21
%32
%39
%44
%48
%51
%53

%10
%15
%34
%45
%53
%59
%64
%67
%69

Increasing danger: Danger
of freezing exposed flesh
within one minute.
(WCI between 1,400 and
2,000)

* Cooling power of environment expressed as an equivalent temperature under calm conditions.
† Winds greater than 43 mi/h have little added chilling effect.
SOURCE: U.S. Army Research Institute of Environmental Medicine.

%20
%26
%46
%59
%68
%74
%79
%83
%85

Great danger: Flesh may freeze within 30 s.

(WCI greater than 2,000)

OUTDOOR DESIGN CONDITIONS
Table 12.4.2
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Recommended Inside Design Conditions
Winter
Summer

Type of
application

Dry bulb,
!F (!C)

General comfort (apartment,
house, hotel, office, hospital, school, etc.)
Retail shops (short-term
occupancy) (bank, barber
or beauty shop, department
store, supermarket, etc.)
Low-sensible-heat-factor
applications (high latent load)
(auditorium, church, bar,
restaurant, kitchen, etc.)
Factor comfort (assembly
areas, machining rooms,
etc.)

74–76
(23–24)

With humidification

Without humidification

Temp. swing,
!F (!C)*

Dry bulb,
!F (!C)

50–45

2
(1.1)

68–72
(20–22)

35–30

3 to 4
(1.6–2.2)

70–74

4
(2.2)

74–76
(23–24)

50–45

2
(1.1)

68–72
(20–22)

35–30†

3 to 4
(1.6–2.2)

70–74

4
(2.2)

74–76
(23–24)

55–50

2
(1.1)

68–72
(20–22)

40–35

2 to 3
(1.1–1.7)

70–74

4
(2.2)

76–78
(24–26)

55–45

2
(1.1)

68–70
(18–21)

35–30

4 to 6
(2.2–3.3)

65–70

6
(3.3)

Rel. hum., %

Rel. hum., %

Temp. swing,
!F (!C)‡

Dry bulb, !F

Temp. swing,
!F (!C)‡

* Temperature swing is above the thermostat setting at peak summer load conditions.
† Winter humidification in retail clothing stores is recommended to maintain the quality texture of goods.
‡ Temperature swing is below the thermostat setting at peak winter load conditions (no lights, people, or sun).
!C 5⁄9(!F % 32)
SOURCE: Adapted from Carrier Corp. “System Design Manual,” with permission.

Frequently used winter outside dry-bulb design temperature are
shown in Fig. 12.4.2. Summer outdoor design dry-bulb, wet-bulb,
and dew-point temperatures for comfort applications are shown in
Figs. 12.4.3 to 12.4.5, respectively.
Design of critical air-conditioning systems and selection of atmospheric evaporative cooling equipment are normally based on more severe
outdoor conditions than for comfort applications. Figure 12.4.6 shows

wet-bulb temperatures in the United States that are exceeded 1 percent
of the time during the cooling season.
Ventilation and Infiltration
Ventilation Ventilation rates must be adequate to control levels of
indoor contaminants and provide makeup air for exhaust systems. It must
be recognized that the introduction of outdoor air into a conditioned

Fig. 12.4.2 Isotherms of winter outdoor temperatures, !F. [E. Stamper and L. Koral (eds.), “Handbook of Air
Conditioning, Heating and Ventilating,” 3d ed., 1979, Industrial Press.]
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Fig. 12.4.3 Summer dry-bulb temperature data. (Marley Co.)

space represents a significant load on the system since it affects both
temperature and moisture levels.
Mechanical ventilation is controllable and is the desirable way to introduce outdoor air into a space. Infiltration is uncontrolled airflow through
cracks and other openings and, where feasible, it should be limited.
ASHRAE Standard 62-1989, “Ventilation for Indoor Air Quality,” presents recommendations for outdoor air rates to maintain acceptable
indoor air quality for a wide variety of applications. Requirements of
local building codes may differ and may require more, or accept less,
ventilation air. An extract from the ASHRAE Standard 62-1989, “Table
of Air Requirements,” is shown in Table 12.4.3.
Infiltration Infiltration during the summer is due primarily to
wind velocity creating a positive pressure on the windward side of a
building. During the winter, when the density of indoor and outdoor
air differ significantly, stack effect adds substantially to the wind
effect. Completely offsetting infiltration by the introduction of sufficient outdoor air through the air-conditioning system is costly.
Consequently, outdoor air infiltration should be curtailed by the use
of vestibules and, if feasible, revolving doors at frequently used
entrances, and tightly fitting windows and/or storm sash throughout.
See Tables 12.4.4 and 12.4.5.
Flow of Water Vapor through Building Construction Components

Water vapor flow through building construction adds to the latent load,
and although it is usually a minor load factor in comfort applications, it
can affect the integrity of insulation and other building components.
Vapor transmission is determined by the differences in vapor pressure and the permeability of the construction, but can be reduced by the
use of vapor barriers on the high-vapor-pressure side of the construction.

In applications where interior design dew points are either high or low,
the vapor transmission should be calculated.
The permeance of some materials that will affect the transmission of
water vapor is shown in Table 12.4.6.
Infiltration of Moisture

Infiltration of air, and particularly moisture, into a conditioned space is
frequently a source of sizable heat gain or loss.
The moisture entering a building as water vapor may be expressed as
Wt

Wtrans # Winf # Wvent

(12.4.5)

where Wt total weight of vapor, grains (grams). Assuming that Wtrans
is negligible as a load factor,
W1 Winf # Wvent
Winf 5 air-infiltrated vapor 5 WsMo 2 Mid
grsgd
5 WsMo 2 Mid .p
Wvent 5 ventilation air vapor
5 WsM o 2 M id
grsgd

(12.4.6)
grsgd
(12.4.7)
(12.4.8)

where .p vapor-pressure difference through flow path, inHg (N/m2);
W weight of air, lb (kg); Mo moisture content of outside air, g/lb
(g/kg); Mi moisture content of inside air, g/lb (g/kg).
For a given locality, the moisture content of the outdoor air may be
determined from Fig. 12.4.5 (summer dew-point temperature data) and
the appropriate psychrometric chart.
Conductance Coefficients Tables 12.4.7 to 12.4.9 list conductance
heat-transfer coefficients U for various building components. Table
12.4.10 shows conductance heat transfer coefficients for reflective and

Fig. 12.4.4 Summer wet-bulb temperature data. (Marley Co.)

Fig. 12.4.5 Summer dew-point temperature data. (Marley Co.)
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Fig. 12.4.6 High wet-bulb temperature data. (Flour Products Co.)

OUTDOOR DESIGN CONDITIONS
Table 12.4.3
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Outdoor Air Requirements for Ventilation*

Application

Estimated maximum†
occupancy, persons/1,000 ft2
or 100 m2

Outdoor air requirements
cfm/person

L/(s ( person)

cfm/ft2

L/(s ( m2)

Comments

30
30
35

15
15
18

Per room.
Per room.
Per room. Installed capacity for intermittent use.

Commercial facilities
Hotels, motels, resorts,
dormitories
Bedrooms
Living rooms
Baths
Lobbies
Conference rooms
Assembly rooms
Dormitory sleeping areas

30
50
120
20

15
20
15
15

8
10
8
8

Gambling casinos

120

30

15

7
60
60

20
15
20

10
8
10

Some office equipment may require
local exhaust.

50

20

10

Supplementary smoke-removal equipment may be required.

50

25

70

60

30

70
100
100
20

20
20
30
15

10
10
15
8

Offices
Office space
Reception areas
Telecommunication centers
and data entry areas
Conference rooms
Public spaces
Corridors and utilites
Public restrooms, cfm/wc or
cfm/urinal
Locker and dressing rooms
Smoking lounge
Food and beverage service
Dining rooms
Cafeteria, fast food
Bars, cocktail lounges
Kitchens (cooking)
Retail stores, sales floors, and
show room floors
Basement and street
Upper floors
Storage rooms
Dressing rooms
Malls and arcades
Shipping and receiving
Warehouses
Smoking lounge
Sports and Amusement
Spectator areas
Game rooms
Ice arenas (playing areas)
Swimming pools (pool and
deck area)
Playing floors (gymnasium)
Ballrooms and discos
Bowling alleys (seating areas)
Theaters
Ticket booths
Lobbies
Auditorium
Stages, studios
Miscellaneous
Photo studios
Darkrooms
Pharmacy
Bank vaults
Duplicating, printing

See also food and beverage services,
merchandising, barber and beauty
shops, garages.
Supplementary smoke-removal equipment may be required.

0.05

0.5

30
20
15

0.25
Normally supplied by transfer air.
Local mechanical exhaust with no
recirculation recommended.

2.5
s

0.30
0.20
0.15
0.20
0.20
0.15
0.05

Supplementary smoke-removal equipment may be required.
Exhaust min. 1.5 cfm/ft2

1.50
1.00
0.75
1.00
1.00
0.75
0.25

20
10
5
70

60

30

Normally supplied by transfer air,
local mechanical exhaust; exhaust
with no recirculation recommended.

150
70

15
25

8
13

When internal combustion engines are
operated for maintenance of playing
surfaces, increased ventilation rates
may be required.
Higher values may be required for
humidity control.

30
100
70

20
25
25

10
13
13

60
150
150
70

20
20
15
15

10
10
8
8

10
10
20
5

15

8

15
15

8
8

0.50

2.50

0.50

2.50

Special ventilation will be needed to
eliminate special stage effects
(e.g., dry ice vapors, mists, etc.)

0.50

2.50

0.50

2.50

Installed equipment must incorporate
positive exhaust and control (as
required) of undesirable
contaminants (toxic or otherwise).
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Table 12.4.3

Outdoor Air Requirements for Ventilation*

(Continued)

Estimated maximum†
occupancy, persons/1,000 ft2
or 100 m2

cfm/person

Application

Outdoor air requirements
L/(s ( person)

cfm/ft2

L/(s ( m2)

Comments

Institutional facilities
Education
Classroom
Laboratories
Training shop
Music rooms
Libraries
Locker rooms
Corridors
Auditoriums
Smoking lounges

50
30
30
50
20

15
20
20
15
15

8
10
10
8
8

Special contaminant control systems
may be required for processes or
functions including laboratory
animal occupancy.
0.50
0.10

Hospitals, nursing and convalescent homes
Patient rooms
Medical procedure
Operating rooms
Recovery and ICU

Autopsy rooms
Physical Therapy
Correctional facilities
Cells
Dining halls
Guard stations

150
70

15
60

8
30

10
20
20
20

25
15
30
15

13
8
15
8

20

15

8

20
100
40

20
15
15

10
8
8

2.50
0.50
Normally supplied by transfer air.
Local mechanical exhaust with no
recirculation recommended.

0.50

Special requirements or codes and
pressure relationships may determine
minimum ventilation rates and filter
efficiency. Procedures generating
contaminants may require higher
rates.
Air shall not be recirculated into other
spaces.

2.50

* This table prescribes supply rates of acceptable outdoor air required for acceptable indoor air quality. These values have been chosen to control CO2 and other contaminants with an adequate
margin of safety and to account for health variations among people, varied activity levels, and a moderate amount of smoking. Rationale for CO2 control is presented in Appendix D of Standard
62-1989.
† Net occupable space.
SOURCE: Abstracted from ASHRAE Standard 62-1989, with permission.

Table 12.4.4 Infiltration through Doors—Winter*
15 mi/h (24 km/h) wind velocity†; doors on one or adjacent windward sides‡
ft3/min per ft2 area (m3/min per m2)§
Average use
Infrequent use

Revolving door
Glass door [3⁄16 in (5 mm) crack]
Wood door 3 " 7 ft (0.9 " 2 m)
Garage and shipping-room door

1 and 2 story
buildings

ft3/min
per ft2

m3/min
per m2

ft3/min
per ft2

m3/min
per m2

1.6
9.0
2.0
4.0

0.48
2.70
0.60
1.2

10.5
30.0
13.0
9.0

3.15
9.00
3.90
2.70

Tall buildings, ft (m)
50

(15.25 m)

100

(30.5 m)

200

(61 m)

12.6
36.0
15.5

3.78
10.80
4.65

14.2
40.5
17.5

4.26
12.15
5.25

17.3
49.5
21.5

5.19
14.85
6.45

* All values are based on the wind blowing directly at the window or door. When the prevailing wind direction is oblique to the window or doors, multiply the values by 0.60 and use the total
window and door areas on the windward side(s).
† Based on a wind velocity of 15 mi/h (24 km.p.a). For design wind velocities different from the base, multiply the table values by the ratio of velocities.
‡ Stack effect in tall buildings may also cause infiltration on the leeward side. To evaluate this, determine the equivalent velocity Vi and subtract the design velocity V. The equivalent velocity is
V1 5 2V 2 2 1.75a supper sectiond
5 2V 2 2 1.75b slower sectiond
where a and b are the distances above and below the midheight of the building, respectively, in feet.
Multiple the table values by the ratio (Vi % V)/15 for one-half of the windows and doors on the leeward side of the building. (Use values under one- and two-story building for doors on leeward
side of tall buildings.)
§ Doors on opposite sides increase values 25%.
SOURCE: Carrier Corporation “System Design Manual,” Part 1, Load Estimating, 1970.
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Table 12.4.5 Infiltration Through Windows and Doors—Crack Method—Summer-Winter*
Double-hung windows, unlocked on windward side.
CFM per linear foot of crack
Wind velocity, mi/h
5
Type of double-hung
window
Wood sash
Average window
Poorly fitted window
Poorly fitted—with
storm sash
Metal sash

10

15

20

25

30

No W
strip

W strip

No W
strip

W strip

No W
strip

W strip

No W
strip

W strip

No W
strip

W strip

No W
strip

W strip

0.12
0.45
0.23

0.07
0.10
0.05

0.35
1.15
0.57

0.22
0.32
0.16

0.65
1.85
0.93

0.40
0.57
0.29

0.98
2.60
1.30

0.60
0.85
0.43

1.33
3.30
1.60

0.82
1.18
0.59

1.73
4.20
2.10

1.05
1.53
0.76

0.33

0.10

0.78

0.32

1.23

0.53

1.73

0.77

2.3

1.00

2.8

1.27

* Infiltration caused by stack effect must be calculated separately during the winter.
† No allowance has been made for usage.
SOURCE: Carrier “Handbook of Air Conditioning Design,” McGraw-Hill, 1965.

Table 12.4.6

Water Vapor Transmission through Various Materials

Description of material or construction

Permeance, Btu/(h ( 100 ft2)
(gr/lb diff) latent heat

Packaging materials
Cellophane, moisture-proof
Glassine (1 ply waxed or 3 ply plain)
Kraft paper soaked with paraffin wax, 4.5 lb per 100 ft2
Pliofilm

0.01–0.25
0.0015–0.006
1.4–3.1
0.01–0.025

Paint films
2 coats aluminum paint, estimated
2 coats asphalt paint, estimated
2 coats lead and oil paint, estimated
2 coats water emulsion, estimated
Papers
Duplex or asphalt laminae (untreated)
30-30-30, 3.1 lb per 100 ft2
30-60-30, 4.2 lb per 100 ft2
Kraft paper
1 sheet
2 sheets
Aluminum foil on one side of sheet
Aluminum foil on both sides of sheet
Sheathing paper
Asphalt impregnated and coated, 7 lb per 100 ft2
Slaters felt, 6 lb per 100 ft2, 50% saturated with tar
Roofing felt, saturated and coated with asphalt
25 lb/ft2
50 lb/ft2
Tin sheet with 4 holes 1⁄16-in diameter
Crack 12 in long by 1⁄32 in wide (approximate from above)

0.05–0.2
0.05–0.1
0.1–0.6
5.0–8.0

0.15–0.27
0.051–0.091
8.1
5.1
0.016
0.012
0.02–0.10
1.4
0.015
0.011
0.17
5.2

Painted surfaces: Two coats of a good vapor seal paint on a smooth surface give a fair vapor barrier. More surface treatment is required on a rough surface than on a smooth surface. Data indicates that either asphalt or aluminum paint is good for vapor seals.
Aluminum foil on paper: This material should also be applied over a smooth surface and joints lapped and sealed
with asphalt. The vapor barrier should always be placed on the side of the wall having the higher vapor pressure if
condemnation of moisture in wall is possible.
Application: The heat gain due to water vapor transmission through walls may be neglected for the normal airconditioning or refrigeration job. This latent gain should be considered for air-conditioning jobs where there is a
great vapor pressure difference between the room and the outside, particularly when the dew point inside must be
low. Note that moisture gain due to infiltration usually is of much greater magnitude than moisture transmission
through building structures.
Conversion factors: To convert above table values to:
grain/(hr) (sq ft) (inch mercury vapor pressure difference), multiply by 9.8. grain/(hr)
(sq ft) (pounds per sq inch vapor pressure difference), multiply by 20.0.
To convert Btu latent heat to grains, multiply by 7000/1060 6.6.
SOURCE: Carrier “Air Conditioning Design Manual,” 1965.
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Table 12.4.7 Overall Heat-Transfer Coefficient U
Outside air 15 mi/h wind, inside still air.
Example

Construction

Btu/(h ( ft2 ( !F)

W/(m2 ( K)

Frame walls
Frame partition
Frame construction
ceilings and floors
Pitched roofs

Wood siding, insulation board, air space, gypsum board
Gypsum board, air space, gypsum board
Linoleum or tile, felt, plywood, wood subfloor,
air space, metal lath, plaster
Asphalt shingles, building paper, wood sheathing,
air space, gypsum, lath, plaster
Face brick 4 in, common brick 4 in
Face brick 4 in, common brick 4 in, air space, gypsum
lath, plaster
Cement block (cinder aggregate), plaster on both sides
Built-up roofing, roof insulation 1 in, concrete slab 4 in,
air space, metal lath, plaster

0.19
0.34
0.23

1.079
1.931
1.306

0.28

1.590

0.48
0.29

2.725
1.647

0.31
0.18

1.760
1.022

Masonry wall

Masonry partition
Flat masonry roof

SOURCE: ASHRAE “Handbook of Fundamentals,” 1981.

Table 12.4.8 Coefficient Heat Transmission U for Windows and Skylights
Air-to-air heat transfer, Btu/(h ( ft2 ( !F) and W/(m2 ( K); outside air 0!F, 15 mi/h (24 km/h) wind, no solar radiation; inside still air.
Vertical glass sheets
Outdoor exposure

Common window glass, single sheet
Common window glass, two sheets, 1-in
air space (2.54 cm)

Horizontal glass sheets

Indoor exposure

Outdoor exposure

Indoor exposure

Btu/
(h ( ft2 ( !F)

W/(m2 ( K)

Btu/
(h ( ft2 ( !F)

W/(m2 ( K)

Btu/
(h ( ft2 ( !F)

W/(m2 ( K)

Btu/
(h ( ft2 ( !F)

W/(m2 ( K)

1.13
0.53

6.416
3.009

0.75
0.45

4.259
2.555

1.22
0.63

6.927
3.577

0.96
0.56

5.450
3.180

SOURCE: ASHRAE “Handbook of Fundamentals,” 1981.

Table 12.4.9

Coefficient of Heat Transmission U for Wood Doors
Single
2

With glass storm door
2

Construction

Btu/(h ( ft ( !F)

(m ( K)

Btu/(h ( ft2 ( !F)

W/(m2 ( K)

1-in-thick solid door
(25⁄32 in) (2 cm)
2-in-thick solid door (15⁄8 in)
(4 cm)
Door containing wood or
glass panels

0.64

3.634

0.37

2.101

0.43

2.442

0.28

1.590

0.85

4.826

0.39

2.214

SOURCE: ASHRAE “Handbook of Fundamentals,” 1981.

Table 12.4.10

Surface Conductances and Resistances for Air

Position of surface
Still air:
Horizontal
Vertical
Horizontal
Moving air (any position):
15 mi/s (24 km/h) wind
(for winter)
71⁄2 mi/h (12 km/h) wind
(for summer)

Nonreflective e

Surface emissivity, reflective
e 0.20

0.90

Reflective e

0.05

Direction of
heat flow

C

C9

R

R9

C

C9

R

R9

C

C9

R

R9

Upward
Horizontal
Downward

1.63
1.46
1.08

9.26
8.29
6.76

0.61
0.68
0.92

0.108
0.121
0.148

0.91
0.74
0.37

5.17
4.20
2.10

1.10
1.35
2.70

0.193
0.238
0.476

0.76
0.59
0.22

4.32
3.35
1.25

1.32
1.70
4.55

0.232
0.299
0.800

Any

6.00

34.07

0.17

0.029

Any

4.00

22.71

0.25

0.044

2

NOTES: C conductance, Btu/(h ( ft ( !F temp. diff.)
C9 conductance W/(m2 ( K).
R resistance 1/C.
R9 resistance 1/C9.
SOURCE: Adapted from ASHRAE “Handbook of Fundamentals,” 1993.
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Table 12.4.11

Determination of U Value Resulting from Addition of Insulation to Any Given Building Section

Given building section
property*, †
U
1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.08

U9

R

12-59

R9

5.68 1.00 0.18
5.11 1.11 0.20
4.54 1.25 0.22
3.97 1.43 0.25
3.41 1.67 0.29
2.84 2.00 0.35
2.27 2.50 0.44
1.70 3.33 0.59
1.14 5.00 0.88
0.57 10.00 1.75
0.45 12.50 2.22

Added R‡, § (R9)
4 R9

R
U

0.20
0.20
0.19
0.19
0.19
0.18
0.16
0.14
0.11
0.06
0.06

0.70 R 6 R9 1.05 R 8 R9 1.41 R 12 R9 2.13 R 16 R9 2.86 R 20 R9 3.57 R 24 R9 4.17
U9
U
U9
U
U9
U
U9
U
U9
U
U9
U
U9
1.13
1.13
1.08
1.08
1.08
1.02
0.91
0.79
0.62
0.34
0.34

0.14
0.14
0.14
0.13
0.13
0.13
0.12
0.11
0.09
0.06
0.05

0.79
0.79
0.79
0.74
0.74
0.74
0.68
0.62
0.51
0.34
0.28

0.11
0.11
0.11
0.11
0.10
0.10
0.10
0.09
0.08
0.06
0.05

0.62
0.62
0.62
0.62
0.57
0.57
0.57
0.51
0.45
0.34
0.28

0.08
0.08
0.08
0.07
0.07
0.07
0.07
0.07
0.06
0.05
0.04

0.45
0.45
0.45
0.40
0.40
0.40
0.40
0.40
0.34
0.28
0.23

0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.05
0.04
0.04

0.34
0.34
0.34
0.34
0.34
0.34
0.28
0.28
0.28
0.23
0.23

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.04
0.03

0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.23
0.23
0.23
0.17

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.03
0.03

0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.17
0.17
0.17

* For U and R values not shown in table, interpolate as necessary.
† Enter column 1 with U or R of the design building section.
‡ Under appropriate column heading for Added R, find U value of resulting design section.
§ If the insulation occupies a previously considered air space, an adjustment must be made in the given building section R value.
NOTE: U and R expressed in U.S. customary units. U9 and R9 in SI units.
SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1981, with permission.

nonreflective surfaces. Table 12.4.11 facilitates the computation of the
enhancement of the U value by the addition of insulation. Table 12.4.12
presents an example of calculation of U for an assembly of various
building components.

Qext # Qint # Qoutside air

(12.4.9)

Q ext 5 external heat gains
5 Q transmission 1 Q-solar

(12.4.10)

Qt

For walls and roofs

AIR CONDITIONING

Q tr2sol 5 AUsSa .td

Cooling Load

Cooling load Q1, the total simultaneous cooling load, expressed in
Btu/hour or (watts):

Btu/h sWd

(12.4.11)

where Sa .t
sol-air equivalent temperature differential, !F (!C),
Tables 12.4.13 and 12.4.14.

Table 12.4.12 Example of Calculation of Coefficient of Transmission U
for Composite Building Components
U and R expressed in U.S. Customary units, U9 and R9 in SI units
Example 1. Coefficients of transmission U of flat masonry roofs
with built-up roofing
Resistance
Construction (heat flow up)

R

R9

1.
2.
3.
4.
5.
6.
7.
8.

Outside surface (15 mi/h wind 24 km/h)
Built-up roofing 3⁄8 in (9 mm)
Roof insulation (none)
Concrete slab (lt. wt. agg.) (2 in) (50 mm)
Corrugated metal
Air space
Metal lath and 3⁄4 in (19 mm) plaster (lt. wt. agg.)
Inside surface (still air)

0.17
0.33

0.03
0.06

2.22
0
0.85
0.47
0.61

0.39
0
0.15
0.08
0.11

Total resistance
1/R
1/R9

4.65
0.22

0.82

U
U9

1/4.65
1/0.82

1.22

Example 2. Coefficients of transmission U of masonry walls
Resistance
Construction (heat flow up)

R

R9

1.
2.
3.
4.
5.
6.
7.

Outside surface (15 mi/h wind) (24 km/h)
Face brick (4 in) (100 mm)
Cement mortar (1⁄2 in) (12.5 mm)
Concrete block (cinder agg.) (8 in) (200 mm)
Air space (reflective)
Gypsum wallboard, foil back (1⁄2 in) (12.5 mm)
Inside surface (still air)

0.17
0.44
0.10
1.72
2.80
0.45
0.68

0.03
0.08
0.02
0.30
0.49
0.08
0.12

Total resistance
1/R
1/R9

6.36
0.36

1.12

U
U9

1/6.36
1/1.12

SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1981, with permission.

0.89
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Table 12.4.13

Total Equivalent Temperature Differentials for Calculating Heat Gain through Sunlit Walls
Sun time
A.M.

North
latitude
wall
facing

8

P.M.

10

12

2

4

6

Exterior color of wall: D
D

L

D

L

D

L

D

L

D

L

8

10

12

dark, L

light

D

L

D

L

D

L

D

L

South
latitude
wall
facing

Group A
NE
E
SE
S

27
32
25
14

16
18
15
9

31
41
36
20

18
24
21
13

26
37
38
28

17
22
23
18

24
29
33
33

17
20
21
22

24
28
28
31

18
20
20
21

23
26
26
25

17
19
18
18

20
23
22
20

15
16
16
15

17
20
19
17

13
14
14
13

15
18
18
15

11
13
12
11

SE
E
NE
N

SW
W
NW
N

17
17
14
14

11
11
9
9

20
20
17
15

13
13
11
10

24
24
21
18

16
16
14
12

34
30
23
20

22
20
17
15

42
42
31
21

27
27
21
16

41
48
38
21

26
30
25
16

28
33
28
18

19
22
19
14

20
22
18
14

14
15
13
11

18
19
16
12

12
13
11
9

NW
W
SW
S

Group B
NE
E
SE
S

12
14
9
4

7
8
5
3

27
34
25
7

14
18
13
4

31
45
39
18

17
24
21
11

30
43
44
32

19
25
26
19

31
39
41
41

21
25
26
26

30
35
37
39

22
24
25
27

27
30
31
33

20
22
23
24

21
23
24
25

17
18
18
19

16
17
17
18

13
14
14
15

SE
E
NE
N

SW
W
NW
N

5
6
5
6

3
4
3
4

7
7
6
9

4
4
4
5

11
11
11
12

7
4
7
8

23
18
17
18

15
12
12
12

41
35
26
22

26
23
18
17

54
55
41
25

34
34
27
20

51
59
47
27

33
37
31
21

38
43
36
22

25
28
24
17

26
30
25
16

19
20
18
14

NW
W
SW
S

NE
E
SE
S

9
10
8
7

6
7
6
5

19
22
16
7

10
12
9
4

26
36
29
12

15
19
16
7

28
40
38
22

17
23
21
14

29
39
39
32

18
23
24
20

29
36
37
36

20
24
24
24

28
33
34
34

20
23
23
24

24
28
28
29

19
20
21
21

20
22
23
23

16
17
17
17

SE
E
NE
N

SW
W
NW
N

9
10
8
7

6
7
6
5

8
9
8
8

5
5
5
5

10
10
9
10

6
6
6
7

16
14
13
14

10
9
9
9

28
24
19
18

18
16
14
13

42
40
30
22

26
25
20
16

48
52
40
25

30
32
27
19

42
47
38
23

28
30
26
18

35
37
30
19

22
24
21
16

NW
W
SW
S

Group C

Group D
NE
E
SE
S

8
9
7
5

5
6
5
4

19
23
16
6

10
12
9
4

28
38
30
12

15
20
16
7

29
42
40
23

17
24
22
14

30
40
41
34

19
24
25
21

30
37
38
38

21
24
25
25

28
33
34
35

21
23
24
24

24
27
28
29

19
20
21
21

19
21
22
23

16
17
17
17

SE
E
NE
N

SW
W
NW
N

8
8
7
6

5
6
5
4

7
7
7
8

4
5
4
5

9
9
9
10

6
6
6
6

16
14
13
14

10
9
9
10

30
25
20
19

19
16
14
14

44
42
31
23

28
27
21
17

51
55
42
25

32
34
28
19

43
49
40
24

28
31
27
19

33
37
31
19

22
25
21
16

NW
W
SW
S

Group E
NE
E
SE
S

10
11
8
4

6
6
5
3

23
28
20
6

12
15
11
4

30
42
35
15

16
22
19
9

30
43
42
28

18
24
24
17

30
39
41
38

20
24
25
24

30
36
38
39

21
24
25
26

28
32
33
34

21
23
23
24

23
25
26
27

18
19
20
20

18
19
20
20

14
15
16
16

SE
E
NE
N

SW
W
NW
N

6
7
6
6

4
5
4
4

7
7
6
8

4
4
4
5

10
10
10
11

6
6
6
7

19
16
15
16

12
11
10
11

35
30
23
21

22
20
16
15

49
48
36
24

31
31
24
18

52
57
45
26

33
36
30
20

41
47
38
23

27
30
26
18

30
34
28
18

21
23
20
15

NW
W
SW
S

NE
E
SE
S

9
10
10
9

7
8
7
7

14
17
13
7

9
10
8
5

21
28
22
10

12
15
12
6

25
35
31
17

15
19
17
10

27
37
36
26

17
22
21
16

29
37
37
32

19
23
23
20

28
35
35
33

20
23
23
22

26
31
32
31

19
22
22
22

23
26
27
27

17
19
19
19

SE
E
NE
N

SW
W
NW
N

12
14
12
8

9
9
8
7

10
11
9
8

6
7
6
6

9
10
9
9

6
6
6
6

13
12
11
12

8
8
8
8

22
19
16
15

14
12
11
11

33
31
24
19

21
20
16
14

42
43
33
22

27
27
22
17

42
46
36
23

27
29
24
18

37
41
33
21

25
27
23
17

NW
W
SW
S

Group F

NOTE: To convert temperature differentials in !F to !C, multiply by 5⁄9.
SOURCE: Adapted from Carrier “System Design Manual,” 1970.
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Heat Transmission

Internal Heat Gains

Heat gain through exterior walls and roofs is highly variable and is caused

Internal heat gains are primarily from lighting, equipment, and occupants. They are independent of outdoor temperature and solar effect and
include both sensible and latent heat.

by a combination of solar heat and the temperature difference between
indoor and outdoor air. Total heat flow is affected by the type and weight
of the construction, exposure, sun time, latitude, and design conditions.
The equivalent temperature difference from Tables 12.4.13 and 12.4.14
combined with the appropriate heat-transfer coefficients U for the construction, Tables 12.4.15 and 12.4.16, permits estimating the total heat
flow through walls and roofs.
Heat flow through interior construction is essentially constant and may
be determined by using the actual temperatures on either side of the
construction and the appropriate U values.
Solar Heat Gain

Heat gain through glass is a combination of the heat gains by conduction
and solar radiation. Both factors are highly variable and one or both are
affected by the type of glass, shading, day of the year, time of day, location and orientation angle to the sun, and outside and inside temperatures.
For glass:
Qglass

Qu # Qsolar
A1U(to % ti) # A2(MSHGF)(CLF)(SC)

(12.4.12)
(12.4.13)

where A1 area of total glass, ft2 (m2); A2 area of sunlit glass, ft2 (m2);
outside design
U
heat-transfer coefficient (Table 12.4.16); t0
temperature, !F (!C) (Fig. 12.4.4); ti
inside design temperature,
!F (!C) (Table 12.4.2); MSHGF
maximum solar heat gain factor
(Table 12.4.17); CLF
cooling load factor (Tables 12.4.18, 12.4.19,
and 12.4.20); SC
shading coefficient (Tables 12.4.21, 12.4.22,
12.4.23, and 12.4.24).
Note that the data in Table 12.4.17 is for vertical and horizontal glass;
the data in Tables 12.4.18 to 12.4.24 addresses the effect of heat storage
within the space.

Fig. 12.4.7 Heat gain from typical lighting fixtures. (Courtesy: S. Ricketts.)

Q int 5 internal heat gains
5 Q people 1 Q lighting 1 Q equipment

(12.4.14)

In some applications such as general office space, internal heat gains
are relatively constant; in others where equipment cycles and/or occupancy is not constant, these loads will vary widely.
Heat gains from people vary with the activity and the proportion of
men and women. The proportion of sensible latent heat varies with the
temperature of the space. Table 12.4.25 lists adjusted heat gains from
people for different activities and typical applications.
Lighting heat gains are based on the total electrical wattage of the
operating lights, including ballasts, converted to Btu/h. Note that under
some circumstances the entire electrical input to the lights may not
immediately become part of the cooling load. This depends on the type
and arrangement of the lights, type of air supply and return, space furnishings, the thermal characteristics of the space, and length of time the
lights will be on. Unless all of these can be forseen with a high degree
of certainty, and lighting represents a significant portion of the cooling
load, most designers will use the full electrical input of the operating
lights as the lighting load.
Representative heat gains at various lighting levels for the most
common lighting fixtures are shown in Fig. 12.4.7. Curves A, B, and C
are drawn for fixtures with newer electronic ballasts and high-efficiency
lamps. For a given footcandle level of illumination, they use about
40 percent of the energy of earlier fixtures with magnetic ballasts and
standard 40-W lamps; see curves AA, BB, and CC. Curves D and E
show heat gains from recessed incandescent fixtures.
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Table 12.4.14 Total Equivalent Temperature Differentials for Calculating Heat Gain through Flat Roofs

U value
Description of roof construction*, †

Wt., lb/ft2

kg/m2

Btu/(h ( ft2 ( !F)

W/(m2 ( K)

2 in (50 mm) insulation # steel siding
2 in (50 mm) insulation # 1 in (25 mm) wood‡
2 in (50 mm) insulation # 2.5 in (62.5 mm) wood‡

7.8
8.5
13.1

38.06
41.48
63.93

0.125
0.122
0.117

0.710
0.693
0.664

2 in (50 mm) insulation # 4 in (100 mm) wood‡
2 in (50 mm) insulation # 2 in (50 mm) h.w. concrete
4 in (100 mm) l.w. concrete

17.8
28.8
17.8

88.86
140.54
86.86

0.113
0.122
0.213

0.642
0.693
1.209

2 in (50 mm) insulation # 4 in (100 mm) h.w. concrete
2 in (50 mm) insulation # 6 in (150 mm) h.w. concrete

52.1
75.4

254.25
367.95

0.120
0.117

0.681
0.664

Explanation: Total heat transmission from solar radiation and temperature difference between outdoor and room air, Btu/(h)(ft2)(W/m2) of roof
area equivalent temperature differential from above table " heat-transmission coefficient for summer, Btu/(h ( ft2 ( !F) [W/(m2 ( K)].
Application. These values may be used for all normal air conditioning estimated; usually without correction (except as noted below in latitude
0 to 50! north or south when the load is calculated for the hottest weather.
Corrections. The values in the table were calculated for an inside temperature of 75!F (24!C) and an outdoor maximum temperature of 95!F
(35!C) with an outdoor daily range of 21!F (12!C). The table remains approximately correct for other outdoor maximum (93 to 102!F) (34 to 39!C)
and other outdoor daily ranges (16 to 34!F) (9 to 19!C) provided the outdoor daily average temperature remains approximately 85!F (30!C). If the
room air temperature is different from 75!F (24!C) and/or the outdoor daily average temperature is different from 85!F (30!C), the following rules
can be applied:
1. For room air temperature less than 75!F (24!C) add the difference between 75!F (24!C) and room air temperature; if greater than 75!F (24!C),
subtract the difference.
2. For outdoor daily average temperature less than 85!F (30!C) subtract the difference between 85!F (30!C) and the daily average temperature,
if greater than 85!F (30!C), add the difference.
Attics or other spaces between the roof and ceiling. If the ceiling is insulated and a fan is used for positive ventilation in the space between the
ceiling and roof, the total temperature differential for calculating the room load may be decreased by 25 percent. If the attic space contains a return
duct or other air plenum, care should be taken in determining the portion of the heat gain that reaches the ceiling.
Light color. Credit should not be taken for light-colored roofs except where the permanence of light color is established by experience as in rural
areas or where there is little smoke.
For solar transmission in other months. The table values of temperature differentials that were calculated for July 21 will be approximately correct for a roof in the following months.
North latitude

South latitude

Latitude, deg

Months

Latitude, deg

Months

0
10
20
30
40
50

All months
All months
All months except Nov., Dec., Jan.
Mar., Apr., May, June, July, Aug., Sept.
April, May, June, July, Aug.
May, June, July

0
10
20
30
40
50

All months
All months
All months except May, June, July
Sept., Oct., Nov., Dec., Jan., Feb., March
Oct., Nov., Dec., Jan., Feb.
Nov., Dec., Jan.

* Includes outside surface resistance, 1⁄2 in (12.5 mm) membrane and 3⁄8 in (9 mm) felt on the top and inside surface resistance on the bottom.
† Dark roof (D) 0.30; light roof (L) 0.15.
‡ Nominal thickness of wood.

Heat gain from equipment located within the conditioned space is
often a significant portion of the air-conditioning load. Lists of equipment that will be installed, manufacturers’ heat release (or wattage)
data, and anticipated use and load factors should be obtained from the
user early in the design process. Tables 12.4.26, 12.4.27, and 12.4.28
show anticipated gains from a variety of office equipment, restaurant
appliances and electric motors. For restaurant cooking equipment, a
properly designed, mechanically exhausted hood will reduce the total
load of the hooded equipment by about 50 percent.
Miscellaneous Heat Gains Additional heat gains that add to the
system load are the heat added at the supply and return fans and heat
transferred from unconditioned areas to the distribution ductwork. An
additional load on a chilled-water system is the heat equivalent of the
chilled-water pump motor work.

Fan heat is the heat added by the fan motor, and manifests itself as
the total power input to the fan motor when the motor is located within the airstream or conditioned space, or the net output of the fan motor
when it is located out of the airstream or conditioned space. Since air
can be considered to be a perfect gas, all the fan heat is added at the
fan and the conditioned air temperature will increase as it flows
through the fan. If the motor is in the airstream, its inefficiency will
add to fan heat.
The contribution of fan heat to temperature rise .t (!F) is computed
as follows:

.t 5 Q motor /1.08

ft 3/min

where Qmotor is obtained from data in Table 12.4.28.

(12.4.15)
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Sun time
A.M.
8

P.M.

10

12

2

4

D

L

D

L

D

L

D

L

24
8
1

8
0
%2

61
41
19

29
18
6

88
72
43

46
36
20

96
90
65

53
48
33

D

6
L

D

8
L

10

D

12

L

D

L

D

L

l

d

8
19
31

2
9
33

2
7
20

%3
1
18

%3
0
11

0.99
0.93
0.68

1
2
4

31
29
27

43
28
19

25
17
12

32
15
6

18
9
4

0.48
0.73
0.87

5
3
3

30
27

41
43

23
24

31
36

17
20

0.45
0.30

5
6

Light construction roofs exposed to sun
81
88
76

46
49
41

48
65
72

30
38
40

10
30
53

Medium construction roofs exposed to sun
6
2
1

1
%2
%3

13
23
28

4
9
11

28
49
59

12
23
28

45
70
82

22
36
43

58
79
88

30
43
48

63
71
74

34
40
42

56
49
44

Heavy construction roofs exposed to sun
7
15

2
7

15
17

6
7

30
25

13
11

46
36

23
17

58
46

30
23

61
51

33
27

54
50

Table 12.4.15 Descriptions of Wall Construction
Weight

U value

Group

Components

lb/ft

kg/m

Btu/(h ( ft ( !F)

W/(m2 ( K)

A

1 in (2.5 cm) stucco # 4 in (10 cm) l.w.
concrete block # air space
1 in (2.5 cm) stucco # air space # 2 in
(5 cm) insulation
1 in (2.5 cm) stucco # 4 in (10 cm) common
brick
1 in (2.5 cm) stucco # 4 in (10 cm) l.w.
concrete
4 in (10 cm) face brick # 4 in (10 cm) l.w.
concrete block # 1 in (2.5 cm) insulation
1 in (2.5 cm) stucco # 4 in (10 cm) h.w.
concrete # 2 in (5 cm) insulation
1 in (2.5 cm) stucco # 8 in (20 cm) l.w.
concrete block # 1 in (2.5 cm) insulation
1 in (2.5 cm) stucco # 2 in (5 cm)
insulation # 4 in (10 cm) h.w. concrete
block
4 in (10 cm) face brick # 3 in (10 cm) l.w.
concrete block
1 in (2.5 cm) stucco # 8 in (20 cm) h.w.
concrete block
4 in (10 cm) face brick # 4 in (10 cm)
common brick
4 in (10 cm) face brick # 2 in (5 cm)
insulation # 4 in (10 cm) l.w. concrete
block

28.6

139.63

0.267

1.516

16.3

79.58

0.106

0.601

55.9

272.90

0.393

2.232

62.5

305.13

0.481

2.731

62.5

305.13

0.158

0.897

62.9

307.08

0.114

0.647

41.4

202.11

0.141

0.801

36.6

178.68

0.111

0.630

62.2

303.66

0.333

1.891

56.6

276.32

0.349

1.982

89.5

436.94

0.360

2.044

62.5

305.13

0.103

0.585

B

C

D

E

F

2

2

2
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Table 12.4.16 Coefficients of Transmission U of Windows, Skylights, and Light Transmitting Partitions
These values are for heat transfer from air to air, Btu/(h ( ft2 ( !F).
Part A—Vertical panels (exterior windows, sliding patio doors, and partitions)
—flat glass, glass block, and plastic sheet

Part B—Horizontal panels (skylights)—flat glass, glass block, and plastic domes

Exterior a
Description

Winter

Summer

Exterior a

Flat glass
Single glass
Insulating glass—doublec
0.1875-in airspaced
0.25-in airspaced
0.5-in airspacee
0.5-in airspace, low-emittance
coating f
e = 0.20
e = 0.40
e = 0.60
Insulating glass—triplec
0.25-in airspacesd
0.5-in airspacesg
Storm windows
1-in to 4-in airspaced
Plastic sheet
Single glazed
0.125 in thick
0.25 in thick
0.5 in thick
Insulating unit—doublec
0.25-in airspaced
0.5-in airspacec
Glass blockh
6 " 6 " 4 in thick
8 " 8 " 4 in thick
—with cavity divider
12 " 12 " 4 in thick
—with cavity divider
12 " 12 " 2 in thick

a

Winter i

Summer j

Interior l

1.23

0.83

0.96

0.70
0.65
0.59

0.57
0.54
0.49

0.62
0.59
0.56

0.48
0.52
0.56

0.36
0.42
0.46

0.39
0.45
0.50

Glass blockh
11 " 11 " 3 in thick with cavity divider
12 " 12 " 4 in thick with cavity divider

0.53
0.51

0.35
0.34

0.44
0.42

Plastic domesk
Single-walled
Double-walled

1.15
0.70

0.80
0.46

—
—

Interior

b

Description
e

1.10

1.04

0.73

0.62
0.58
0.49

0.65
0.61
0.56

0.51
0.49
0.46

0.32
0.38
0.43

0.38
0.45
0.51

0.32
0.38
0.42

0.39
0.31

0.44
0.39

0.38
0.30

0.50

0.50

0.44

1.06
0.96
0.81

0.98
0.89
0.76

—
—
—

0.55
0.43

0.56
0.45

—
—

0.60
0.56
0.48
0.52
0.44
0.60

0.57
0.54
0.46
0.50
0.42
0.57

0.46
0.44
0.38
0.41
0.36
0.46

Flat glass
Single glass
Insulating glass—doublesc
0.1875-in airspaced
0.25-in airspaced
0.5-in airspacec
0.5-in airspace, low-emittance
coating f
e = 0.20
e = 0.40
e = 0.60

Part C—adjustment factors for various window and sliding patio door types
(multiply U values in parts A and B by these factors)

Description
Windows
All Glassl
Wood sash—80% glass
Wood sash—60% glass
Metal sash—80% glass
Sliding patio doors
Wood frame
Metal frame

Single
glass

Double
or
triple
glass

storm
windows

1.00
0.90
0.80
1.00

1.00
0.95
0.85
1.20m

1.00
0.90
0.80
1.20m

0.95
1.00

1.00
1.10m

—
—

See Part C for adjustment for various window and sliding patio door types.
Emittance of uncooled glass surface = 0.84.
Double and triple refer to the number of lights of glass.
d
0.125-in glass.
e
0.25-in glass.
f
Coating on either glass surface facing airspace; all other glass surfaces uncoated.
g
Window design: 0.25-in glass–0.125-in glass–0.25-in glass.
h
Dimensions are nominal.
i
For heat flow up.
J
For heat flow down.
k
Based on area of opening, not total surface area.
l
Refers to windows with negligible opaque area.
m
Values will be less than these when metal sash and frame incorporate thermal breaks. In some thermal break designs, U values will be equal to or less than those for the glass. Window manufacturers should be consulted for specific data.
SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1977, with permission.
b
c
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Table 12.4.17

Maximum Solar Heat Gain Factor (MSHGF), Btu/(h ft2), for Sunlit Glass
0!N Lat

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.

40!N Lat

N

NNE/
NNW

NE/
NW

ENE/
WNW

E/
W

ESE/
WSW

SE/
SW

SSE/
SSW

S

Hor.

34
36
38
71
113
129
115
75
40
37
35
34

34
39
87
134
164
173
164
134
84
40
35
34

88
132
170
193
203
206
201
187
163
129
88
71

177
205
223
224
218
212
213
216
213
199
175
164

234
245
242
221
201
191
195
212
231
236
230
226

254
247
223
184
154
140
149
175
213
238
250
253

235
210
170
118
80
66
77
112
163
202
230
240

182
141
87
38
37
37
38
39
84
135
179
196

118
67
38
37
37
37
38
38
40
66
117
138

296
306
303
284
265
255
260
276
293
299
293
288

N

NNE/
NNW

NE/
NW

ENE/
WNW

E/
W

ESE/
WSW

SE/
SW

SSE/
SSW

S

Hor.

32
34
37
44
74
90
77
47
38
35
33
31

32
34
67
117
146
155
145
117
66
35
33
31

71
114
156
184
198
200
195
179
149
112
71
55

163
193
215
221
220
217
215
214
205
187
161
149

224
239
241
225
209
200
204
216
230
231
220
215

250
248
230
195
167
141
162
186
219
239
245
246

242
219
184
134
97
82
93
128
176
211
233
247

203
165
110
53
39
39
40
51
107
160
200
215

162
110
55
39
38
39
39
41
56
108
160
179

275
294
300
289
277
269
272
282
290
288
273
265

N

NNE/
NNW

NE/
NW

ENE/
WNW

E/
W

ESE/
WSW

SE/
SW

SSE/
SSW

S

Hor.

30
33
35
39
52
66
55
41
36
33
30
29

30
33
53
99
132
142
132
100
50
33
30
29

55
96
140
172
189
194
187
168
134
95
55
41

147
180
205
215
218
217
214
209
196
174
145
132

210
231
239
227
215
207
210
219
227
223
206
198

244
247
235
204
179
167
174
196
224
237
241
241

251
233
197
150
115
99
111
143
191
225
247
254

223
188
138
77
45
41
44
74
134
183
220
233

199
154
93
45
41
41
42
46
93
150
196
212

248
275
291
289
282
277
277
282
282
270
246
234

N

NNE/
NNW

NE/
NW

ENE/
WNW

E/
W

ESE/
WSW

SE/
SW

SSE/
SSW

S

Hor.

27
30
34
37
43
55
45
38
35
31
27
26

27
30
45
88
117
127
116
87
42
31
27
26

41
80
124
159
178
184
176
156
119
79
42
29

128
165
195
209
214
214
210
203
185
159
126
112

190
220
234
228
218
212
213
220
222
211
187
180

240
244
237
212
190
179
185
204
225
237
236
234

253
243
214
169
132
117
129
162
206
235
249
247

241
213
168
107
67
55
65
103
163
207
237
247

227
192
137
75
46
43
46
72
134
187
224
237

214
249
275
283
282
279
278
277
266
244
213
199

N

NNE/
NNW

NE/
NW

ENE/
WNW

E/
W

ESE/
WSW

SE/
SW

SSE/
SSW

S

Hor.

24
27
32
36
38
44
40
37
33
28
24
22

24
27
37
80
111
122
111
79
35
28
24
22

29
65
107
146
170
176
167
141
103
63
29
22

105
149
183
200
208
208
204
195
173
143
103
84

175
205
227
227
220
214
215
219
215
195
173
162

229
242
237
219
199
189
194
210
227
234
225
218

249
248
227
187
155
139
150
181
218
239
245
246

250
232
195
141
99
83
96
136
189
225
246
252

246
221
176
115
74
60
72
111
171
215
243
252

176
217
252
271
277
276
273
265
244
213
175
158

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.

N
(Shade)

NNE/
NNW

NE/
NW

ENE/
WNW

E/
W

ESE/
WSW

SE/
SW

SSE/
SSW

S

Hor.

20
24
29
34
37
48
38
35
30
25
20
18

20
24
29
71
102
113
102
71
30
25
20
18

20
50
93
140
165
172
163
135
87
49
30
18

74
129
169
190
202
205
198
185
160
123
71
60

154
186
218
224
220
216
216
216
203
180
151
135

205
234
238
223
208
199
203
214
227
225
201
188

241
246
236
203
175
161
170
196
226
238
237
232

252
244
216
170
133
116
129
165
209
236
248
249

254
241
206
154
113
95
109
149
200
234
250
253

133
180
223
252
265
267
262
247
215
177
132
113

N
(Shade)

NNE/
NNW

NE/
NW

ENE/
WNW

E/
W

ESE/
WSW

SE/
SW

SSE/
SSW

S

Hor.

15
20
26
31
35
46
37
33
27
21
15
13

15
20
26
61
97
110
96
61
27
21
15
13

15
36
80
132
158
165
156
128
72
35
15
13

53
103
154
180
200
204
196
174
144
96
52
36

118
168
204
219
218
215
214
211
191
161
115
91

175
216
234
225
214
206
209
216
223
207
172
156

216
242
239
215
192
180
187
208
228
213
212
195

239
249
232
194
163
148
158
188
223
241
234
225

245
250
228
186
150
134
146
180
230
242
240
233

85
138
188
226
247
252
244
223
182
136
85
65

N
(Shade)

NNE/
NNW

NE/
NW

ENE/
WNW

E/
W

ESE/
WSW

SE/
SW

SSE/
SSW

S

Hor.

10
16
22
28
36
53
37
30
23
16
10
7

10
16
22
58
99
111
98
56
23
16
10
7

10
21
65
123
149
160
147
119
58
20
10
7

21
71
136
173
195
199
192
165
126
68
21
7

74
139
185
211
215
213
211
203
171
132
72
47

126
184
224
223
218
213
214
216
211
176
122
92

169
223
238
223
206
196
201
215
227
213
165
135

194
239
241
213
187
174
183
206
230
229
190
159

205
244
241
210
181
168
177
203
231
234
200
171

40
91
149
195
222
231
221
193
144
91
40
23

N
(Shade)

NNE/
NNW

NE/
NW

ENE/
WNW

E/
W

ESE/
WSW

SE/
SW

SSE/
SSW

S

Hor.

7
13
20
27
43
58
44
28
21
14
7
4

7
13
20
59
98
110
97
57
21
14
7
4

7
13
56
118
149
162
147
114
50
14
7
4

7
58
125
168
192
197
189
161
145
56
7
4

46
118
173
206
212
213
208
199
160
111
45
16

88
168
215
222
220
215
215
214
202
159
86
51

130
204
234
225
211
202
206
217
222
193
127
76

152
225
241
220
198
186
193
213
229
215
148
100

164
231
242
218
194
181
190
211
231
221
160
107

21
68
128
178
208
217
207
176
123
67
22
9

N
(Shade)

NNE/
NNW

NE/
NW

ENE/
WNW

E/
W

ESE/
WSW

SE/
SW

SSE/
SSW

S

Hor.

3
11
18
25
48
62
49
27
19
11
4
0

3
11
18
59
97
114
96
58
19
11
4
0

3
11
47
113
150
162
148
109
43
11
4
0

3
43
113
163
189
193
186
157
103
40
4
0

15
89
159
201
211
213
207
193
148
83
15
1

45
144
203
219
220
216
215
211
189
135
44
5

67
177
226
225
215
208
211
217
213
167
66
11

89
202
236
225
207
196
202
217
224
191
87
14

96
210
239
224
204
193
200
217
227
199
93
15

8
45
105
160
192
203
192
159
101
46
8
1

8!N Lat

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.

48!/ Lat

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.

16!N Lat

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.

56!N Lat

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.

24!N Lat

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.

60!N Lat

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.

32!N Lat

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.
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64!N Lat

SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1989, with permission.

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.
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0100

0.00
0.03
0.10
0.00
0.01
0.03
0.00
0.01
0.03
0.00
0.01
0.04
0.00
0.01
0.05
0.00
0.02
0.07
0.00
0.02
0.06
0.00
0.02
0.06
0.00
0.02
0.07

Room
mass

L
M
H
L
M
H
L
M
H
L
M
H
L
M
H
L
M
H
L
M
H
L
M
H
L
M
H

0.00
0.02
0.09
0.00
0.01
0.03
0.00
0.01
0.03
0.00
0.01
0.04
0.00
0.01
0.05
0.00
0.02
0.06
0.00
0.02
0.06
0.00
0.02
0.05
0.00
0.02
0.06

0200

0.00
0.02
0.08
0.00
0.00
0.03
0.00
0.00
0.03
0.00
0.01
0.03
0.00
0.01
0.04
0.00
0.01
0.05
0.00
0.01
0.05
0.00
0.01
0.05
0.00
0.01
0.05

0300
0.00
0.02
0.07
0.00
0.00
0.02
0.00
0.00
0.02
0.00
0.00
0.03
0.00
0.01
0.04
0.00
0.01
0.05
0.00
0.01
0.04
0.00
0.00
0.04
0.00
0.01
0.05

0400
0.01
0.02
0.07
0.01
0.01
0.03
0.00
0.01
0.02
0.00
0.01
0.03
0.00
0.01
0.03
0.00
0.01
0.04
0.00
0.01
0.04
0.00
0.01
0.04
0.00
0.01
0.04

0500
0.64
0.64
0.62
0.51
0.50
0.47
0.42
0.41
0.39
0.27
0.26
0.26
0.07
0.07
0.09
0.04
0.05
0.07
0.03
0.04
0.06
0.04
0.05
0.07
0.08
0.08
0.11

0600
0.73
0.69
0.64
0.83
0.78
0.71
0.76
0.72
0.66
0.58
0.55
0.51
0.15
0.14
0.15
0.09
0.09
0.11
0.07
0.07
0.09
0.09
0.10
0.11
0.25
0.24
0.25

0700
0.74
0.69
0.64
0.88
0.82
0.72
0.91
0.86
0.76
0.81
0.77
0.69
0.23
0.22
0.21
0.13
0.13
0.14
0.10
0.10
0.11
0.14
0.13
0.14
0.45
0.43
0.41

0800
0.81
0.77
0.71
0.72
0.67
0.59
0.90
0.84
0.74
0.93
0.88
0.78
0.39
0.38
0.35
0.16
0.16
0.16
0.13
0.13
0.13
0.17
0.17
0.17
0.64
0.60
0.56

0900
0.88
0.84
0.77
0.47
0.44
0.40
0.75
0.71
0.63
0.93
0.87
0.78
0.62
0.59
0.54
0.19
0.19
0.18
0.15
0.14
0.15
0.20
0.19
0.19
0.80
0.75
0.68

1000
0.95
0.91
0.83
0.33
0.32
0.30
0.51
0.48
0.43
0.81
0.76
0.68
0.82
0.78
0.70
0.23
0.22
0.21
0.16
0.16
0.16
0.22
0.21
0.20
0.91
0.86
0.77

1100
0.98
0.94
0.87
0.27
0.28
0.27
0.30
0.30
0.29
0.59
0.56
0.51
0.94
0.88
0.79
0.39
0.38
0.35
0.18
0.17
0.17
0.23
0.22
0.21
0.97
0.92
0.83

1200
0.98
0.95
0.88
0.24
0.26
0.26
0.22
0.24
0.24
0.37
0.37
0.35
0.93
0.88
0.79
0.62
0.60
0.55
0.31
0.30
0.28
0.24
0.23
0.22
0.97
0.92
0.83

1300

Solar time

0.94
0.91
0.85
0.23
0.24
0.25
0.18
0.21
0.22
0.27
0.29
0.29
0.80
0.76
0.69
0.82
0.78
0.71
0.55
0.53
0.49
0.31
0.30
0.28
0.91
0.87
0.80

1400
0.88
0.86
0.81
0.20
0.22
0.23
0.16
0.18
0.20
0.21
0.24
0.25
0.59
0.57
0.52
0.94
0.89
0.80
0.78
0.74
0.67
0.53
0.52
0.48
0.80
0.77
0.71

1500
0.79
0.79
0.75
0.18
0.19
0.20
0.13
0.16
0.18
0.18
0.20
0.22
0.38
0.38
0.37
0.94
0.89
0.79
0.92
0.87
0.78
0.78
0.75
0.68
0.64
0.63
0.59

1600

Cooling Load Factors (CLFs) for Glass without Interior Shading, in North Latitude Spaces Having Carpeted Floors

Values for nominal 15 ft " 15 ft " 10 ft high space, with ceiling, and 50% or less glass in exposed surface at listed orientation.
L lightweight construction.
M mediumweight construction.
H heavyweight construction.
SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1989, with permission.

Hor.

NW

W

SW

S

SE

E

NE

N

Dir.

Table 12.4.18

0.79
0.79
0.76
0.14
0.15
0.17
0.11
0.13
0.15
0.14
0.16
0.19
0.26
0.28
0.29
0.81
0.77
0.69
0.93
0.88
0.79
0.92
0.88
0.79
0.44
0.45
0.44

1700
0.55
0.56
0.55
0.09
0.11
0.13
0.07
0.09
0.12
0.09
0.11
0.15
0.16
0.18
0.21
0.54
0.52
0.48
0.73
0.69
0.62
0.81
0.77
0.69
0.23
0.26
0.28

1800
0.31
0.32
0.34
0.03
0.05
0.08
0.02
0.04
0.08
0.03
0.05
0.09
0.06
0.09
0.13
0.19
0.20
0.20
0.25
0.24
0.23
0.28
0.26
0.23
0.08
0.12
0.17

1900

0.12
0.16
0.22
0.01
0.03
0.06
0.01
0.03
0.06
0.01
0.04
0.08
0.02
0.06
0.10
0.07
0.10
0.14
0.10
0.12
0.14
0.10
0.12
0.14
0.03
0.07
0.13

2000

0.04
0.10
0.17
0.00
0.02
0.05
0.00
0.02
0.05
0.00
0.03
0.07
0.01
0.04
0.09
0.03
0.07
0.11
0.04
0.07
0.11
0.04
0.07
0.10
0.01
0.05
0.11

2100

0.02
0.07
0.15
0.00
0.02
0.05
0.00
0.01
0.05
0.00
0.02
0.06
0.00
0.03
0.08
0.01
0.05
0.10
0.01
0.05
0.09
0.02
0.05
0.09
0.00
0.04
0.10

2200

0.01
0.05
0.13
0.00
0.01
0.04
0.00
0.01
0.04
0.00
0.02
0.05
0.00
0.02
0.07
0.00
0.04
0.08
0.01
0.04
0.08
0.01
0.04
0.08
0.00
0.03
0.09

2300

0.00
0.04
0.11
0.00
0.01
0.04
0.00
0.01
0.04
0.00
0.01
0.05
0.00
0.02
0.06
0.00
0.03
0.07
0.00
0.03
0.07
0.00
0.03
0.07
0.00
0.02
0.08

2400
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0100

0.00
0.12
0.24
0.00
0.03
0.08
0.00
0.03
0.08
0.00
0.04
0.10
0.00
0.05
0.13
0.00
0.08
0.15
0.00
0.08
0.14
0.00
0.08
0.13
0.00
0.07
0.16

L
M
H
L
M
H
L
M
H
L
M
H
L
M
H
L
M
H
L
M
H
L
M
H
L
M
H

0.00
0.09
0.21
0.00
0.02
0.07
0.00
0.02
0.08
0.00
0.03
0.09
0.00
0.04
0.12
0.00
0.07
0.14
0.00
0.07
0.13
0.00
0.06
0.12
0.00
0.06
0.15

0200

0.00
0.07
0.19
0.00
0.02
0.07
0.00
0.02
0.07
0.00
0.02
0.08
0.00
0.04
0.10
0.00
0.05
0.12
0.00
0.05
0.12
0.00
0.05
0.11
0.00
0.05
0.13

0300
0.00
0.06
0.18
0.00
0.02
0.06
0.00
0.02
0.06
0.00
0.02
0.08
0.00
0.03
0.09
0.00
0.04
0.11
0.00
0.04
0.11
0.00
0.04
0.10
0.00
0.04
0.12

0400
0.01
0.05
0.16
0.01
0.02
0.06
0.00
0.01
0.06
0.00
0.02
0.07
0.00
0.02
0.09
0.00
0.03
0.10
0.00
0.04
0.10
0.00
0.03
0.09
0.00
0.03
0.11

0500
0.64
0.33
0.43
0.51
0.24
0.27
0.42
0.20
0.24
0.27
0.13
0.18
0.07
0.05
0.11
0.04
0.05
0.11
0.03
0.04
0.10
0.04
0.05
0.10
0.08
0.06
0.13

0600
0.73
0.45
0.48
0.83
0.45
0.43
0.76
0.41
0.40
0.58
0.31
0.32
0.15
0.09
0.14
0.09
0.07
0.12
0.07
0.06
0.11
0.09
0.07
0.12
0.25
0.14
0.20

0700
0.74
0.53
0.51
0.88
0.57
0.49
0.91
0.57
0.50
0.81
0.48
0.45
0.23
0.14
0.17
0.13
0.09
0.14
0.10
0.08
0.12
0.14
0.10
0.13
0.45
0.26
0.29

0800
0.81
0.61
0.56
0.72
0.58
0.45
0.90
0.65
0.53
0.93
0.62
0.53
0.39
0.24
0.25
0.16
0.12
0.15
0.13
0.10
0.13
0.17
0.13
0.15
0.64
0.40
0.39

0900
0.88
0.69
0.61
0.47
0.49
0.37
0.75
0.64
0.50
0.93
0.69
0.56
0.62
0.38
0.36
0.19
0.15
0.17
0.15
0.12
0.14
0.20
0.15
0.16
0.80
0.53
0.48

1000
0.95
0.76
0.66
0.33
0.41
0.32
0.51
0.55
0.41
0.81
0.69
0.54
0.82
0.53
0.47
0.23
0.17
0.18
0.16
0.13
0.15
0.22
0.17
0.17
0.91
0.64
0.56

1100
0.98
0.82
0.71
0.27
0.36
0.29
0.30
0.44
0.33
0.59
0.61
0.47
0.94
0.65
0.55
0.39
0.26
0.26
0.18
0.15
0.16
0.23
0.19
0.18
0.97
0.73
0.61

1200

Values for nominal 15 ft " 15 ft " 10 ft high space, with ceiling, and 50% or less glass in exposed surface at listed orientation.
L lightweight construction.
M mediumweight construction .
H heavyweight construction.
SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1989, with permission.

Hor.

NW

W

SW

S

SE

E

NE

N

Dir.
0.98
0.85
0.73
0.24
0.32
0.28
0.22
0.36
0.30
0.37
0.50
0.39
0.93
0.72
0.58
0.62
0.40
0.37
0.31
0.21
0.21
0.24
0.20
0.19
0.97
0.78
0.65

1300

Solar time

0.94
0.86
0.74
0.23
0.29
0.27
0.18
0.31
0.28
0.27
0.41
0.35
0.80
0.71
0.56
0.82
0.54
0.48
0.55
0.35
0.33
0.31
0.24
0.23
0.91
0.80
0.65

1400
0.88
0.85
0.73
0.20
0.27
0.26
0.16
0.26
0.26
0.21
0.35
0.32
0.59
0.63
0.49
0.94
0.66
0.56
0.78
0.50
0.45
0.53
0.36
0.33
0.80
0.77
0.63

1500
0.79
0.81
0.71
0.18
0.24
0.24
0.13
0.23
0.24
0.18
0.30
0.29
0.38
0.52
0.41
0.94
0.73
0.59
0.92
0.63
0.54
0.78
0.51
0.46
0.64
0.70
0.57

1600
0.79
0.80
0.71
0.14
0.21
0.22
0.11
0.19
0.22
0.14
0.25
0.26
0.26
0.42
0.36
0.81
0.72
0.57
0.93
0.71
0.58
0.92
0.64
0.55
0.44
0.59
0.49

1700

Cooling Load Factors (CLFs) for Glass without Interior Shading, in North Latitude Spaces Having Uncarpeted Floors

Room
mass

Table 12.4.19

0.55
0.70
0.62
0.09
0.17
0.19
0.07
0.16
0.19
0.09
0.20
0.23
0.16
0.33
0.30
0.54
0.61
0.47
0.73
0.67
0.52
0.81
0.66
0.53
0.23
0.45
0.40

1800
0.31
0.60
0.52
0.03
0.13
0.16
0.02
0.12
0.16
0.03
0.15
0.19
0.06
0.24
0.25
0.19
0.43
0.33
0.25
0.46
0.33
0.28
0.46
0.33
0.08
0.33
0.32

1900

0.12
0.43
0.42
0.01
0.10
0.14
0.01
0.09
0.14
0.01
0.12
0.17
0.02
0.18
0.21
0.07
0.31
0.27
0.10
0.33
0.26
0.10
0.32
0.25
0.03
0.24
0.28

2000

0.04
0.32
0.36
0.00
0.07
0.12
0.00
0.07
0.13
0.00
0.09
0.15
0.01
0.14
0.19
0.03
0.23
0.23
0.04
0.24
0.22
0.04
0.23
0.21
0.01
0.19
0.25

2100

0.02
0.24
0.32
0.00
0.06
0.11
0.00
0.06
0.11
0.00
0.07
0.14
0.00
0.11
0.17
0.01
0.17
0.21
0.01
0.18
0.19
0.02
0.17
0.18
0.00
0.14
0.22

2200

0.01
0.19
0.29
0.00
0.05
0.10
0.00
0.04
0.10
0.00
0.06
0.12
0.00
0.09
0.16
0.00
0.13
0.19
0.01
0.14
0.18
0.01
0.13
0.16
0.00
0.11
0.20

2300

0.00
0.15
0.26
0.00
0.04
0.09
0.00
0.04
0.09
0.00
0.05
0.11
0.00
0.07
0.14
0.00
0.10
0.17
0.00
0.11
0.16
0.00
0.10
0.15
0.00
0.09
0.18

2400
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0.08
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06

N
NNE
NE
ENE
E
ESE
SE
SSE
S
SSW
SW
WSW
W
WNW
NW
NNW
Hor.

0.07
0.03
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.04
0.05
0.05
0.05
0.05
0.04
0.05
0.05

0200

0.06
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

0300

0.06
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.04
0.04
0.03
0.03
0.03
0.04

0400
0.07
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

0500
0.73
0.64
0.56
0.52
0.47
0.41
0.30
0.12
0.09
0.09
0.07
0.07
0.06
0.07
0.07
0.11
0.12

0600
0.66
0.77
0.76
0.76
0.72
0.67
0.57
0.31
0.16
0.14
0.11
0.10
0.09
0.10
0.11
0.17
0.27

0700
0.65
0.62
0.74
0.80
0.80
0.79
0.74
0.54
0.23
0.18
0.14
0.12
0.11
0.12
0.14
0.22
0.44

0800
0.73
0.42
0.58
0.71
0.76
0.80
0.81
0.72
0.38
0.22
0.16
0.14
0.13
0.14
0.17
0.26
0.59

0900
0.80
0.37
0.37
0.52
0.62
0.72
0.79
0.81
0.58
0.27
0.19
0.16
0.15
0.16
0.19
0.30
0.72

1000
0.86
0.37
0.29
0.31
0.41
0.54
0.68
0.81
0.75
0.43
0.22
0.17
0.16
0.17
0.20
0.32
0.81

1100
0.89
0.37
0.27
0.26
0.27
0.34
0.49
0.71
0.83
0.63
0.38
0.23
0.17
0.18
0.21
0.33
0.85

1200
0.89
0.36
0.26
0.24
0.24
0.27
0.33
0.54
0.80
0.78
0.59
0.44
0.31
0.22
0.22
0.34
0.85

1300

Solar time

0.86
0.35
0.24
0.22
0.22
0.24
0.28
0.38
0.68
0.84
0.75
0.64
0.53
0.43
0.30
0.34
0.81

1400
0.82
0.32
0.22
0.20
0.20
0.21
0.25
0.32
0.50
0.80
0.83
0.78
0.72
0.65
0.52
0.39
0.71

1500

Cooling Load Factors (CLFs) for Glass with Interior Shading, North Latitudes (All Room Constructions)

SOURCE: Abstracted from ASHRAE “Handbook or Fundamentals,” 1989, with permission.

0100

Fenestration
facing

Table 12.4.20

0.75
0.28
0.20
0.18
0.17
0.19
0.22
0.27
0.35
0.66
0.81
0.84
0.82
0.80
0.73
0.61
0.58

1600
0.78
0.23
0.16
0.15
0.14
0.15
0.18
0.22
0.27
0.46
0.69
0.78
0.81
0.84
0.82
0.82
0.42

1700

0.91
0.17
0.12
0.11
0.11
0.12
0.13
0.16
0.19
0.25
0.45
0.55
0.61
0.66
0.69
0.76
0.25

1800

0.24
0.08
0.06
0.06
0.06
0.07
0.08
0.09
0.11
0.13
0.16
0.16
0.16
0.16
0.16
0.17
0.14

1900

0.18
0.07
0.05
0.05
0.05
0.06
0.07
0.08
0.09
0.11
0.12
0.12
0.12
0.12
0.12
0.12
0.12

2000

0.15
0.06
0.04
0.04
0.05
0.05
0.06
0.07
0.08
0.09
0.10
0.10
0.10
0.10
0.10
0.10
0.10

2100

0.13
0.05
0.04
0.04
0.04
0.04
0.05
0.06
0.07
0.08
0.09
0.09
0.08
0.08
0.08
0.08
0.08

2200

0.11
0.04
0.03
0.03
0.03
0.04
0.04
0.05
0.06
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07

2300

0.10
0.04
0.03
0.03
0.03
0.03
0.04
0.04
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

2400

AIR CONDITIONING
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Table 12.4.21 Shading Coefficients for Single Glass and Insulating Glass*
Single glass

Type of glass
Regular sheet
Regular plate/float

Gray sheet

Heat-absorbing
plate/float§

Nominal
thickness,†
in (mm)
3

Shading coefficient
Solar trans.†

1

⁄32, ⁄8 (2, 3)
1
⁄4 (6)
3
⁄8 (9)
1
⁄2 (12)
1
⁄8 (3)
3
⁄16 (5)
7
⁄32 (6)
7
⁄32 (6)
1
⁄4
3
⁄16 (5)
1
⁄4 (6)
3
⁄8 (9)
1
⁄2 (12)

4.0

b0

0.87
0.80
0.75
0.71
0.59
0.74
0.45
0.71
0.67
0.52
0.47
0.33
0.24

3.0

b0

1.00
0.95
0.91
0.88
0.78
0.90
0.66
0.88
0.86
0.72
0.70
0.56
0.50

1.00
0.97
0.93
0.91
0.80
0.92
0.70
0.90
0.88
0.75
0.74
0.61
0.57

Insulating glass*

Type of glass
Regular sheet out, regular
sheet in
Regular plate/float out, regular
plate/float in
Heat-absorbing plate/float out,
regular plate/float in

Nominal
thickness,‡
in (mm)

Solar trans.†

Shading coefficient

Outer
pane

Inner
pane

0.87

0.87

0.90

0.90

1

0.80

0.80

0.83

0.83

1

0.46

0.80

0.56

0.58

3

⁄32, 1⁄8 (2, 3)
⁄4 (6)

⁄4 (6)

b0

4.0

3.0

b0

* Refers to factory-fabricated units with 3⁄16 (5), 1⁄4 (6), or 1⁄2 (12) in (mm) airspace or to prime windows plus storm windows.
† Refer to manufacturer’s literature for values.
‡ Thickness of each pane of glass, not thickness of assembled unit.
§ Refers to gray-, bronze-, and green-tinted heat-absorbing plate/float glass.
SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1993, with permission.

Table 12.4.22

Shading Coefficients for Single Glass with Indoor Shading by Venetian Blinds and Roller Shades
Type of shading
Venetian blinds

Type of glass

Nominal
thickness,* in
(mm)
3

Regular sheet
Regular plate/float
Regular pattern
Heat-absorbing pattern
Gray sheet

⁄32–1⁄4 (2–6)
1
⁄4–1⁄2 (6–12)
1
⁄8–9⁄32 (3–7)
1
⁄8 (3)
3
⁄16, 7⁄32 (5, 6)

Heat-absorbing plate/float‡
Heat-absorbing pattern
Gray sheet

3

Heat-absorbing plate/float
or pattern
Heat-absorbing plate/float‡
Heat-absorbing plate
or pattern
Reflective coated glass
SC§ 0.30
0.40
0.50
0.60

3
1

1

⁄16, ⁄4 (5, 6)
⁄16, 1⁄4 (5, 6)
⁄8, 7⁄32 (3, 5)

⁄8 (10)

Translucent

Solar
trans.†

Medium

Light

Dark

White

Light

0.87–0.80
0.80–0.71
0.87–0.79

0.64

0.55

0.59

0.25

0.39

0.57

0.53

0.45

0.30

0.36

0.54

0.52

0.40

0.28

0.32

0.42

0.40

0.36

0.28

0.31

0.25
0.33
0.42
0.50

0.23
0.29
0.38
0.44

0.74, 0.71
0.46
0.59, 0.45
0.44–0.30

3

Roller shade
Opaque

0.34
0.29–0.15
0.24

* Refer to manufacturer’s literature for values.
† For vertical blinds with opaque white and beige louvers in the tightly closed position. SC is 0.25 and 0.29 when used with glass of 0.71 to 0.80 transmittance.
‡ Refers to gray-, bronze-, and green-tinted heat-absorbing plate/float glass.
§ Shading coefficient for glass with no shading device.
SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1993, with permission.
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Table 12.4.23 Shading Coefficients for Insulating Glass* with Indoor Shading by Venetian Blinds
and Roller Shades
Type of shading
Nominal
thickness,
each light
in (mm)

Type of glass
Regular sheet out,
regular sheet in
Regular plate/float out,
Regular plate/float in
Heat absorbing plate/float§
out, regular plate/float in

3

Roller shade
Solar trans†
Outer
pane

Inner
pane

0.87

0.87

⁄32, 1⁄8 (2, 3)
1
⁄4 (6)

0.80

Venetian blinds‡

Opaque

Translucent

Medium

Light

Dark

White

Light

0.57

0.51

0.60

0.25

0.37

0.39

0.36

0.40

0.22

0.30

0.19
0.27
0.34

0.18
0.26
0.33

0.80
1

⁄4 (6)

0.46

0.80

Reflective coated glass
SC¶ 0.20
0.30
0.40

* Refers to factors-fabricated units with 3⁄16 (2), 1⁄4 (3), or 1⁄2 (12), in (mm) airspace, or to prime windows plus storm windows.
† Refer to manufacturer’s literature for exact values.
‡ For vertical blinds with opaque white or beige louvers, tightly closed, SC is approximately the same as for opaque white roller shades.
§ Refers to bronze- or green-tinted heat-absorbing plate/flat glass.
¶ Shading coefficient for glass with no shading device.
SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1993, with permission.

Table 12.4.24 Shading Coefficients for Double Glazing with Between-Glass Shading
Type of shading

Type of glass
Regular sheet out,
regular sheet in
Regular plate out,
regular plate in
Heat-absorbing,
plate/float† out,
Regular plate in

3

Solar trans.*

Nominal
thickness,
each pane

Outer
pane

Inner
pane

⁄32, 1⁄8 (2, 3)

0.87

0.87

1

⁄4 (6)

0.80

0.80

1

⁄4 (6)

0.46

0.80

Venetian blinds
Description of airspace

Light

Medium

Louvered
sun screen

Shade in contact with glass or shade
separated from glass by airspace
Shade in contact with glass voidfilled with plastic

0.33

0.36

0.43

Shade in contact with glass or shade
separated from glass by airspace
Shade in contact with glass voids
filled with plastic

0.28

0.49
0.30

0.37
0.41

* Refer to manufacturer’s literature for exact values.
† Refers to gray-, bronze-, and green-tinted heat-absorbing plate/float glass.
SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1993, with permission.

Table 12.4.25 Rates of Heat Gain from Occupants of Conditioned Spaces*†

Degree of activity

Typical application

Total heat
adult male,
Btu/h

Seated at theater
Seated at theater
Seated, very light work
Moderately active office work
Standing, light work; walking
Walking; standing
Sedentary work
Light bench work
Moderate dancing
Walking 3 mi/h; light machine work
Bowling¶
Heavy work
Heavy machine work; lifting
Athletics

Theater—Matinee
Theater—Evening
Offices, hotels, apartments
Offices, hotels, apartments
Department store, retail store
Drug store, bank
Restaurant§
Factory
Dance hall
Factory
Bowling alley
Factory
Factory
Gymnasium

390
390
450
475
550
550
490
800
900
1,000
1,500
1,500
1,600
2,000

Total heat
adjusted,‡
Btu/h

Sensible heat,
Btu/h

Latent heat,
Btu/h

330
350
400
450
450
500
550
750
850
1,000
1,450
1,450
1,600
1,800

225
245
245
250
250
250
275
275
305
375
580
580
635
710

105
105
155
200
200
250
275
475
545
625
870
870
965
1,090

* Tabulated values are based on 75!F room dry-bulb temperature. For 80!F room dry-bulb, the total heat remains the same, but the sensible heat values should be decreased by
approximately 20%, and the latent heat values increased accordingly.
† All values are rounded to nearest 5 Btu/h.
‡ Adjusted heat gain is based on normal percentage of men, women, and children for the application listed, with the postulate that the gain from an adult female is 85% of that
for an adult male, and that the gain from a child is 75% of that for an adult male.
§ Adjusted total heat gain for Sedentary work, Restaurant, includes 60 Btu/h for food per individual (30 Btu/h sensible and 30 Btu/h latent).
¶ For Bowling, figure one person per alley actually bowling, and all others as sitting (400 Btu/h) or standing and walking slowly (550 Btu/h).
SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1989, with permission.
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Table 12.4.26 Rate of Heat Gain from Selected Office Equipment
Appliance
Cheek processing workstation
Computer devices
Card puncher
Card reader
Communication /transmission
Disk drives/mass storage
Magnetic ink reader
Microcomputer
Minicomputer
Optical reader
Plotters
Printers
Letter quality
Line, high speed
Line, low speed
Tape drives
Terminal
Copiers/Duplicators
Blue print
Copiers (large)
Copiers (small)
Feeder
Microfilm printer
Sorter/collator
Electronic equipment
Cassette recorders/players
Receiver/tuner
Signal analyzer
Mail processing
Folding machine
Inserting machine
Labeling machine
Postage meter
Word processors/typewriters
Letter-quality printer
Phototypesetter
Typewriter
Word processor
Vending machines
Cigarette
Cold food/beverage
Hot beverage
Snack
Miscellaneous
Bar-code printer
Cash register
Coffee maker
Microfiche reader
Microfilm reader
Microfilm reader/printer
Microwave oven
Paper shredder
Water cooler

Size
12 pockets

16 to 640 Kbyte*

30 to 45 char/min
5,000 or more lines/min
300 to 600 lines/min

30 to 67* copies/min
6 to 30* copies/min

3,600 to 6,800 pieces/h
1,500 to 30,000 pieces/h

30 to 45 char/min

10 cups

1 ft3
32 qt/h

Maximum input
rating, Btu/h

Standby input
rating, Btu/h

Recommended rate
of heat gain, Btu/h

16,400

8,410

8,410

2,730 to 6,140
7,510
6,140 to 15,700
3,410 to 34,100
3,280 to 16,000
340 to 2,050
7,500 to 15,000
10,240 to 20,470
256

2,200 to 4,800
5,200
5,600 to 9,600
3,412 to 22,420
2,600 to 14,400
300 to 1,800
7,500 to 15,000
8,000 to 17,000
128

2,200 to 4,800
5,200
5,600 to 9,600
3,412 to 22,420
2,600 to 14,400
300 to 1,800
7,500 to 15,000
8,000 to 17,000
214

1,200
4,300 to 18,100
1,540
4,090 to 22,200
310 to 680

600
2,160 to 9,040
770
3,500 to 15,000
270 to 600

1,000
2,500 to 13,000
1,280
3,500 to 15,000
270 to 600

3,930 to 42,700
5,800 to 22,500
1,570 to 5,800
100
1,540
200 to 2,050

1,710 to 17,100
3,070
1,020 to 3,070
—
—
—

3,930 to 42,700
5,800 to 22,500
1,570 to 5,800
100
1,540
200 to 2,050

200
340
90 to 2,220

—
—
—

200
340
90 to 2,220

430
2,050 to 1,300
2,050 to 22,500
780

—
—
—
—

270
1,330 to 7,340
1,330 to 14,700
510

—
—
—

1,000
5,180
230
300 to 1,800

1,200
5,890
270
340 to 2,050

600

250
3,920 to 6,550
5,890
820 to 940

51 to 85
—
—
—

250
1,960 to 3,280
2,940
820 to 940

1,500
200
5,120

—
—
—

290
1,770
3,920
2,050
850 to 10,240
2,390

—
—
—
—
—
—

1,260
160
3,580 sensible
1,540 latent
290
1,770
3,920
1,360
680 to 8,250
5,970

* Input is not proportional to capacity.
SOURCE: Abstracted from ASHRAE “Handbook of Fundamentals,” 1993, with permission.

Heat transfer to the distribution duct depends on the duct area
exposed, the amount of insulation on the duct, and the temperature differential between the air in the duct and the surroundings.
Outside Air

Outside air loads depend on the amount of outside air intake and its
condition. Table 12.4.3 shows recommended outdoor air ventilation
rates for different occupancies. Tables 12.4.4 and 12.4.5 can be used to
determine the quantity of outside air that will infiltrate because of wind
effects. In all cases, sufficient outside air should be provided to balance

mechanical exhaust systems.
Q outside air 5 qsensible 1 qlatent
Btu/h sWd
5 AUst o 2 t id ft 3/min
1 0.68sMo 2 Mid ft3/min
Btu/h

(12.4.16a)

where Mo outside moisture content at design wet bulb, !F, gr/lb; and
Mi inside moisture content at design relative humidity, gr/lb. A comparable equation in SI units is
Q outside air 5 1.2st or 2 t ri d m3/s
1 42.6sM ro 2 M ri d m3/s

kW

(12.4.16b)
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Table 12.4.27 Heat Gain from Restaurant Appliances
Not hooded,* gas burning and steam heated.

Appliance

Type
of
control

Miscellaneous data

Manufacturer’s
max. rating,
Btu/h

Recommended heat gain from
average use
Maintaining
rate, Btu/h

Sensible heat,
Btu/h

Latent heat,
Btu/h

Total heat,
Btu/h

Gas burning
Coffee brewer
Warmer, 1⁄2 gal

1⁄2

gal

Man.
Man.

Combination brewer and warmer

3,400
500

500

1,350
400
7,200

1,800

9,000

3,200

3,900

2,900

2,900

5,800
5,000

4 brewers and 41⁄2-gal tank

Coffee brewer unit with tank

350
100

1,700
500

Coffee urn, 3 gal

Auto.

Black finish

Coffee urn, 3 gal

Auto.

Nickel plated

3,400

2,500

2,500

Coffee urn, 5 gal

Auto.

Nickel plated

4,700

3,900

3,900

7,800

Food warmer, values per sq. ft top surface

Man.

Water bath type

900

850

450

1,300

Fry kettle, 15 lb fat

Auto.

Frying area 10 " 10

14,250

3,000

4,200

2,800

7,000

Fry kettle, 28 lb fat

Auto.

Frying area 11 " 16

24,000

4,500

7,200

4,800

12,000

Grill, Broil-O-Grill
Top burner
Bottom burner

Man.

Insulated
22,000 Btu/h
15,500 Btu/h

37,000

14,400

3,600

18,000

Stoves, short order—closed top; values per
sq ft top surface

Man.

Ring-type burners 12,000 to 22,000 Btu each

14,000

4,200

4,200

8,400

Stoves, short order—closed top; values per
sq ft top surface

Man.

Ring-type burners 10,000 to 12,000 Btu each

11,000

3,300

3,300

6,600

Toaster, continuous

Auto.

2 slices wide, 360 slices/h

12,000

7,700

3,300

11,000

2,000

10,000

Steam heated
Coffee urn, 3 gal
3 gal
5 gal

Auto.
Auto.
Auto.

Black finish
Nickel plated
Nickel plated

2,900
2,400
3,400

1,900
1,600
2,300

4,800
4,000
5,700

Coffee urn, 3 gal
3 gal
5 gal

Man.
Man.
Man.

Black finish
Nickel plated
Nickel plated

3,100
2,600
3,700

3,100
2,600
3,700

6,200
5,200
7,400

Food warmer, per sq ft top surface

Auto.

400

500

900

Food warmer, per sq ft top surface

Man.

450

1,150

1,500

Coffee brewer, 1⁄2 gal
Warmer, 1⁄2 gal

Man.
Man.

900
230

220
90

1,120
320

4 coffee brewing units with 41⁄2-gal tank

Auto.

Water heater, 2,000 W
Brewers, 2,960 W

16,900

4,800

1,200

6,000

Coffee urn, 3 gal
3 gal
5 gal

Man.
Auto.
Auto.

Black finish
Nickel plated
Nickel plated

11,900
15,300
17,000

2,600
2,200
3,400

1,700
1,500
2,300

4,300
3,700
5,700

Doughnut machine

Auto.

Exhaust system to outdoors, 1⁄2-hp motor

16,000

5,000

Egg boiler

Man.

Med. ht., 550 W
Low ht., 275 W

3,740

1,200

800

2,000

Food warmer with plate warmer, per sq ft top
surface

Auto.

Insulated, separate heating unit for each pot,
plate warmer in base

1,350

500

350

350

700

Food warmer without plate warmer, per sq ft
top surface

Auto.

Insulated, separate heating unit for each pot

1,020

400

200

350

550

2,240
306

Fry kettle, 111⁄2 lb fat

Auto.

Fry kettle, 25 lb fat

Auto.

Frying area 12 " 14 in

Griddle, frying

Auto.

Frying top 18 " 14 in

Grille, meat

Auto.

Cooking area 10 " 12 in

306
306

3,000
2,600
3,600

5,000

8,840

1,100

1,600

2,400

4,000

23,800

2,000

3,800

5,700

9,500

8,000

2,800

3,100

1,700

4,800

10,200

1,900

3,900

2,100

6,000

Grille, sandwich

Auto.

Grill area 12 " 12 in

5,600

1,900

2,700

700

3,400

Roll warmer

Auto.

One drawer

1,500

400

1,100

100

1,200

Toaster, continuous

Auto.

2 slices wide, 360 slices/h

7,500

5,000

5,100

1,300

6,400

Toaster, continuous

Auto.

4 slices wide, 720 slices/h

10,200

6,000

6,100

2,600

8,700

Toaster, pop-up

Auto.

2 slices

4,150

1,000

2,450

450

2,900

Waffle iron

Auto.

One waffle 7-in diam.

2,480

600

1,100

750

1,850

7,500

1,500

3,100

2,100

5,200

Waffle iron for ice cream sandwich

Auto.

12 cakes, each

21⁄2

3

" 3 ⁄4 in

* If properly designed positive exhaust hood is used, multiple recommended value by 0.50.
SOURCE: Carrier manual.
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Table 12.4.28 Heat Gain from Typical Electric Motors
Location of motor and driven equipment with
respect to conditioned space or airstream

Motor
nameplate
or rated
horsepower
0.05
0.08
0.125
0.16
0.25
0.33
0.50
0.75
1
1.5
2
3
5
7.5
10
15
20
25
30
40
50
60
75
100
125
150
200
250

A

B

C

Motor out,
driven
equipment
in, Btu/h

Motor
in, driven
equipment
out, Btu/h

130
200
320
400
640
840
1,270
1,900
2,550
3,820
5,090
7,640
12,700
19,100
24,500
38,200
50,900
63,600
76,300
102,000
127,000
153,000
191,000
255,000
318,000
382,000
509,000
636,000

240
380
590
760
540
660
850
740
850
1,140
1,350
1,790
2,790
3,640
4,490
6,210
7,610
8,680
9,440
12,600
15,700
18,900
21,200
28,300
35,300
37,800
50,300
62,900

Motor type

Nominal,
r/min

Full load
motor
efficiency, %

Motor
in, driven
equipment
in, Btu/h

Shaded pole
Shaded pole
Shaded pole
Shaded pole
Split phase
Split phase
Split phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase
3-phase

1,500
1,500
1,500
1,500
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750
1,750

35
35
35
35
54
56
60
72
75
77
79
81
82
84
85
86
87
88
89
89
89
89
90
90
90
91
91
91

360
580
900
1,160
1,180
1,500
2,120
2,650
3,390
4,960
6,440
9,430
15,500
22,700
29,900
44,400
58,500
72,300
85,700
114,000
143,000
172,000
212,000
283,000
353,000
420,000
569,000
699,000

SOURCE: Adapted from ASHRAE “Handbook of Fundamentals,” 1993, with permission.

where M or outside moisture content at design wet bulb, !C, g/kg; and
M ir inside moisture content at design relative humidity, g/kg. t or , t ir are
expressed in !C.
Moisture Load

Moisture as a cooling load is a latent heat gain expressed in Btu per
hour and is computed with the following equations:
Qt Qinf # Qvent
(12.4.17)
Q inf 5 0.68 3 ft 3/min 3 sM o 2 M id Btu/h (12.4.18a)
Q vent 5 0.68 3 ft 3/min 3 sM o 2 M id Btu/h (12.4.19a)
where 0.68 60/13.5 " 1,076/7,000; 60 min/h; 13.5 specific volume of moist air at 70!F dB and 50 percent RH; 1,076 average heat
removal required to condense 1 lb of water vapor from the room air; and
7,000 grains per pound.
Comparable equations in SI units are:
Q inf 5 42.6 m3/s sM ro 2 M ri d
Q vent 5 42.6 m3/s sM ro 2 M ri d

kW
kW

M or moisture content of outside air, g/kg; and M ir
of inside air, g/kg.

(12.4.18b)
(12.4.19b)

moisture content

HEATING
Heating Load

Q t 5 Q tr 1 Q inf 1 Q vent

(12.4.20a)

where Qt
total heating load, Btu/h; Qtr
transmission load
AU(ti – to), Btu/h; Qinf
infiltration load
1.08 (ft3/min), (ti – to),
Btu/h; Qvent
ventilation load
1.08 (ft3/min)(ti – to), Btu/h; A
area through which heat flow occurs, ft2; U
overall heat-transfer

coefficient
1/Rt Btu/(h)(ft2)(!F); to
outside-air design dry-bulb
temperature, !F (Fig. 12.4.1); ti inside design dry-bulb temperature,
!F (Table 12.4.1); Rt thermal resistance, !F/(Btu ( h ( ft2) R1 # R2 #
R3 # c # Rn; and R1, R2, . . .
resistances to heat flow to the
individual components of a composite construction. See Fig. 12.4.2 and
Table 12.4.2.
A comparable equation in SI units is
(12.4.20b)
Q 1 5 Q tr 1 Q inf 1 Q vent
where Qt total heating load, kW; Qtr AU(ti % to), kW; Qinf 1.2
(m3/s)(ti % to), kW; Qvent 1.2 (m3/s)(ti % to), kW; A area through
overall heat-transfer coefficient
which heat flow occurs, m2; U
1/Rt, W/(m2 ( K); to outside-air design dry-bulb temperature, !C; ti
inside design dry-bulb temperature, !C; m3/s cubic meters per second,
air; and Rt thermal resistance, K/(W ( m2).
PSYCHROMETRICS
The psychrometric chart can be used to simplify the analysis of airconditioning processes. The processes can be shown simply and visualized clearly, and the chart lends itself to quick graphical computations.
In addition, the state of any air–water vapor mixture can be fixed on the
psychrometric chart with reasonable accuracy by means of any two psychrometric characteristics. Usually dry-bulb temperature and wet-bulb
temperature are used because they are the simplest to measure.
Figures 12.4.8 and 12.4.9 are psychrometric charts for normal temperatures in inch-pound and SI units, respectively.
Psychrometric charts at different temperatures and barometric pressures
are useful for problems falling outside the ranges shown in Figs. 12.4.8
and 12.4.9. A collection of different psychrometric charts, in both USCS
and SI units, for low, normal, and high temperatures, at sea level and at

Fig. 12.4.8 Psychrometric chart for normal temperatures in USCS units. (Carrier Corp.)

Fig. 12.4.9 Psychrometric chart for normal temperatures in SI units. (Adapted from material published by Business
News Publishing Co., 1975.)
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four elevations above sea level, are available from ASHRAE, the Carrier
Corp. of Syracuse, NY, and from other equipment manufacturers.
Figure 12.4.10 shows a psychrometric chart simplified in skeleton
form.

Fig. 12.4.11 Apparatus dew point and condition line.

which does not contact the cooling-coil surfaces. The percentage of air
that passes through a cooling coil untreated is the numerical value of the
coil bypass factor; e.g., a bypass factor of 20 percent represents a coolingcoil saturation efficiency of 80 percent.
The ratio of room sensible heat gains to total room sensible and latent
heat gains is the room sensible heat ratio (RSHR).
RSHR 5
Fig. 12.4.10 Skeleton psychrometric chart.

Terminology
Dry-bulb temperature:

The temperature of air as registered by an

ordinary thermometer.
Wet-bulb temperature: The temperature registered by a thermometer
whose bulb is covered by a wetted wick and exposed to a current of
rapidly moving air.
Dew-point temperature: The temperature at which condensation of
moisture begins when the air is cooled.
Relative humidity: Ratio of the actual water vapor pressure of the air
to the saturated water vapor pressure of the air at the same temperature.
Specific humidity or moisture content: The weight of water vapor in
grains (or pounds) of moisture per pound of dry air.
Enthalpy: A thermal property indicating the quantity of heat in the
air above an arbitrary datum, in Btu per pound of dry air. The datum for
dry air is 0!F and, for the moisture content, 32!F water.
Enthalpy deviation: Enthalpy should be corrected by the enthalpy
deviation due to the air not being in the saturated state. On normal airconditioning estimates it is omitted.
Specific volume: The cubic feet of the mixture per pound of dry air.
Sensible heat factor: The ratio of sensible to total heat.
Alignment circle: Used in conjunction with the sensible heat factor
to plot the various air-conditioning process lines.
Pounds of dry air: The basis for all psychrometric calculations.
Remains constant during all psychrometric processes.

The dry-bulb, wet-bulb, and dew-point temperatures and the relative
humidity are so related that, if two properties are known, all other properties shown may then be determined. When air is saturated, dry-bulb,
wet-bulb, and dew-point temperatures are all equal.
Room sensible heat factor is the ratio of room sensible heat to the total
of room sensible and room latent heat.
A line drawn between the room design condition at the slope of the
sensible heat factor is the condition line and it will intersect the saturation line at the apparatus dew point. See Fig. 12.4.11. In order to
maintain design conditions, supply air must be provided to the space at
a temperature and moisture level that, when plotted, must fall on the
condition line. If air is provided at conditions of apparatus dew point,
the minimum quantity of conditioned air would be required to obtain
design conditions.
Supply Air Temperature The room cooling load is the sum of external and internal sensible and latent heat gains plus the difference in
enthalpy between outside and room air for that portion of outside air

Q rs
Q rs 1 Q rl

(12.4.21)

It represents the ratio of sensible cooling capacity to the total cooling
capacity required of the supply air to satisfy room conditions. It is used
to plot the slope of the room-condition line on a psychometric chart for
the determination of the apparatus dew point (ADP). See Fig. 12.4.11.
The actual supply air temperature and off coil wet-bulb temperature
will depend on the bypass characteristic of the selected cooling coil
(Fig. 12.4.11).
Supply Air Rate The rate of supply air required is expressed by
Q sa 5 Q rs /1.08st r 2 t sd

ft 3/min

(12.4.22a)

m3/s

(12.4.22b)

In SI units:
r 5 Q rs
r /1.2st r 2 t sd
Q sa
3

3

r
where Qsa supply air, ft /min (m /s); Q rs
room sensible heat, kW;
tr room design temperature, !F (K); ts supply air temperature, !F (K).
The bypass factor is used to express the effectiveness of a cooling coil.
It is based on the artificial premise that a portion of the air that enters a
cooling coil is cooled completely to saturation, that is, to the apparatus
dew point, and the remaining air is not cooled at all. The actual condition of the air that leaves the coil is then represented to be a mixture of
the fully conditioned and completely unconditioned air. The ratio of
unconditioned air to total air is the bypass factor.
The bypass factor is a function of the type and amount of coil surface
and the time available for contact as the air passes over the coil. Table
12.4.29 gives approximate bypass factors for various finned coil surfaces and air velocities. A larger bypass factor requires the circulation
of more conditioned air; where outside air is introduced, the bypassed
air increases the room air load.
Table 12.4.29 Typical Bypass
Factors for Unsprayed Coils
5-in spacing
8 fins/in

14 fins/in

Depth
of coils
(rows)

300–700

300–700

2
3

0.42–0.55
0.27–0.40

0.22–0.38
0.10–0.23

4
5

0.19–0.30
0.12–0.25

0.05–0.14
0.02–0.09

6
8

0.08–0.18
0.03–0.08

0.01–0.06

Face velocity, ft/min
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the duct mains and branches are all sized on the basis of this friction
drop. This will invariably result in higher velocities in the mains, where
they can be tolerated, and low velocities in the branches, where they are
desirable. Limitations are established for friction loss per 100 ft and for
velocities in the mains and branches.
Static Regain The static regain method is used for both conventional and high velocity systems. It is especially applicable in the latter,
where the velocity head may be appreciable. In the static regain
method, the static pressure required to give proper airflow through the
system outlets is determined, and this pressure is maintained by reducing the velocity at each branch or takeoff, so that the recovery in pressure due to reduction of velocity balances the friction loss in the
preceding section of duct. This is possible because of the convertibility
of static and velocity pressures. For practical applications it is usually
assumed that 50 percent of the velocity pressure available will be converted to static pressure.
HR 5 0.5 a

(12.4.25a)

where HR head recovered, inH2O; V1 system inlet velocity, ft/min;
system outlet velocity, ft/min. A comparable equation in SI
and V2
units is

Fig. 12.4.12 Typical cooling process.
Typical Air-Conditioning Cooling Process Figure 12.4.12 depicts
a typical cooling process adjusted for fan heating and duct losses.
DUCT DESIGN
Air Velocity Supply and return air ducts and apparatus are sized on
the basis of air quantity and are kept within the limitations of allowable
friction losses, velocity, and noise. Conveying air at low velocity will be
quieter and require less pressure, less fan power, and less carefully constructed ductwork than conveying air at medium or high velocity.
Lower velocities are preferred where space is available.
Pressure Loss in Duct Systems Pressure losses in duct systems
are due to friction of the air in contact with the sides of the duct and
dynamic losses caused by changes of duct shape or direction and by
obstructions to flow.

Friction Hf 5 f

V1 2
V2 2
b 2 a
b
4,005
4,005

V 2
L
a
b
D 4,005

H rR 5

sV r2d2
0.5sV r1d2
2
2
2

(12.4.25b)

where H rR head recovered, N/m2; V 1r system inlet velocity, m/s; and
V 2r system outlet velocity, m/s.
Figure 12.4.13 may be used to determine directly the friction loss
per 100 ft for round ducts. Figure 12.4.14 provides a conversion from

(12.4.23a)

where Hf head loss due to friction, in H2O: L length of duct, ft; D
diameter of duct, ft; V velocity of air, ft/min; and f nondimensional
friction coefficient. A comparable equation in SI units is
Hf 5 f

2
L sVd
r
d 2

(12.4.23b)

where Hf head loss due to friction, N/m2; L length of duct, m; D
diameter of duct, m; V velocity of air, m/s; f nondimensional friction coefficient; and r density of air, kg/m3.
Dynamic losses Hv 5 C a

V 2
b
4,005

(12.4.24a)

where Hv velocity-head loss, in H2O; C experimentally determined
constant; V
Q/A
air velocity, ft/min; Q
airflow rate, ft3/min;
and A cross-sectional area of duct, ft2. A comparable equation in SI
units is
H rv 5 Cr

sVrd2
2

(12.4.24b)

where H rv velocity-head loss, N/m2; and V9 air velocity, m/s. When
the equation for H rv is written in the form above, C9 C.
Duct Design Methods Two methods are frequently used: equal friction and static regain.
Equal Friction The equal friction method is applicable primarily to
systems using low or moderate velocities, where the velocity head is not
an important factor. A friction drop per 100 ft of length is chosen, and

Fig. 12.4.13 Friction loss for usual conditions in round ducts. (This chart
applies to smooth, round, galvanized steel ducts, and is based on air at 70!F and
29.96 inHg absolute pressure. For air of different density, the friction may be
assumed to vary directly with the density.)

FANS
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Table 12.4.31 Typical Velocities through Air System Components
Nonresidential
buildings

Residences
Designation

ft/min

m/min

ft/min

m/min

Outdoor-air intakes*
Filters*
Heating coils*
Cooling coils*
Air washers

300
250
450
450
500

80
75
140
140
150

500
300
500
500
500

150
90
150
150
150

* These velocities are for total face area, not the net free area; other velocities in the table are
for net free area.
SOURCE: Adapted from ASHRAE “Handbook of Fundamentals,” 1993, with permission.

usually affect the selection of supply outlets are noise, location of outlet,
temperature of supply air, and area of diffusion. Manufacturers’ performance data for supply outlets should be used as the basis for selection.
Return Outlets Selection of return outlets (and registers or grilles)
is usually governed by face velocity to limit discomfort to occupants
from drafts and/or noise. See Table 12.4.32.

Table 12.4.32 Recommended Return Face Velocities
Velocity over gross area
Intake location

ft/min

m/min

Above occupied zone
Within occupied zone, not near seats
Within occupied zone, near seats
Door or wall louvers
Undercutting of doors (through undercut area)

800 up
600–800
400–600
200–300
200–300

245 up
185–245
120–185
60–90
60–90

SOURCE: Adapted from ASHRAE, “Handbook of Fundamentals,” 1993, with permission.

Fig. 12.4.14 Equivalent diameters of round ducts. Use with rectangular ducts,
with capacity constant. (Buffalo Forge.)

round to rectangular ductwork with the same air capacity. Table 12.4.30
presents a range of friction loss per 100 ft and velocity limits for lowand high-velocity air systems. Typical velocities through some air system components are shown in Table 12.4.31.
Table 12.4.30 Duct System Pressure Losses
and Design Velocities

Low-velocity systems
Noise critical
Usual design
Straight runs without takeoffs
High-velocity systems
Usual design
Straight runs without takeoffs

Pressure loss,
in H2O, gage,
per 100 ft

Maximum
velocity,
ft/min

0.05–0.07
0.08–0.1
0.08–0.12

1,400
1,800
2,400

0.4–0.6
0.6

2,600
3,400

FANS
Supply and return fans must convey the conditioned air through the sys-

tem efficiently and with a minimum of disturbing noise and vibrations.
Fans produce pressure by increasing airflow velocity. Velocity
change is the result of tangential and radial velocity components in the
case of centrifugal fans, and of axial and tangential velocity components in the case of axial-flow fans.
Centrifugal fans are most frequently used, but axial-flow fans have
been applied successfully. Figures 12.4.15 to 12.4.17 show typical performance curves for forward-curved and backward-curved centrifugal

Air Distribution
Air outlets are designed to control air motion, noise level, and temperature gradients caused by the introduction of air into a conditioned
space and the removal of air from that space.
Supply Outlets Supply outlets (and diffusers) are usually located at
near ceiling height with grilles or registers high on the sidewall. Supply
outlets may be located below windows or in the floor as long as they
satisfy the criteria for the space and are unobstructed. Factors which

Fig. 12.4.15 Percentage performance curves for a forward-curved blade centrifugal fan.
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because of temperature or altitude, fan performance will be affected.
Table 12.4.35 shows correction factors to air volume for altitude and
temperature.
Testing and Balancing Each fan and air duct system component
should be tested, adjusted, and balanced to assure that it conforms to the
design requirements.

Fig. 12.4.16 Percentage performance curves for a backward-curved blade centrifugal fan.

fans and axial-flow fans. Table 12.4.33 summarizes the relative characteristics of centrifugal fans. Figure 12.4.18 shows the zone of optimum
performance for a backward-curved-blade centrifugal fan.
FAN LAWS

Fan laws in Table 12.4.34 relate the performance variables for any
dynamically similar series of fans. (See also Sec. 14.5.) They can be

Fig. 12.4.18 Zone of optimum performance for backward-curved blade centrifugal fans.

System and Duct Noise The major sources of noise from airconditioning systems are fans, diffusers, grilles, ducts, fittings, and vibration. Sound control for components consists of selecting devices that meet
the design goal under all operating conditions and installing them properly so that no additional sound is generated. The sound power output of
a fan is determined by the type of fan, airflow, and pressure. Sound control in the duct system requires proper duct layout, sizing, and provision
Table 12.4.34 Fan Laws*†
For all fan laws: Nt1 Nt2 and (Pt. of Rtg.)1
Dependent
variables

No.

Fig. 12.4.17 Percentage performance curves for an axial fan.

used to predict the performance of any fan in a series when test data are
available for a given fan in the series. Fan laws may also be used with a
particular fan to determine the effect of speed change. Unless otherwise
identified, fan performance data are based on dry air at standard conditions: 14.696 lb/in2 abs and 70!F (0.075 lb/ft3). In applications where
the fan may be required to handle air or gas at some other density,
Table 12.4.33 Relative Characteristics
of Centrifugal Fans
Characteristic
First cost
Efficiency
Stability of operation
Space required
Tip speed

Backward curved
High
High
Good
Medium
High

Forward curved
Low
Low
Poor
Small
Low

Independent variables
3 a

D2

3 a

D2

H2

3 a

D2

Q1

Q2

3 a

D2

2b

N1

N2

3 a

D1

2c

H1

H2

3 a

D2

3a

N1

N2

3 a

D1

3b

Press.1

3 a

D1

3c

H1

3 a

D1

1a

Q1

1b

Press.1

1c

H1

2a

Q2

H2

Press.2‡

Press.2

(Pt. of Rtg.)2

D1

D1

D1

D1

D2

D1

D2

D2

D2

b 3
3

N1

31

N2

b 3 a

N2

b 3 a

N2

b 3 a

Press.2

2

3

2

b 3 a

b

r1
3r
2

3

r1
3r
2

Press.1

Press.1

Q1

Q2

b 3 a

Q2

Q1

Q1

1/2

1/2

b

r2 1/2
3 ar b
1
r2 1/2
3 ar b
1

3/2

r2 1/2
3 ar b
1

31

Q2

4

b

b

Press.2

b 3 a
4

2

Press.1

2

3

N1

b

Press.2

b 3 a
b 3

N1

b
b

2

r1
3r
2

3

r1
3r
2

* The subscript 1 denotes that the variable is for the fan under consideration.
† The subscript 2 denotes that the variable is for the tested fan.
‡ Ptotal or Pstatic.
NOTE: D fan size, N revolutions per minute, r gas density, Q volume flow rate,
P pressure, and H horsepower.

AIR TREATMENT CRITERIA
Table 12.4.35
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Air Volume Correction Factors for Altitude and Temperature

Altitude, ft (m)
above sea level

0

1,000
(305)

2,000
(610)

3,000
(915)

4,000
(1,220)

5,000
(1,525)

6,000
(1,880)

7,000
(2,135)

8,000
(2,440)

Barometric
pressure, in
Hg (kN/m2)

29.92
(101.3)

28.86
(97.7)

27.82
(94.2)

26.81
(90.8)

25.84
(87.5)

24.89
(84.3)

23.98
(81.2)

23.09
(78.2)

22.2
(75.2)

1.040
0.984
0.904
0.835
0.777
0.725
0.680
0.641
0.605
0.574
0.546
0.520
0.496
0.475

1.003
0.948
0.872
0.805
0.749
0.699
0.656
0.618
0.583
0.553
0.526
0.501
0.478
0.458

0.967
0.915
0.840
0.777
0.722
0.674
0.632
0.596
0.564
0.534
0.508
0.484
0.462
0.442

0.932
0.882
0.801
0.749
0.696
0.649
0.609
0.574
0.543
0.515
0.490
0.466
0.444
0.426

0.865
0.818
0.752
0.694
0.647
0.603
0.566
0.533
0.503
0.477
0.454
0.433
0.413
0.395

0.833
0.788
0.724
0.668
0.622
0.580
0.545
0.512
0.485
0.460
0.438
0.416
0.397
0.381

0.803
0.759
0.698
0.645
0.599
0.560
0.525
0.495
0.467
0.443
0.421
0.401
0.383
0.367

0.772
0.731
0.672
0.620
0.577
0.538
0.505
0.476
0.450
0.426
0.406
0.387
0.368
0.354

Air temp, 8F (8C)
70 (21.1)
100 (38)
150 (66)
200 (93)
250 (121)
300 (149)
350 (177)
400 (204)
450 (232)
500 (260)
550 (288)
660 (316)
650 (343)
700 (371)

Correction factors
0.898
0.850
0.781
0.722
0.671
0.628
0.588
0.553
0.523
0.496
0.472
0.449
0.428
0.411

ft 3 min at actual conditions
.
correction factor
SOURCE: “Bulletin 3576-B, Correction Factors for Temperature and Altitude,” Buffalo Forge Co., Buffalo, NY.
NOTE: Equivalent 5

for installing duct noise attenuators, if required. The noise generated in
a system increases with both duct velocity and system pressure. The
ASHRAE Handbook “Applications” and other related sources present
methods for sound control in air-conditioning systems.

FILTRATION
Filters are provided in air-conditioning systems to assure that the conditioned air will satisfy space cleanliness criteria and to protect air treatment equipment from fouling due to dirt accumulation. Figure 12.4.19a
describes types of dry media filters and shows their range of performance. In addition, it shows an approximate comparison of the filtration efficiencies obtained by the use of three different testing methods.
The filters designated as Group I are usually used in least critical
applications and as a prefilter to extend the operating life of more costly,
higher-efficiency filters. Filters designated as Groups II and III are used
in good-quality comfort and process air-conditioning applications. The
very high efficiency HEPA and ULPA filters are costly and result in
high pressure losses. They are applied in clean rooms and for nuclear
and toxic particulate filtration.
AIR TREATMENT CRITERIA

Fig. 12.4.19a Comparative performance of viscous impingement and dry
media filters. (ASHRAE “Handbook of Fundamentals,” 1993.)

The purpose of an air-conditioning system is to control the indoor environment to provide comfortable conditions for occupants of a space or
to facilitate a process to be carried on within the space.
To satisfy these criteria, the system should control temperature,
humidity, air cleanliness, and air distribution in the space within established limits and accomplish this without excessive noise. The system
should maintain indoor design conditions through the full range of outdoor temperature and humidity and indoor cooling or heating loads and
accomplish this reliably and economically.
Performance criteria are often demanding for process systems, but
many comfort systems operate for summer cooling and convenience
only. They utilize filters that remove only coarse atmospheric dust and
have no provision for adding moisture during the winter; during the summer, humidity is reduced, although not controlled, as part of the cooling
process. These systems often serve a single room or a small area and
may operate in conjunction with a separate building heating system.
Cooling Configurations Figure 12.4.19b illustrates some of the
configurations of the cooling portion of air-conditioning systems. These
can be provided in conjunction with a variety of air filtration, heating,
humidification, air distribution, and automatic control components to
make a complete system.
In most air-conditioning systems, peak summer loads are cooled by
utilizing some form of compression or absorption cooling system, but
there are systems that obtain cooling or precooling from other sources.
Some examples are installations located where ample quantities of cold,
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Fig. 12.4.19b Cooling configurations.

HEAT REJECTION APPARATUS

good-quality well water are available and can be circulated through a
cooling coil and areas whose summer wet-bulb temperatures are sufficiently low that substantial cooling can be achieved by evaporation of
water into the supply airstream.
Direct Expansion Cooling The most widely used method of air
conditioning for cooling a single room or a small area utilizes mechanical compression and the direct expansion of the refrigerant in a cooling coil in the supply airstream. This usually involves a matched
compressor and cooling coil in a factory-built, self-contained package.
The high-pressure refrigerant leaves the condenser and expands into the
cooling coil where it absorbs heat directly from the airstream. For
small-capacity applications, the arrangement provides simplified, relatively quick installations and low first costs. Larger, more complex
direct expansion systems utilize the same principles.
Chilled Water Cooling Chilled water systems are the most widely
used indirect systems. In these systems, the refrigerant cools a pumped
closed water circuit which, in turn, is used to condition air from one or
more air handlers.
The chilled water system permits serving widely separated, individually controlled air handlers from a central refrigeration system while
limiting the extent of the refrigerant circulation.
Sprayed Coil Dehumidifiers Sprayed coil systems utilize chilled
water coils and a recirculating water spray. The system is similar to the
chilled water system in that all the mechanical cooling is provided
through the closed chilled water piping and coils. The spray circuit neither adds nor removes heat, but it improves controllability by maintaining the supply air near saturation. During the winter, in conjunction
with a preheat coil, the spray system can be used to control relative
humidity, and during all seasons it will remove some of the water-soluble
contaminants from the airstream.
Open Spray Systems Open spray systems utilizing cooled or heated
spray water to cool, heat, and humidify supply air are now used primarily
in industrial applications and in climates which are sufficiently dry that
evaporative cooling alone can remove all or much of the sensible heat.
Nontoxic Water Treatment For sprayed coil and open spray systems,
nontoxic chemical water treatment is used to inhibit corrosion, control
the growth of bacteria and slime, and limit the concentration of solids.
Winter Water-Side Economizers An application that combines
spray cooling with chilled water circulation is a water-side economizer
system for air-conditioning applications where (1) cooling is required
during cold outdoor weather, (2) the use of large quantities of outside air
is not economical or otherwise unfeasible, and (3) continuous operation
of the refrigeration system during cold weather is expensive.
In the example that is illustrated, with the refrigeration shut down,
the building’s central cooling tower is operated during the winter to provide water at temperatures approximating those of the chilled water system during normal cooling. A high-efficiency heat exchanger then
permits the cooling tower water to cool the chilled water which continues to be circulated through the cooling coils.
The system reduces energy consumption and can substantially reduce
the cost of winter cooling. Some of the factors that affect applicability
of the system are the cold-weather capacity of the cooling tower; the
hours of cold-weather cooling that are required compared with the coldweather wet-bulb hours that can be anticipated; and how warm the chilled
water can be and still satisfy the requirements of the winter cooling loads.
HEAT REJECTION APPARATUS

All the heat removed from a conditioned space and the heat equivalent
of the work performed by the refrigeration equipment must be removed
through the cooling system and dissipated via the refrigeration condenser. Table 12.4.36 lists approximate refrigeration equipment energy
consumption values.
In most systems the heat is rejected to the atmosphere, but in some
cases, water-cooled refrigeration condensers are used to transfer the
rejected heat to surface water or to well water. Some examples of the most
common systems used to transfer rejected heat to the atmosphere are
shown in Fig. 12.4.20. The air-cooled condenser and evaporative condenser

12-81

are arranged with the refrigeration condenser in the outdoor airstream.
Refrigerant is piped directly with no intervening heat transfer. The aircooled condenser is the simplest arrangement, but the condenser must
operate at temperatures sufficiently high so that condensing takes place
well above the outdoor ambient dry-bulb temperature. The evaporative
condenser adds a spray system to permit condensing above the outdoor
ambient wet-bulb temperature.
Closed-Circuit Coolers For larger systems and where extensive
piping of refrigerant is either not desired or otherwise precluded, a
water-cooled condenser is utilized. The rejected heat is transferred to
water piped to an outdoor radiator—a closed-circuit dry cooler or evaporatively cooled device. The closed-circuit dry cooler, or radiator, is a
simple indirect cooling arrangement, but can operate at temperatures
higher than the air-cooled condenser because of the additional heattransfer process involved.
Table 12.4.36 Refrigeration Energy Consumption per 12,000
Btu/h Cooling Capacity
Electric consumption, kW/ton cooling capacity
Type of heat rejection, kW/ton
Item
Room-air conditioners
Refrigeration compressors (motor-driven):
Reciprocating (20 to 100 tons)
Centrifugal-hermetic
Centrifugal-external drive (350 to
1,250 tons)
Auxiliary equipment:
Pump, cooling water
Blower for air conditioner
Blower for rejection air

Mechanical-draft
cooling tower

Air-cooled
condensers
1.2–2.45*

1.03–0.86
0.94–0.74
1.02–0.81

1.27–1.09

0.15
0.10
0.15

0.10
0.15

Steam-consumption rate lb/h/ton (kg/h/ton) cooling capacity
Steam rate
Item
Centrifugal compressors (steam-driven):
Condensing (27 in vacuum)
Noncondensing (14.7 psig)
Absorption chillers (100 to 1,200 ton)
(low-pressure steam)
Absorption chillers (high-pressure steam)

lb/h/ton
14.5
30–35
18–18.5
11–11.5

kg/h/ton
6.6
13.6–15.9
8.2–8.4
5–5.2

Gas-consumption rate, Btu/ton (J/ton) cooling capacity
Gate rate
Item
Refrigeration compressors (naturalgas-engine-driven)

Btu/ton

kJ/ton

8,500

8,970

* Depending on the EER (energy efficiency ratio) rating for the different manufacturers.

The dry cooler water circuit operating with antifreeze permits yearround operation.
The closed-circuit evaporative cooler has an indirect condenser water
circuit, but uses a spray system and evaporative cooling to reduce the
head pressure. In both the dry cooler and closed-circuit cooler there is
no contact of either condenser water or antifreeze with the outdoor
atmosphere; often this proves highly desirable.
Cooling Towers In large systems and systems where maximum
overall efficiency is important, a portion of the condenser water is evaporated into the atmosphere to cool the remaining condenser water. The
water lost by evaporation must be made up, usually from a domestic
water source. Figure 12.4.20 shows two cooling tower configurations.
The counterflow arrangement requires a spray system and is usually
taller than the crossflow type. Crossflow towers have simpler gravity distribution systems.
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Fig. 12.4.20 Heat rejection equipment. (Courtesy of E. Revzina.)

HEAT REJECTION APPARATUS

Volume flow rate, gal/min

All cooling towers and all evaporative spray systems that operate during subfreezing weather must be protected against freezing. A number
of methods are available to add heat to the piping circuits and the basins
or sumps.
Condenser Water System For electrically driven refrigeration
compressors a temperature differential of 10!F (5.5!C) may be assumed,
and for steam-driven equipment a temperature differential of
20!F (11!C) is usual. In the latter case the refrigeration and steam condensers are piped in series with a temperature rise of approximately
10!F (5.5!C) each.

A comparable equation in SI units is

Condenser water, gal/min

Water Distribution, Chilled-Water Systems Temperature
Differential

total heat rejected, Btu/h
5
500 3 temperature differential, 8F
Condenser flow, m3/s
5

total heat rejected, kW
4,190 3 temperature differential, 8C

The lowest temperature to which water can be cooled in atmospheric cooling equipment
is the wet-bulb temperature of the ambient air.
Water-Cooling Effectiveness in Percent

shot-water temp. 2 cold-water temp.d 3 100
hot-water temp. 2 wet-bulb temp. entering

(12.4.27)

The cold-water temperature must be chosen to place the requirement
within the effectiveness range of the equipment used.
Makeup Water for Atmospheric Cooling Equipment Makeup
water is introduced to replace losses due to evaporation, drift, and blowdown. If all water were cooled by evaporation, the loss by evaporation
for the usual 10!F (5.5!C) cooling range would be:
Evaporation, % 5

Q 3 100
8.3 3 gal/min 3 hfg

(12.4.28a)

where Q total heat rejected. Btu/h; gal/min total condenser water
circulated; and hfg
evaporation heat of water, Btu/lb, at ambient
design temperature. In SI units:
Evaporation, % 5

Qr 3 100
1,000 3 m3/s 3 hfg

stotal load 1 piping heat gains 1 pump heatd, Btu/h
(12.4.29a)
500 3 temperature differential, 8F

Volume flow rate, m3/s
stotal load 1 piping heat gains 1 pump heatd, kW
5
4,190 3 temperature differential, 8C

(12.4.29b)

Temp rise
Application

!C

!F

Close-coupled system on one floor
Two- or three-story building
Multistory building

5–8
8–11
12–20

3–4.5
4.5–6
6.5–11

(12.4.26b)

Atmospheric Evaporative Cooling Equipment

E5

5

(12.4.26a)

In SI units,
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(12.4.28b)

where Q9 total heat rejected, kJ/min; m3/s total condenser water
circulated; and hfg
evaporation heat of water, kJ/kg, at ambient
design temperature.
Drift losses depend on the tower design, but generally, from the cooling tower, they are limited to 0.2 percent of the circulated rate.
The makeup water replacing losses due to evaporation, drift, and
blowdown introduces dissolved solids into the system.
To prevent excessive concentration, a portion of the circulating
water is wasted. The quantity of blowdown depends on the original
quantity of dissolved solids in the makeup water and the permissible
concentration.
For most open systems, chemical water treatment is used to inhibit
corrosion and minimize blowdown.
Water Distribution, Chilled-Water Systems’Temperature Differential

Design temperature differentials for chilled-water systems are determined by the need to supply chilled water at an average temperature
sufficiently low to provide adequate cooling and dehumidification and
the desire to minimize the costs of piping, pumping energy, and refrigeration. These differentials normally range from 10!F (5.6!C) for average systems to as much as 15!F (8.3!C) or more for very large systems
with widely separated loads.

Water Piping Design

There is a friction loss in any pipe through which water is flowing. This
loss depends on the following factors:
1. Water velocity
2. Pipe diameter
3. Interior surface roughness
4. Pipe length
System pressure has no effect on the head loss of the equipment in the
system. However, higher than normal system pressures may dictate the
use of heavier pipe, fittings, and valves along with specially designed
equipment.
To properly design a water piping system, the engineer must evaluate
not only the pipe friction loss but the loss through valves, fittings, and
other equipment. In addition to these friction losses, the use of diversity
in reducing the water quantity and pipe size should be considered in
designing the water piping system.
Most air-conditioning applications use either steel pipe or copper tubing in the piping system. For friction loss values in steel pipe or copper
tubing, refer to Figs. 12.4.21 to 12.4.23.
Pipe size determination, especially for very long systems and/or
unusual construction or operating cost considerations, is based on an
economic analysis, but smaller systems with less critical economic factors are often based on average conditions. In a typical system pipe
sizes are selected for a pressure loss of from 3 to 6 ft per 100 ft of pipe.
Pipe Length The total friction loss in a water piping system is the
sum of losses in:
1. The total straight lengths of pipe
2. The equivalent lengths of pipe due to fittings, valves, and other
elements in the piping system.
Figure 12.4.24 shows the resistance of some valves and fittings in
terms of equivalent length of straight pipe.
Steam System Piping

Steam systems which operate below 15 psig are classified as low-pressure
systems. Tables 12.4.37 and 12.4.38 may be used to determine the size of
piping for low-pressure steam and condensate systems pitched in the
direction of flow and for risers in which steam and condensate flow in
opposite directions.
Table 12.4.39 lists total pressure drop limitations for long-length piping systems. In such systems, pipe sizes may have to be increased to
keep total pressure loss in supply and return piping within the system
limits. For systems in which pressure may vary, i.e., when steam is supplied by a boiler, the distribution pressure must be based on the minimum pressure that will be available.
Tables 12.4.40 and 12.4.41 are used to size piping for use in mediumand high-pressure systems, respectively, and assume piping is installed
with proper pitch and adequate provisions to remove condensate.
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Fig. 12.4.21 Friction loss for open piping systems using schedule 40 pipe.

Table 12.4.37

Low-Pressure Steam System Pipe Capacities, lb/h, with Condensate Flowing with the Steam Flow
Pressure drop per 100 ft
1⁄16

Nom. pipe
size, in
3⁄4

psi (1 oz)

1⁄8

1 ⁄4

psi (2 oz)

1⁄2

psi (4 oz)

3

psi (8 oz)

⁄4 psi (12 oz)

1 psi

Saturated pressure (psig)
3.5

12

3.5

12

3.5

12

3.5

12

3.5

12

3.5

12

1
11⁄4
11⁄2
2

9
17
36
56
108

11
21
45
70
134

14
26
53
84
162

16
31
66
100
194

20
37
78
120
234

24
46
96
147
285

29
54
111
174
336

35
66
138
210
410

36
68
140
218
420

43
82
170
260
510

42
81
162
246
480

50
95
200
304
590

21⁄2
3
31⁄2
4
5

174
318
462
726
1,700

215
380
550
800
1,430

258
465
670
950
1,680

310
550
800
1,160
2,100

378
660
990
1,410
2,440

460
810
1,218
1,690
3,000

540
960
1,410
1,980
3,570

660
1,160
1,700
2,400
4,250

680
1,190
1,740
2,450
4,380

820
1,430
2,100
3,000
5,250

780
1,380
2,000
2,880
5,100

950
1,670
2,420
3,460
6,100

1,920
3,900
7,200
11,400

2,300
4,800
8,800
13,700

2,820
5,570
10,200
16,500

3,350
7,000
12,600
19,500

3,960
8,100
15,000
23,400

4,850
10,000
18,200
28,400

5,700
11,400
21,000
33,000

7,000
14,300
26,000
40,000

7,200
14,500
26,200
41,000

8,600
17,700
32,000
49,500

8,400
16,500
30,000
48,000

10,000
20,500
37,000
57,500

6
8
10
12

NOTE: The weight flow rates at 3.5 psig can be used to cover saturated pressures from 1–6 psig and the weight flow rates at 12 psig can be used to cover saturated pressures from 8–16 psig with
an error not exceeding 8%.

HEAT REJECTION APPARATUS

Fig. 12.4.22 Friction loss for closed piping systems using schedule 40 pipe.

Fig. 12.4.23 Friction loss for closed and open piping systems using copper tubing.
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Fig. 12.4.24 Resistance of valves and fittings in terms of equivalent length of straight pipe. (Crane Co.)

Table 12.4.38

Return Main and Riser Capacities for Low-Pressure Steam Systems
Pressure drop per 100 ft
1

Pipe
size, in

Wet*

⁄32 psi (1⁄2 oz)
Dry

1

⁄24 psi (2⁄3 oz)

Vac

Wet*

1

Dry

Vac

Wet*

1

⁄16 psi (1 oz)

1

⁄8 psi (2 oz)

Dry

Vac

Wet*

Dry

100
175
300
475
1,000

250
425
675
1,400

103
217
340
740

2,350
3,750
5,500
7,750

1,230
2,250
3,230
4,830

⁄4 psi (4 oz)

Vac

Wet*

Dry

142
249
426
674
1,420

350
600
950
2,000

115
241
378
825

3,350
5,350
8,000
11,000

1,360
2,500
3,580
5,380

Vac

Return mains
3 ⁄4

1
1 1⁄4
1 1⁄2
2

125
213
338
700

62
130
206
470

145
248
393
810

71
149
236
535

21 ⁄ 2
3
31⁄2
4
5

1,180
1,880
2,750
3,880

760
1,460
1,970
2,930

1,580
2,130
3,300
4,580

868
1,560
2,200
3,350

6

42
143
244
388
815
1,360
2.180
3,250
4,500
7,880

175
300
475
1,000

80
168
265
575

1,680
2,680
4,000
5,500

950
1,750
2,500
3,750

1,680
2,680
4,000
5,500
9,680

12,600

15,500

2,380
3,800
5,680
7,810
13,700
22,000

200
350
600
950
2,000
3,350
5,350
8,000
11,000
19,400
31,000

Return risers
3 ⁄4

1
11⁄4
11⁄2
2

48
113
248
375
750

48
113
248
375
750

21⁄2
3
31⁄2
4
5

143
244
388
815
1,360

48
113
248
375
750

175
300
475
1,000
1,680

2,180
3,250
4,480
7,880
12,600

48
113
248
375
750

2,680
4,000
5,500
9,680
15,500

249
426
674
1,420
2,380
3,800
5,680
7,810
13,700
22,000

48
113
248
375
750

350
600
950
2,000
3,350
5,350
8,000
11,000
19,400
31,000

* Vacuum values may be used for wet return risers and mains.

Table 12.4.39 Total Pressure Drop for Two-Pipe
Low-Pressure Steam Piping Systems
Initial steam
pressure, psig

Total pressure drop
in supply piping, psi

Total pressure drop
in return piping, psi

2
5
10
15
20

1
⁄2
11⁄4
1
2 ⁄2
33⁄4
5

1
⁄2
1 1 ⁄4
1
2 ⁄2
3 3⁄4
5

Table 12.4.40 Medium-Pressure Steam System (30 psig) Pipe Capacities, lb/h
Pressure drop per 100 ft
Pipe
size, in

1⁄8

psi
(2 oz)

1 ⁄4

psi
(4 oz)

Supply mains and risers
3

⁄4

1
11⁄4
11⁄2
2
21⁄2
3
31⁄2
4
5
6
8
10
12

15
31
69
107
217
358
651
979
1,386
2,560
4,210
8,750
16,250
25,640

22
46
100
154
313
516
940
1,414
2,000
3,642
6,030
12,640
23,450
36,930

Return mains and risers
3

⁄4

1
11⁄4
11⁄2
2
21⁄2
3
31⁄2
4
5
4

115
230
485
790
1,575
2,650
4,850
7,200
10,200
19,000
31,000

170
340
710
1,155
2,355
3,900
7,100
10,550
15,000
27,750
45,500

1⁄2 psi
(8 oz)

3
⁄4 psi
(12 oz)

1 psi
(16 oz)

25–35 psig—max. error 8%
31
63
141
219
444
730
1,330
2,000
2,830
5,225
8,590
17,860
33,200
52,320

38
77
172
267
543
924
1,628
2,447
3,464
6,402
10,240
21,865
40,625
64,050

45
89
199
309
627
1,033
1,880
2,825
4,000
7,390
12,140
25,250
46,900
74,000

0–4 psig—max. return pressure
245
490
1,025
1,670
3,400
5,600
10,250
15,250
21,600
40,250
65,500

308
615
1,285
2,100
4,300
7,100
12,850
19,150
27,000
55,500
83,000

365
730
1,530
2,500
5,050
8,400
15,300
22,750
32,250
60,000
98,000
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Table 12.4.41 High-Pressure Steam System (150 psig) Pipe Capacities (lb/h)
Pressure drop per 100 ft
Pipe
size, in

1 ⁄8

psi
(2 oz)

1⁄4

psi
(4 oz)

1⁄2

psi
(8 oz)

Supply mains and risers

3
⁄4 psi
(12 oz)

1 psi
(16 oz)

2 psi
(32 oz)

5 psi

130–180 psig—max, error 8%

3
⁄4
1
11⁄4
11⁄2
2

29
58
130
203
412

41
82
185
287
583

58
117
262
407
825

82
165
370
575
1,167

116
233
523
813
1,650

184
369
827
1,230
2,000

300
550
1,230
1,730
3,410

21⁄2
3
31⁄2
4
5

683
1,237
1,855
2,625
4,858

959
1,750
2,626
3,718
6,875

1,359
2,476
3,715
5,260
9,725

1,920
3,500
5,250
7,430
13,750

2,430
4,210
6,020
8,400
15,000

3,300
6,000
8,500
12,300
21,200

5,200
9,400
13,100
19,200
33,100

7,960
16,590
30,820
48,600

11,275
23,475
43,430
68,750

15,950
33,200
61,700
97,250

22,550
46,950
77,250
123,000

25,200
50,000
90,000
155,000

36,500
70,200
130,000
200,000

56,500
120,000
210,000
320,000

6
8
10
12

Return mains and risers
3⁄4

1–20 psig—max, return pressure

1
11⁄4
11⁄2
2

156
313
650
1,070
2,160

232
462
960
1,580
3,300

360
690
1,500
2,460
4,950

465
910
1,950
3,160
6,400

560
1,120
2,330
3,800
7,700

890
1,780
3,700
6,100
12,300

21⁄2
3
31⁄2
4
5

3,600
6,500
9,600
13,700
25,600

5,350
9,600
14,400
20,500
38,100

8,200
15,000
22,300
31,600
58,500

10,700
19,500
28,700
40,500
76,000

12,800
23,300
34,500
49,200
91,500

20,400
37,200
55,000
78,500
146,000

6

42,000

62,500

96,000

125,000

150,000

238,000
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by Abraham Abramowitz, Revised by Staff
REFERENCES: Amick, “Fluorescent Lighting Manual,” McGraw-Hill. “IESNA
Lighting Handbook.” Design publications of General Electric Co., North
American Philips Co. (successor to Westinghouse Electric Co. Lamp Division),
and GTE-Sylvania, and others.

Ordinarily, the term illumination encompasses the application of the
science (and sometimes the art) of lighting. Electromagnetic radiation
in the wavelength range of 380 to 760 nm elicits response in the normal
human eye and thereby defines what we know as the visible spectrum.
Illumination engineering deals with harnessing sources of lighting into
the design of a system to distribute lighting, which will produce an
environment enabling us to see.
BASIC UNITS
Candela, cd, is the unit of luminous intensity of a light source. One

candela is defined as the luminous intensity in a given direction, of a
source that emits monochromatic radiation of frequency 540 " 1012 Hz
(approximately 555 nm) and of which the radiant intensity in that direction is 1⁄683 W per steradian (W/sr) (Fig. 12.5.1).
Lumen, lm, is the unit of luminous flux f. It is equal to the flux on a
unit surface all points of which are one unit distant from a uniform point
source of one candela. Such a point source emits 4p lumens.

Illuminance E is the density of luminous flux on a surface. If the foot
is taken as the unit of length and the flux is uniformly distributed over
the surface, the density in lumens per square foot is called footcandles, fc;
in SI units lumens per square metre, lux (lx), is used.
Luminance is the luminance intensity of any surface in a given direction per unit of projected area of the surface as viewed from that direction. The unit of luminance is cd/in2; in SI units cd/m2 is used.
Absorption, Reflection, and Transmission Incident light flux interacts with a medium by absorption, whereby incident light flux is dissipated; by reflection, in which the incident light flux leaves a surface or
medium from the incident side; by transmission, in which incident light
flux leaves a surface or medium on a side other than the incident side.
Reflection may occur as from a mirror (specular reflection), or it may
be reflected at angles different from that of the incident flux to incident
plane (diffuse reflection), or it may be a combination of the two types
of reflection.
In transmission, if the light ray is reduced only in intensity, the transmission is called regular; if the light ray emerges in all directions,
transmission is called diffuse. Both modes may exist simultaneously.
The incident flux fi equals the flux absorbed fa, reflected fr, and
transmitted ft . That is,

fi

fa # fr # ft

LIGHT SOURCES

Dividing this equation by fi, we obtain
or

1
1

fa /fi # fr /fi # ft /fi
a#r#t

power function of the source in watts per nanometre is taken to be
Qe(l), then the luminous flux is given by the equation
flumens 5 683 3

The wavelength of electromagnetic radiation is measured in metres.
For the frequencies involved in illumination, the wavelength is given in
nanometres, nm, equal to 10%9 m.
VISION

Most engineering designs (bridges, structures, roads etc.) are based on
strength and are not concerned with the way the human organism reacts.
The response of the eye is central to illuminating engineering. The lens of
the eye focuses an image on the retina. Here a photochemical process
takes place which sends nerve impulses to the brain via the optic nerve.
The amount of light entering the eye is controlled by the pupil. The
normal eye automatically accommodates itself to focus on an object,
while the pupil adjusts itself to allow for a high or low level of object
luminance. The sensors in the eye are known as rods and cones. The
cones are clustered in a small central part of the retina called the fovea.
They transmit a sharp image to the brain and give color response.
Outside the fovea the rods predominate. They give neither a sharp
image nor a color response. When the luminance of the visual field is
low, as at night, seeing is due to the rods only and is called scotopic vision.
At higher levels, with the cones primarily involved, seeing is called
photopic vision. There is an intermediate region called mesopic vision.
The response of the eye to colors of different wavelengths is given in
Fig. 12.5.2. The luminous efficacy (lumen output per radiated watt) is
683 lm/W at the wavelength of maximum photopic response, 555 nm.
For white light, radiation which has the characteristic of an equal energy
spectrum with all the energy in the visual region, it is approximately
220 lm/W.
Spectral Lumen If the response curve of the eye for photopic
vision, versus l in nanometres, is expressed as k(l), and the spectral

780

ksldQ e sld dsld

(12.5.1)

380

a is the absorptance, r is the reflectance, and t is the transmittance. In
each case, the incident flux may be restricted to a single wavelength, a
particular direction, and a given solid angle. These must be specified.

Fig. 12.5.1 Relationship between candela, lumen, and footcandle. [A uniform
point source (luminous intensity or candlepower 1 candela) is shown at the center of a sphere of 1-ft radius. It is assumed that the sphere is perfectly transparent
(i.e., has 0 reflectance). The illumination at any point on the sphere is 1 ft ( c
(1 lumen per square foot). The solid angle subtended by the area A B C D is 1 steradian. The flux density is, therefore, 1 lm/sr, which corresponds to a luminous
intensity of 1 cd. The sphere has a total area of 12.57 (4p) ft2, and there is a luminous flux of 1 lm falling on each square foot. Thus the source provides a total of
12.57 lm.]
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Fig. 12.5.2 Luminous efficiency versus wavelength for photoptic (day) vision.

LIGHT METERS

Early light meters compared the luminance of a diffuse highly reflecting surface with that obtained from a calibrated standard. The most
common light meter in use today is similar to a photographic exposure
meter. A photovoltaic cell is directly connected to a sensitive microammeter calibrated in footcandles (or dekalux). The best meters (called
color-corrected) have a response similar to that of the eye in photopic
vision. Special shapes are used on the cover to avoid total reflection of
light from the glass surface of the cell. Such meters are said to be cosine
law corrected. The microammeter is frequently replaced with an electronic amplifier using an analog or digital readout.
LIGHT SOURCES

The original and still major source of light is the sun. Next came fire,
derived from candles, oil, and gas lamps. With the discovery of electricity came arc lamps, gas-discharge lamps, and hot-filament lamps.
“Flame” or hot sources give a continuous spectrum. Gas-discharge
devices such as sealed neon tubing and mercury-arc lamps give discrete,
or line, spectra. The lines may be modified in various ways: by pressure
broadening, use of phosphor coatings (to convert ultraviolet radiation
into visible light), and using a mixture of gases. The continuous spectra
of phosphors have colors which depend upon the mixture used. A
light-emitting diode (LED) is a rectifying semiconductor device which
can convert electric energy to electromagnetic radiation ranging from the
near-ultraviolet to the near-infrared, i.e., from 400 to over 1,500 nm.
They are extremely attractive because they are very energy-efficient,
produce negligible heat, and contain no filament—and are thus highly
resistant to breaking from shock, vibration, and temperature extremes.
They can be inserted in standard sockets, including incandescent-type
screw bases. For special applications, they can be configured as required.
A major use is in display lighting or in indicators (traffic signals, panel
backlighting, etc.), but they have begun to find favor as long-life energyefficient substitutions for incandescent lighting. At this time (2005) the
initial cost is quite high, but prices will probably decline as their use
becomes more widespread.
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Color Temperature and Luminance

In general, three quantities are required to specify the color of a light
and its luminous level. However, an approximate designation is used by
specifying the temperature of a hot (black-body) emitter whose color
almost matches that of the light. The color temperature of daylight is
about 6,000 K and that of tungsten lamps about 2,300 to 3,300 K.
Lamps

Electric lamps are the principal source of artificial light in common use.
They convert electrical energy into light or radiant energy.
An incandescent-filament lamp contains a filament which is heated by
the current passing through it. The filament is enclosed in a glass bulb
which has a base suitable to connect the lamp to an electrical socket.
To prevent oxidation of the filament at elevated temperature, the bulb
is evacuated of air or filled with an inert gas. The bulb also serves to
control the light from the incandescent filament, which is essentially a
point source. High luminance of the source is typically reduced by acid
etching to frost the inside surface of the bulb. Silica coating will also
provide additional diffusion and can alter the color of the light emitted.
Portions of the bulb’s interior can be covered with reflecting material to
give a predetermined direction to the emitted light. Chemical tinting of
clear glass bulbs provides a variety of colors. Whenever the color that is
normally produced by an incandescent filament is changed, the filtering
process removes from the radiated light the energy of all wavelengths
except those necessary to produce the desired color. This subtractive
method of color alteration is less efficacious than the generation of light
of varying colors by gaseous discharge.
Sizes and shapes of lamp bulbs are designated by a letter code followed by a numeral; the letter indicates the shape (Fig. 12.5.3), and the
number indicates the diameter of the bulb in eighths of an inch. Thus a
T-12 lamp has a tubular shape and is 14⁄8 or 11⁄2 in in diameter.

Fig. 12.5.3 Typical filament lamp shapes: S, straight; F, flame; G, globe;
A, general service; T, tubular; PS, pear shape; PAR, parabolic; R, reflector.

Incandescent lamps are available with several types of bases (Fig. 12.5.4).
Most general-service lamps have medium screw bases; larger or smaller
screw bases are used depending on lamp wattage. Bipost and prefocus
bases accurately position the filament, as in optical projection systems.
Bipost lamps also serve where ruggedness and greater heat dissipation
are required.

consequent lower light output. Argon-nitrogen gas filling reduces the
rate of evaporation.
Tungsten filaments are also placed in compact quartz tubes filled
with a halogen atmosphere where the tungsten halide lighting source
continuously returns evaporated tungsten particles to the filament. The
inside walls do not blacken, and light output remains fairly constant
throughout the life of the lamp.
For exposed illuminated outdoor lamp signs, gas-filled incandescent
lamps are often used, especially when high-speed animation is to be
depicted by the on-off sequencing of the lamps. The lamp envelope is
filled with a gas which enhances the speed with which the filament is
heated and cooled. The very fast quenching of the filament without the
usual decay trail of light permits a sharply defined illusion of motion.
A fluorescent lamp consists of a glass tube coated on the inside with
phosphor powders which fluoresce when excited by ultraviolet light;
filament electrodes are mounted in end seals connected to base pins
(Fig. 12.5.5). The tube is filled with rare gases (such as argon, neon, or
krypton) and a drop of mercury (Fig. 12.5.6), and operates at a relatively

Fig. 12.5.5 Fluorescent lamp bases.

low pressure. In operation, electrons are emitted from the hot electrodes.
These electrons are accelerated by the voltage across the tube until they
collide with mercury atoms, causing them to be ionized and excited.
When the mercury atom returns to its normal state, mercury spectral
lines in both the visible and the ultraviolet region are generated. The
low pressure enhances ultraviolet radiation. The ultraviolet radiation
excites the phosphor coating to luminance. The resulting light output is
not only much higher than that obtained from the mercury lines alone
but also results in a continuous spectrum with colors dependent upon
the phosphors used.

Fig. 12.5.6 Fluorescent lamp operation. (Westinghouse.)

Fig. 12.5.4 Typical incandescent lamp bases.

Incandescent-lamp filaments are generally constructed of tungsten.
Tungsten has a high melting point and a low vapor pressure, which permits high operating temperatures without evaporation: the higher the
operating temperature, the higher the efficacy (lumens per watt) and
the shorter the life. Filament evaporation throughout the life of the
lamp causes blackening of the bulb and thinning of the filament with

As with all gas-discharge devices, these lamps have negative voltampere characteristics. Unless the voltage difference between the applied
voltage and the lamp operating voltage is absorbed in some way, damaging currents will result. A reactor is used in series with the lamp. It may
be capacitive or inductive. The supply voltage should be at least twice the
lamp operating voltage. Where this is not the case, the supply voltage
(up to 277 V is used) is stepped up by an autotransformer. The necessary reactance is frequently part of the transformer leakage inductance.
For starting purposes, voltages higher than twice lamp operating voltages may be used. For minimum line current a power-factor-correcting
capacitor is used and assembled with the autotransformer. A capacitor is
put across the lamp to reduce radio-frequency interference with nearby
radio receivers. All these elements are placed inside a case filled with a
potting compound. The assembly is called a ballast. The object of the
compound is to reduce noise from the core lamination vibrations and to
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improve heat dissipation. Built-in thermal protectors, which deenergize
the ballast when dangerous temperatures are reached, are now required in
the United States. Ballast manufacturers rate their units by noise levels.
Some ballasts use solid-state, high-frequency generators.
To start a fluorescent lamp, electron emission from the electrodes
must be induced. Two methods are generally employed: (1) the filament
electrodes are heated by passing current through them; (2) a high voltage, sufficient to start an electric discharge in the lamp, is applied across
it. Once a discharge starts, mercury-ion bombardment keeps the filaments at a hot electron-emitting temperature. Lamps are designed for
either type of operation. The first group is further divided into preheat
lamps and rapid-start lamps. Some lamps can be used for both types of
circuits. The lamp current is carried primarily by electrons emitted from
the filaments. The end or weakening of electron emission is an important
cause of the end of lamp life.
Preheat circuits contain starters which are really switches, closed when
power is first applied, permitting current to flow and preheat the electrodes. After a predetermined period of time, the starter switch opens,
throwing a potential across the lamp which starts the discharge. Lamps
used for preheat circuits have bipin bases (Fig. 12.5.5).
Instant-start circuits have ballasts which apply sufficient voltage across
the lamp to induce current flow without preheating the electrodes.
Slimline lamps are the principal instant-start type. They have single-pin
bases because no preheating is required, are available in sizes up to 8 ft
in length, and can have varying lumen outputs depending upon the ballast
current rating and wattage. Because of their high starting voltage, they
generally employ spring-loaded push-pull lampholders which disconnect
the ballast circuit unless the lamps are properly seated in position.
Instant-start lamps are sometimes available with bipin bases similar
to those used in preheat lamps. In these instances the lead wires from
the pins are connected together inside the lamp. These lamps, marked
“instant start,” are not interchangeable with rapid-start equipment.
Cold-cathode lamps employ the instant-start principle, have cylindrical
iron electrodes, and tend to be less efficacious at shorter lengths
because of high wattage losses at the electrodes. They are limited to low
current densities because the electrodes operate at temperatures below
that necessary for thermionic emission. Cold-cathode lamps, whose
operation is not affected by dimming or flashing, have long life and are

Fig. 12.5.7 High-output lamps. (GE.)
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generally used for custom-built shapes and patterns that require bending, such as for electric signs.
Rapid-start circuit ballasts have separate windings for the electrodes
which are immediately and continuously heated when the circuit is
energized. This rapid heating causes sufficient ionization in the lamp
for a discharge to start from the voltage of the main ballast windings.
Two-lamp rapid-start ballasts are of the series sequence type, in which
the lamps start in sequence and, when fully lighted, operate in series.
A new type screw-in fluorescent lamp with built-in ballast can be used
in a standard medium-screw socket. These lamps consume less power
than incandescent lamps for the same luminance; accordingly, albeit
their first cost is significantly higher, they are expected to prove to be
more economical by virtue of their reduced power consumption and
much longer life. A significant number of them have made way into
household and commercial use.
Fluorescent lamps used in low-ambient-temperature applications, as
in outdoor signs, are of the high-output (HO) type, and require special
high-output ballasts to permit the lamps to maintain their luminance at
lower operating temperatures.
High-intensity-discharge lamps consist of tubes in which electric arcs in
a variety of materials are produced. Outer glass jackets provide thermal
insulation in order to maintain the arc tube temperature. The temperature
and amount of material is controlled so that the discharge operates in
a vapor pressure of several atmospheres. This results in enhancing the
radiation in the visible region.
Mercury-vapor lamps consist of mercury-argon-filled quartz tubes
surrounded by a nitrogen-filled glass jacket. Clear lamps radiate the visible mercury lines (bluish green). Ultraviolet radiation is absorbed to
some extent by the outer jackets. The color of the light and the lumen
output is improved by coating the inside of the outer jackets with a
phosphor. When excited by the ultraviolet radiation of the arc, the phosphors add light in the red part of the spectrum to the output. The resulting lamps are called white, color improved, or deluxe white. The lamps
start by a discharge in argon between an electrode and a starting electrode (see Fig. 12.5.7). As the mercury vaporizes, the pressure builds up
and the discharge transfers to a mercury discharge. This takes several
minutes. After shutdown, the lamps cannot be restarted until the inner
tube pressure drops so that an argon discharge can start.
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Metal halide (multivapor) lamps use small quantities of sodium, thallium, scandium, dysprosium, and indium iodides in addition to the usual
mercury-argon mix. Color is improved and output substantially increased
over high-intensity-discharge lamps using mercury alone. While the construction is similar to mercury lamps, a bimetal switch is built into the
lamp to short out the starting resistor after the lamps start. A vacuum
jacket is used around the quartz discharge tube (see Fig. 12.5.7).
High-pressure sodium-vapor lamps use metallic sodium sealed in
translucent aluminum oxide tubes. This material is used to withstand
the corrosive effect of hot sodium vapor. For starting purposes a xenon
fill gas and a sodium-mercury amalgam is used. Arc temperatures are
maintained by an outer vacuum jacket. The lamp is started by generating a high-voltage pulse for about a microsecond (see Fig. 12.5.7).
High-pressure discharge lamps, like fluorescent lamps, require ballasts. These provide the necessary voltage, reactances, and power-factorcorrecting capacitors.
Comparative lamp efficacies (lm/w) range from about 8 for tungsten
incandescent to about 140 for high-pressure sodium.
Luminaires

Luminaires are generally categorized as industrial, commercial, or residential. Use within these categories usually determines the quality and
ruggedness of materials of construction. Generally speaking, style,
ornament, and in most cases low cost are prime considerations for residential fixtures. Industrial fixtures require low maintenance, low operating cost, efficiency, and durability. Commercial fixtures combine the
elements of all of these and place heavy emphasis on visual comfort.
Luminaires are classified by the International Commission on
Illumination (ICI) in accordance with the percentages of total luminaire
output emitted above and below the horizontal (Fig. 12.5.8). Industrial
fixtures usually are direct or semidirect.

Fixture bodies, trims, and lens frames are commonly constructed of
steel, electrogalvanized, and/or treated with a rust-inhibiting coating,
and painted with several coats of baked enamel. Stamped, spun, cast,
and die cast aluminum are also used.
Figure 12.5.9 shows two typical luminaires. Manufacturers’ literature
will provide complete details and light distribution curves for lighting
design. The variety of luminaires available is large and quite diverse,
offering the designer a large range of options.

Fig. 12.5.9 Two typical luminaires. (a) With incandescent lamp; (b) with fluorescent lamps and metal louver.
PRESCRIBING ILLUMINATION

The object of a lighting design is to provide sufficient illuminance for a
given seeing task without introducing discomfort. Sufficient light is not
difficult to obtain with modern light sources, but unless properly placed
and controlled, uncomfortable, glaring light will result.
A given task has a size, luminance contrast, luminance, and color.
The luminance of a perfectly diffusing reflecting surface is given by
L

Er

(12.5.2)

where E is illuminance in footcandles, r its reflectance (ratio of reflected
light flux to incident flux), and luminance L is in footlamberts. The
contrast C between two adjacent areas is given by
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Fig. 12.5.8 Hypothetical light distribution curve for a luminaire providing both
direct (below horizontal) and indirect (above horizontal) lighting. Manufacturers’
literature provides such data in great detail for their lines of luminaires.

Luminaires control the source of light so that it can be better used for
a given seeing task. Materials used in luminaires are designed to reflect,
refract, diffuse, or obscure light.
Reflectors are commonly made of specular alzak aluminum, glass,
baked-enamel steel, and porcelain-enamel steel.
Lenses with prismatic patterns refract light sources to disperse the rays
or to direct them most effectively. Lenses are of glass, acrylic plastic
(Plexiglas), or polystyrene. Glass is generally superior for incandescent
fixtures because of its heat resistance. Fluorescent lamps with acrylic
lenses have a life at least twice that of polystyrene because of their
color stability. Translucent glass and plastic are used in bottom lenses,
louvers, and side panels to diffuse light and to obscure light sources.
Baked-enamel steel louvers, in egg-crate, concentric ring, or cellular
configurations are widely used to shield light sources from normal
viewing angles.

(Lb % Lo)/Lb

(12.5.3)

where Lb is the luminance of the larger or background area and Lo is
the object or task luminance for a given illuminance E. Substituting
Eq. (12.5.2) into Eq. (12.5.3),
rb 2 ro
Erb 2 Ero
5
(12.5.4)
C5
rb
Erb
Thus, contrast is basically a function of the task-to-background
reflectance. Most surfaces are not perfectly diffuse and require the use
of the luminance factor b (ratio of actual luminance for a given viewing
angle to the illumination under actual conditions) instead of r. The contrast which can just be seen or detected (minimum perceptible contrast)
is a function of background luminance for a given task.
Unfortunately most visual tasks are performed on mirrorlike (specular) or semimirrorlike surfaces. This results in reducing the work contrast. Where a highly luminous object such as an incandescent-lamp
filament is reflected from a polished surface, “reflected glare” results.
Reflections of a large luminous area by matte or semimatte material
results in “veiling glare.” For work on a horizontal surface, the line of
sight from the eye for most people is from 0 to 40! from the vertical,
with a peak angle of about 25!. If light from the source is directly
reflected into the eyes, contrast and resulting visibility are greatly
reduced. When a highly luminous source is directly reflected into the
eye, it is possible to completely obliterate a task. Veiling reflections are
controlled by proper luminaire design and placement of fixtures. Some
designs keep flux out of the 0 to 40! zone. As far as possible the work
area should have a matte surface without shining details, and light
should come from the side or behind the worker.
In addition to veiling reflectance, there is a reduction in contrast due
to light directly entering the eye from the source. This is called the disability glare effect. It produces a light veil over the image of the task on
the retina. It is not a serious problem in interior lighting, but it is important in roadway lighting and similar situations.

PRESCRIBING ILLUMINATION
Visual-Comfort Criteria High luminances directly or reflected in
the field of view can cause discomfort without necessarily interfering
with seeing even though visual performance may be impaired. This discomfort glare can be caused by direct glare from sources which have
too high a luminance, are inadequately shielded, or have too great an
area. Lighting systems are rated by a visual-comfort probability (VCP),
expressed as a percentage of people who, if seated in the most undesirable location, will be expected to find it acceptable. (For a complete
description of VCP, see the IESNA Handbook.) If the following conditions are met, direct glare will not be a problem in lighting installations:
1. The VCP is 70 or more.
2. The ratio of maximum-to-average luminaire luminance does not
exceed 5 :1 (preferably 3 : 1) at 45, 55, 65, 75, and 85! from the nadir
crosswise and lengthwise.
3. Maximum luminaire luminances crosswise and lengthwise do not
exceed the following values:
Maximum luminance

Angle above
nadir, deg

cd/m2

fL

45
55
65
75
85

7,710
5,500
3,860
2,570
1,695

2,250
1,605
1,125
750
495

Design of Interior Lighting Systems

Lighting is as much an art as a science. While many studies have been
made on what constitutes adequate lighting along with proper quality,
the effect to be achieved depends upon the designer. In this section
emphasis will be primarily on achieving adequate illumination.
The design approach is to consider the space to be lighted and the
task to be performed. An illuminance is then selected. A suitable luminaire is picked, and calculations are made in order to determine the
number and layout of the fixtures. The overall quality is then checked.
If unsatisfactory, a new layout is made. An economic study is made to
check costs. If these are too high, new layouts are studied until all
design restraints are met.
Selection of illuminance Levels

An illuminance level guide for selected tasks is given in Table 12.5.1.
The data are based on an assumption of average conditions for people,
tasks, and visual performance requirements. (For other conditions see
the “IESNA Lighting Handbook.”)
Room, Furniture, and Equipment Finishes

The color and finish of rooms, furniture, and equipment are important
in the overall lighting design. Best results are obtained when the lighting designer coordinates his or her work with the architect, interior decorator, or plant designer.
A color scheme should be selected to give light reflectance values as
follows:
Area or unit

Percent
reflectance

Ceilings
Floors
Walls, draperies
Bench top, desks, machine, and equipment

70–90
20–40*
40–60†
25–45

* In storage areas, keep reflectance of aisle floors as high as possible in order to reflect light onto the lower shelves. This should also be
done where the underside of objects has to be seen.
† These values should be 30 to 40 where video display terminals
(VDTs) are used to avoid veiling reflections in the VDT faces.

The color and finish of a space and equipment therein set the psychological feel of the space. For example, the trend is away from drab finishes on machinery and dark gray filing cabinets. Colors such as yellow,
orange, red, and light gray seem to advance toward the eye. They tend to
make large spaces feel smaller. Receding colors such as violet, blue, blue
green, and dark grays make small spaces feel larger. Some colors are
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Table 12.5.1 Illuminance Guide for Selected Tasks
Footcandles
(lm/ft)

Lux (lm/m2)

Commercial drafting
Conventional

150*

1,600*

30
75

320
800

30

320

30
75–100
20
100
30
75
30
75

320
800–1,080
220
1,080
320
880
320
800

75
100
150

800
1,080
1,600

100
200
30
150,* 300,* 500*

1,080
2,200
320
1,600,* 3,200*,
5,400*

Libraries
Reading good print, typed originals
Reading small print, handwriting,
photocopies
Active stacks (vertical, illumination)
Offices
Conference rooms—conferring
Conference rooms—typical visual tasks
Corridors, stairs, elevators
General tasks, varying difficulty
Lobbies, reception areas
Private
Rest rooms
Video display areas
School
Classrooms, laboratories
Shops
Sight-saving rooms, hearing-impaired
classes
Store
Mass merchandizing, high activity
Self-service
Circulation, low activity
Feature displays, low, medium,
high activity

Industrial
Garages
Repair
Active traffic areas
Loading platform
Machine shops and assembly areas
Rough bench-machine work, simple
assembly
Medium bench-machine work,
moderately difficult assembly
Difficult machine work, assembly
Fine bench-machine work, assembly
Receiving and shipping
Warehouse storage rooms
Active large items
Active small items, labels
Inactive

75
15
20

800
160
220

50

540

100*

1,080*

150*
300*
30

1,600*
3,200*
320

15
30
5

160
320
54

20
1

220
11

2
1
5
5
50

22
11
54
54
54

Outdoor areas
Storage yards
Active
Inactive
Parking areas
Open, high activity
Open, medium activity
Covered parking, pedestrian areas
Covered night entrance
Covered day entrance

* Requires supplementary lighting. Care should be taken that the supplementary lighting
does not introduce direct and reflected glare.
SOURCE: Adapted from General Electric Co. design data.
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used for safety purposes. Various areas are painted to designate safe or
hazardous locations in a fashion similar to piping identification discussed
in Sec. 8. These colors have been carefully standardized in ANSI Z53.1.

into three cavities as shown in Fig. 12.5.10. For each cavity a cavity
ratio is calculated:
Cavity ratio 5

Designating Color

In order to be able to obtain designed values of a lighting system, it is
necessary to be able to specify the exact color wanted. Many methods
have been devised for so doing. One method uses carefully controlled
sets of colored chips, each one of which has a particular designation.
The desired color is matched against these chips. The Munsell system
uses scales of hue (the actual basic color such as red), value (a 10-step
scale ranging from black through grays to white), and chroma (the
amount of gray mixed in with the color). This system is used by many
manufacturers to designate their colors. The Ostwald system describes
color in terms of color content, white content, and black content. The
Inter-Society Color Council-National Bureau of Standards (now NIST)
(ISCC-NBS) method designates one-inch square samples with names.
For color designation by the ICI method, a spectroradiometric curve of
the source is determined together with a spectrophotometric curve of
the reflecting or transmitting surface. By mathematical manipulation
using spectral tristimulus values, chromaticity coordinates are obtained.
See the IESNA Handbook for details. Chromaticity coordinates are
extensively used for fluorescent lamp colors. These coordinates can be
measured directly by photoelectric colorimeters. They are designed
with filter photocell responses to be close to each of the ICI tristimulus
values. Built-in logic circuitry results in direct reading of the chromaticity. Incandescent and vapor-type lamp colors are specified by
color temperature.
LIGHTING DESIGN

Interior lighting is designed by the lumen method. This takes into
account the interreflections of light inside a room. The average illuminance on the work plane equals the incident luminous flux f divided by
the area, or E f/A. Lumens reaching the work plane is equal to lamp
lumens multiplied by the coefficient of utilization CU. This factor is a
function of room size, shape, and finish, mounting height of fixture, and
type of luminaire used. The lumens fL initially available from the lamps
may be reduced by ambient temperature, lower voltage, and the ballast
used. As time goes by the room surfaces and luminaires become dirty,
which further reduces the illuminance. In addition, lamp output falls,
and some of them burn out. The total effect of all these factors is
expressed by the light-loss factor LLF. The maintained illuminance Em
is the initial illumination times the LLF, or
E m 5 sfL 3 CU 3 LLFd/A

(12.5.5)

The required maintained illuminance is selected from Table 12.5.1 or
from the more extensive data in the IESNA Handbook. A fixture and
lamp is selected, and Eq. (12.5.5) is solved for the necessary lamp flux
fL. The number of luminaires N is found by dividing the total lamp
lumens fL by the lumens per fixture fF . A trial layout is then made. A
simple layout keeps spacing between units equal to twice the distance
between fixtures and wall. Spacing is checked against the maximum
allowable luminaire spacing from manufacturers’ data to ensure uniform illumination. However, this criterion results in inadequate lighting
near the walls. In order to light desks and benches along the walls, a
spacing of 21⁄2 ft from the luminaire center to the wall is used. The ends
of fluorescent luminaire rows should be 6 to 12 in from the walls with
a maximum distance of 2 ft.
Wall and ceiling cavity luminances can be obtained by using luminance coefficients (LC) for the fixtures (see manufacturers’ literature).
For interior areas, maximum luminance ratios should be 3 : 1 or 1 : 3
between tasks and immediate surround, and 10 : 1 or 1 : 10 between tasks
and remote surfaces. To ensure eye comfort, the visual-comfort probability is investigated.
The coefficient of utilization is found by using the zonal-cavity method.
In this method effects of the room proportion, luminaire suspension
lengths, and work-plane height on the CU are found by dividing the room

5hsroom length 1 room widthd
sroom lengthd 3 sroom widthd

(12.5.6)

hCC for the ceiling
where h
hRC for the room cavity ratio RCR;
cavity ratio CCR; and hFC for the floor cavity ratio FCR.

Fig. 12.5.10 The three cavities used in the zonal cavity method.

Supplemental tables for use of RCR, CCR, and FCR, together with a
detailed description of the procedure to follow when applying the
lumen method, are found in the IESNA Handbook.
While the lumen method is the accepted procedure for calculating
interior lighting levels, it is often necessary to have a quick approximation of the quantity of lighting equipment needed to satisfy an
illumination-level specification. There are several rules of thumb which
serve that purpose.
Spacing Method Table 12.5.2 indicates approximate basemaintained footcandle levels according to fixture spacing. For levels other
than the base quantity, the level is changed inversely and proportionally
to a change in spacing—i.e., doubling the spacing (in one direction)
halves the level; halving the spacing doubles the level. Doubling the
spacing in both directions reduces the level to one-fourth.
Lumens-per-Square-Foot Method See footnote for Table 12.5.3.
Less accurate than the previous method, this one permits a fairly reasonable calculation by using the lamp lumens as given in the GE Lamp Catalog and substituting in the formula:
Footcandle 5

total lamp lumens per fixture
2 3 area per fixture

Or, for a given footcandle level, transposing the formula to determine area per
fixture:
Area per fixture 5

total lamp lumens per fixture
2 3 footcandles

The 2 in the denominator assumes loss of half the lumens in fixture utilization,
lamp depreciation and dirt accumulation. (Source: General Electric.)
Watts-per-Square-Foot Method

Table 12.5.3 shows another way to

arrive at a quick approximation.
Point Method of Design

If uniformity of lighting is to be investigated, or if outdoor lighting is to
be designed, the point method is used. Manufacturers furnish candlepower distribution curves for their fixtures. An average curve is given
for symmetrical fixtures while curves in various planes are given for
asymmetrical ones. The basic equation for calculating the illumination
from such curves is
Eh

(Iu cos u)/D2
Iu H/D3

(12.5.7)

DIMMING SYSTEMS
Table 12.5.2
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Approximate Footcandle Levels According to Fixture Spacing*

Lighting system

Spacings†

Lamp

Watts

10 " 10 ft

15 " 15 ft

20 " 20 ft

25 " 25 ft

30 " 30 ft

Lucalox

70
100
150
250
400
1,000
175
400
1,000

35
55
95
180
300
—
85
200
—

15
25
45
80
135
—
35
90
300

10
15
25
45
75
210
20
50
165

—
10
15
30
50
135
15
35
105

—
—
10
20
35
95
10
25
75

Multivapor

Continuous rows of 2-lamp fixtures on spacing† of:
Fluorescent (cool white)

6 ft

8 ft

10 ft

12 ft

15 ft

40W Rapid Start
75W Slimline
110W High Output
215W Power Groove

120
120
185
300

90
90
140
225

70
70
110
180

60
60
90
150

50
50
75
120

* See footnote for Table 12.5.3.
† Spacings assumed within maximums established by fixture manufacturer.
SOURCE: General Electric Co.

Table 12.5.3 Watts-per-Square-Foot
Method*
A convenient, popular, quick approximation
Lamp

Per 100 fc

Lucalox
Multivapor
Fluorescent
Mercury-vapor
Incandescent (reflector lamp)

1.6 W/ft2
2.5 W/ft2
3.0 W/ft2
3.5 W/ft2
8.5 W/ft2

THE ECONOMICS OF LIGHTING INSTALLATIONS

The cost of lighting is computed by summing the annual cost of energy;
relamping; cost of labor for cleaning, relamping, and servicing; interest;
and depreciation.
Different lighting systems can be evaluated by comparing the costs
per million lumen hours per luminaire. This is given by Eq. (12.5.9),
U5

* Both Table 12.5.2 and lumen-per-square-foot method are
based upon large industrial areas, where room width (W) is
six times the fixture mounting height (MH). For mediumsized areas (where W
3MH), reduce footcandles and
increase wattage 15 percent. For small areas (where W
MH), reduce footcandles and increase wattage 50 percent.
Lucalox fixtures and incandescent reflector lamps tend to be
more efficient and have higher lumen-maintenance characteristics; thus, for these sources increase the footcandle value
about 25 percent.
SOURCE: General Electric Co.

where Eh is the illumination on the horizontal plane, I0 the candlepower
in the given direction, and D the distance of the luminaire to the point P.
See Fig. 12.5.11.

10
P1h
F1M
a
1W3R1
b
L
H
Q3D

(12.5.9)

where U unit cost of light in dollars per million lumen-hours; Q
mean lamp lumens; D luminaire dirt depreciation (average between
cleanings); P price of lamp in cents; h cost (in cents) to replace
one lamp; L average rated lamp life in thousands of hours; W mean
luminaire input watts (lamps plus ballast); R energy cost in cents per
kilowatthour; F
fixed or owning costs in cents per luminaire-year;
M cleaning costs in cents per luminaire-year; and H annual hours
of operation in thousands of hours.
In the above equations the area can be expressed in square metres.
These equations are general and basic. With the advent of energy conservation, it has become important to use electric power effectively and
efficiently. The IES, in its 1981 Handbook, established a watts per
square foot (square metre) for various occupancies, called a base unit
power density (UPD). These values are used to establish a power limit
for a facility. For this purpose approximate values are used for CU,
lamp plus ballast, lumens per watt, and LLF. For LLF, 0.7 is used.
Another way to compare installations is to compute the watts per square
foot for each proposed installation. This is computed by either method:
Watts/ft 2 5

total lamp lumens
area, ft 2
3

Watts/ft 2 5

1
lumens/watt of lamp and ballast

(12.5.10)

designed illuminance
CU 3 LLF
3

Fig. 12.5.11 Footcandle calculation diagram.

1
lumens/watt of lamp and ballast

(12.5.11)

Typical values are shown in Table 12.5.3.
For vertical surfaces
Ev

(Iu sin u)D2
Iu R/D3

(12.5.8)

Nomograms and graphical solutions are available for Eqs. (12.5.7) and
(12.5.8).

DIMMING SYSTEMS

Dimming systems are used in theaters, auditoriums, ballrooms, etc.
Originally, power-consuming rheostats were used. These have been
replaced by continuously variable autotransformers, variable reactors,
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silicon controlled rectifiers (SCRs) and triacs. The development of controlled solid-state devices has resulted in small, reliable dimmers which
can be readily programmed. Only incandescent and cold-cathode lamps
can be dimmed easily. Fluorescent lamps require special ballasts which
keep the electrodes hot at all times. Dimmers have been developed for
high-intensity discharge (H.I.D.) lamps.
HEAT FROM LIGHTING

Lighting installations are a substantial source of heat, have long been a
factor in the design of air-conditioning (cooling) systems, and are
increasingly significant in the design of heating systems. The heating
effect for 1 W is 3.413 Btu/h. Approximate wattage data for lighting
systems at various lighting levels can be calculated by using watts persquare foot calculated from Eq. (12.5.10) or (12.5.11). Heat generated is
delivered to surrounding areas in several ways, with energy distribution
for fluorescent and incandescent lamps as illustrated in Fig. 12.5.12.

Fig. 12.5.12 Energy distribution of lamps.

With the prevalent high lighting intensities of modern buildings, it is
essential to control the heat generated by a lighting system. Substantial
portions of the energy which is not radiated into the room may be conducted away from the luminaire by an air stream or by water flowing
through a coil attached to the luminaire. In the heating season, this heat
energy is delivered to the perimeter of the building for effective space
warming. In the cooling season, the heat is rejected to the exterior, thus
reducing the load on the cooling system. Air-handling luminaires
(Fig. 12.5.13) have been used for this purpose.

Fig. 12.5.13 Typical air handling system. (Barber-Colman.)

12.6 SOUND, NOISE, AND ULTRASONICS
by Robin O. Cleveland, Benjamin C. Davenny, and Jonathan D. Kemp
REFERENCES: Kinsler, et al., “Fundamentals of Acoustics,” Wiley, 1982. Harris,
“Noise Control in Buildings,” INCE, 1997. Beranek and Ver, “Noise and Vibration
Control Engineering,” 1992. “2003 ASHRAE Handbook—HVAC Application,”
Chap. 47, Sound and Vibration Control, 2003.

SOUND

An acoustic wave, or a sound wave, is a mechanical disturbance of particles in a fluid from an equilibrium state which propagates as a wave
through the medium with a speed of sound that depends on the properties of the fluid. In fluids the waves are longitudinal; i.e., the motion of
the disturbed particles is in the direction of the wave propagation.
Typical acoustic sources, such as audio speakers, vibrate backward and
forward, generating sound waves consisting of compressional phases
and rarefractional phases. The pressure, density, and particle velocity of
the fluid are all affected by the passage of the wave. Similar waves exist
in elastic solids, but in this case, two types of waves can propagate:
longitudinal waves and shear (or transverse) waves in which the particle
motion is transverse to the direction of propagation. Here, acoustic
waves will refer to waves in fluids (liquids or gases) and elastic waves
to those in elastic solids.
The sound speed c0 is a material property, and for gases it is given
by c0 5 2gRT, where g is the ratio of specific heats (1.4 for diatomic
gases such as air), R is the gas constant [287 J/(kg ( K) for air], and T is
the absolute temperature. For air at 208C (293 K) it is about 343 m/s

(1,125 ft/s). For liquids the expressions are more involved (see, e.g.,
Lovett, Jour. Acoust. Soc. Am., 45; 1969, pp. 1051–1053), and an approximate value for water at room temperature is 1,500 m/s (4,920 ft/s).
(See Table 12.6.1.)
Acoustic waves vary in space and time, and the relationship between
the temporal separation of points on an acoustic wave ( .t) and the spatial separation of the points ( .x) is the sound speed: .x 5 .t c0. For a
sinusoidal wave the spatial extent of one cycle of the wave is called
the wavelength l and the concomitant temporal extent the period T.
Table 12.6.1 Density and Sound Speed in Selected Materials
Density

Velocity

Material

SI unit,
kg/m3

USCS unit,
lbf/ft3

SI unit,
m/s

USCS unit,
ft/s

Steel
Aluminum
Concrete
Glass
Brick
Lucite
Water
Pine
Cork
Air

7,700
2,700
2,600
2,300
2,000
1,200
1,000
450
240
1.21

481
169
162
144
125
75
62
28
15
0.0755

6,100
6,300
3,100
5,600
3,650
2,650
1,500
3,500
500
343

20,013
20,669
10,171
18,373
11,975
8,694
4,921
11,483
1,640
1,125

SOUND

The frequency of the sound is f
1/T
c0 /l and is measured in
hertz (Hz). In older texts the units may be stated as cycles per second (cps).
Acoustic waveforms may be sinusoidal in shape, but most often are not.
However, the use of Fourier analysis allows any acoustic wave to be
represented by a combination of different frequencies. The audible frequency range is normally said to extend from 20 Hz to 20 kHz, although
for frequencies above 10 kHz the sensitivity of the ear decreases
dramatically. As an individual gets older, the upper frequency limit
becomes progressively lower. Sound with frequencies less than 20 Hz
is referred to as infrasound, and sound with frequencies above 20 kHz is
referred to as ultrasound. (See Table 12.6.2.)
Table 12.6.2

Acoustic Spectrum

Lower range of elephant hearing
Infrasound/sound transition
Lowest note on a piano
E string on a bass guitar
Dominant frequency of thunder
Middle C
Upper limit of telephone bandwidth
Highest note on a piano
Sound/ultrasound transition
Upper range of bat sonar
Upper range of dolphin sonar

The density and sound speed of a material determine its specific acoustic
impedance Z0 5 r0c0. This term is often shortened to acoustic impedance
or just impedance. The impedance of air is about 415 kg/(m2 ( s) [85 lbf/
(ft2 ( s)] and of water is about 1.5 " 106 kg/(m2 ( s) [0.31 " 106 lbf/(ft2 ( s)].
The unit kg/(m2 ( s) is often referred to as MKS Rayls—although this
is not an SI unit. For a plane wave moving in one direction (referred
to as a progressive wave) the impedance relates the pressure p to the
particle velocity u through p
uZ0; i.e., acoustic impedance plays a
role similar to electrical impedance in circuit theory. For waves that are
not plane (such as focused waves) or not moving in one direction (such
as standing waves), there is normally not a simple relation between the
pressure and particle velocity.
A propagating acoustic wave carries energy, and this is most commonly described by the intensity I, the power per unit area. The intensity
can be calculated by the following integral:
I5

1
Tav 3t

t0 1Tav

sp ? ud dt

(12.6.1)

0

where the integration is done over a period for a periodic wave, over the
duration of the pulse for a pulse, or over an appropriately long time for
a noise signal. The units for I are watts per square metre (W/m2). For a
progressive wave the particle velocity is related to the acoustic pressure,
and the intensity can be determined from measurements of the root
mean square (rms) pressure and the impedance:
I 5 p 2rms /Z0

(12.6.2)

When an acoustic wave encounters an interface, the wave is partially
reflected and partially transmitted. In the case of normal incidence, the
intensity transmission and reflection coefficients are given by
RI 5
TI 5

sZ2 2 Z1d2
sZ2 1 Z1d2
4Z1Z2
sZ2 1 Z1d2

(12.6.3)
(12.6.4)

that is, they depend predominantly on the difference in impedance. The
coefficients sum to unity, and individually they must range between 0
and 1. In noise control applications, interfaces are often employed to
reduce the transmission of sound, and it is common to use transmission
loss TL, which is related to the intensity transmission coefficient by
TL

%10 log TI

A large transmission loss is normally desired.

For sound that is incident at oblique angles, or where there are multiple interfaces, the expressions for reflection and transmission coefficients become more complicated, and it often becomes more practical
to measure the coefficients.
Attenuation of Sound When sound propagates through a medium,
most of the energy remains in the sound wave, but a small amount of it
is absorbed by the medium. The amplitude of an acoustic wave will
therefore decay or attenuate as it propagates through a medium. The
attenuation can be due to geometric spreading effects, scattering by
inhomogeneities in the medium, and direct absorption of the energy by
the medium. For a plane wave the intensity will decay exponentially
with distance
I

5 Hz
20 Hz
27 Hz
41.3 Hz
100 Hz
261.63 Hz
3,400 Hz
4,096 Hz
20 kHz
100 kHz
200 kHz

(12.6.5)
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I0 exp (%2ax)

(12.6.6)

where a is the attenuation coefficient and x is the distance. The attenuation coefficient has units of nepers per metre (Np/m). Often when
attenuation is reported to dB/m, it can be converted to Np/m by making
use of the conversion 1 Np 8.686 dB.
Absorption in air is dominated by the vibration of nitrogen and oxygen molecules. It varies with frequency (absorption increases with frequency) and is very sensitive to changes in temperature and humidity.
Propagation distances typically need to be on the order of hundreds of
metres for the attenuation to be significant. International Standard
ISO 9613-1:1993 describes how to determine the attenuation of sound
in air.
Absorption in pure water is very weak and normally negligible; however, it increases with the square of the frequency and can be important
for frequencies above 10 MHz. In saltwater, absorption is much stronger
and is dominated by chemical dissociation of salts (see Francois and
Garrison, Jour. Acoust. Soc. Am. 72; 1982, pp. 896–907 and 1879–1890).
In solids there are few quantitative formulas for determining attenuation, and most data are determined empirically. The attenuation in
most solids typically follows a power law of the form a a0 f n, where
a0 and n are material properties and n typically varies between 1 and 2.
A comprehensive list of acoustic properties can be found at
http://www.ondacorp.com/tecref_acoustictable.html.
Transducers

A transducer is a device that converts energy between two forms. In
acoustics, transducers are used to measure sound (convert sound to an
electric signal) and to generate sound (convert electric signals to
acoustic waves).
Generating Sound Sound is generated by an object or a surface
vibrating in a fluid. For a sound source to be efficient, it is necessary that
the dimensions of the vibrating surface of the source be much larger than
the wavelength of sound. This is often not practical; e.g., at 300 Hz the
wavelength in air is about 1 m (3 ft). Efficiency is also improved if the
source is mounted in a wall (baffle) or a chamber so that there is no
direct path from the front and back surfaces of the vibrating surface.
The presence of a path between the front and back surfaces of the
source allows some of the energy to “slosh” back and forth and not
radiate as a sound wave.
Moving coil loudspeakers are perhaps the most common transducer
for sound generation. The heart of the transduction is a cylindrical coil
of wire (voice coil) and a magnet. When a current is passed through the
coil, the interaction with the magnetic field results in a force on the
voice coil. The voice coil is connected to a large diaphragm which is
vibrated back and forth as the coil oscillates, and this results in the generation of an acoustic wave. The diaphragm is provided with some
mechanical stiffness to produce a restoring force.
The attachment of a horn to the loudspeaker improves the impedance
match between the speaker and the air since it is essentially an acoustic
transformer. The dimensions and flare of the horn contribute to its
matching ability. The operation of the speaker may be influenced by its
enclosure, the baffle which separates the front from the back radiation,
or its resonances.
Whistles and sirens may also be used to produce intense sound fields
in gases and liquids. In a whistle a flow of air is passed over a sharp
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edge; turbulent vortices are produced which result in oscillation of the
air. If a resonant chamber is placed behind the edge, then the vortices
will excite the resonance and produce a tone. These oscillations can
often result in high-amplitude signals. An example is flow over a car
with an open sunroof, which will result in turbulence that can excite a
resonance in the air in the car. The frequency of the resonance is typically less than 10 Hz (infrasound) and can be disturbing to passengers
in the car. Sirens are devices in which a revolving disk or drum is perforated such that the holes alternately block and unblock a steam of air.
Early sirens employed a series of holes on the outer edge of a disc with
a jet of air impinging thereon. Modern sirens use a centrifugal fan inside
a drum. The fan is rotated and forces air through the holes in the drum,
to generate a sound.
In underwater applications, most sound sources employ piezoelectric
materials. A piezoelectric material is one which generates a strain when a
voltage is applied across the material. The change in thickness of the
material launches an acoustic wave in the water. Typically the impedance of piezoelectric materials is much higher than that of water, and to
ensure efficient sound transmission, quarter-wavelength impedance
matching layers are used on the face of the transducer. Impulsive noise
sources used underwater include explosions and implosions of hollow
spheres.
Measuring Sound The acoustic field is typically measured in air by
using a microphone and in water by using a hydrophone. Most microphones are either condensor microphones or electret microphones. The
active element of a condensor microphone consists of a capacitor where
one plate is free to move with the particle motion of the acoustic wave,
which results in a change in bias voltage on the capacitor. An electret
uses a similar concept except that the dielectric is a permanently electrically charged material so that no biasing voltage need be employed.
Electret microphones are becoming the dominant transducer for measuring audible sound even for quality measurement microphones.
Micro-Electro-Mechanical-Systems (MEMS) based microphones,
which typically employ micrometre-sized capacitors and may have an
advantage in terms of mass production and direct integration with electronic circuits, have the potential to become competitive with electrets
in the near future.
Other microphones use piezoelectric materials, where the strain or
stress associated with the acoustic wave induces a voltage in the material. The majority of hydrophones employ piezoelectric transducers.
Sound Pressure Level Most measurements report the acoustic disturbance in terms of pressure which has units of N/m2 or Pa. The threshold of hearing in people with acute hearing is an rms pressure of
approximately 20 mPa (2.9 " 10%9 psi) at around 4 kHz. The threshold
of pain is an rms pressure of 63 Pa (9.3 " 10%3 psi). In comparison the
atmospheric pressure at sea level is approximately 100,000 Pa (15 psi).
Although sound is measured as a pressure, it is normally reported in
decibels as either a sound pressure level (SPL) or an intensity level (IL)
which are given by
SPL
IL

20 log 10(prms /pref)
10 log 10(I/Iref)
%12

(12.6.7)

2

where in air pref 20 mPa and Iref 10 W/m and are chosen so that
the two levels are almost identical (less than 0.4-dB discrepancy). In
terms of SPL, the threshold of hearing is 0 dB, and the threshold of pain
is 130 dB. Table 12.6.3 gives typical SPLs for sound in the audible range.
Table 12.6.3 Examples of Representative
SPLs for Various Environments
Rustling of leaves
Whisper
Normal conversation
Average street noise
Vacuum cleaner
Heavy truck at 15 m (45 ft)
Home stereo at full volume
Rock concert (threshold of feeling)
Jet engine at 25 m (75 ft)

15 dB
30 dB
60 dB
70 dB
80 dB
90 dB
100 dB
120 dB
140 dB

Note in underwater acoustics the reference level for an SPL is 1 mPa, and
in older underwater acoustics literature a value of 0.1 Pa was used. It is
good practice to report the reference pressure level when reporting SPL
in dB to avoid confusion.
Perception of Sound

Although human hearing can extend from 20 Hz to 20 kHz, the auditory
system is most sensitive to sounds in the range of 1 to 5 kHz. Due to
the frequency dependence of human hearing, the SPL used for determining human response to sound is normally weighted so that sounds
in the 1- to 5-kHz range are given stronger weighting. A number of
algorithms have been developed that apply different weighting to sound
in specific frequency bands that are either one octave or one-third-octave
apart. An octave refers to a doubling of frequency; that is, 1,000 Hz
is one octave above 500 Hz and two octaves above 250 Hz. An octave
band centered at f0 covers the range of frequencies from f0 / 22 to
f0 22; e.g., for 1,000 Hz it covers the range of 707 to 1,414 Hz. The
most common is the A weighting (dBA) which applies 0-dB weighting
at 1,000 Hz, reduces signals at 63 Hz by 26.2 dB, and adds 1.0 dB at
4,000 Hz. The A weighting is appropriate for determining the perceived
sound level for relatively quiet sounds, as it accounts for the strong
frequency-dependent sensitivity of the ear. For more intense sounds
the ear does not display such a strong frequency sensitivity, and in this
case for C weighting (dBC) is more appropriate, which is effectively a
flat bandpass filter with %3-dB frequencies at 31.5 Hz and 8 kHz. The
C weighting is also often appropriate for impulsive sounds. Table 12.6.4
lists the octave band corrections for the A and C weightings.
Table 12.6.4 Correction, dB, to Be Applied to an
SPL Measured in Octave Bands Centered at the
Specified Frequencies.
Frequency, Hz

dBA

dBC

31.5
63
125
250
500
1,000
2,000
4,000
8,000

%39.4
%26.2
%16.1
%8.6
%3.2
0
#1.2
#1.0
%1.1

%3.0
%0.8
%0.2
0
0
0
%0.2
%0.8
%3.0

OSHA regulations (Standard 1910.95) require that when workers are
exposed to an average weighted sound level of 85 dBA or more in an
8-h day, then monitoring and hearing conservation practices must be
implemented. These practices include regular measurement of sound
levels and regular auditory testing of employess. A SPL of 90 dBA is
the maximum permissible for an 8-h workday, and the exposure time
goes down by 50 percent for each 5-dB increase in noise levels; i.e.,
workers can only be exposed to an SPL of 95 dBA for 4 h, and a level
of 100 dBA reduces exposure time to 2 h. Acoustic engineering can be
employed to reduce noise levels and allow for longer exposure times.
NOISE

Noise measurements are usually made with a sound level meter, comprised of a microphone, an attenuator, an amplifier, a frequency-weighting
network, and an indicator. See ANSI S1.4, “Specification for Sound
Level Meters,” and ANSI S1.42, “Design Response of Weighting
Networks for Acoustical Measurements.” A sound analyzer indicates
sound pressure as a function of frequency by using a filter set designed
in accordance with ANSI S1.11, “Specification for Octave-Band and
Fractional-Octave-Band Analog and Digital Filters.” Octave band filters
are typically included with sound analyzers with additional one-third
octave band filter sets available on some analyzers. Modern sound
analyzers permit simultaneous real-time measurement across many
frequency bands. In addition, narrowband analysis with fast Fourier

NOISE

transform (FFT) is available on some sound level meters. By using
these instruments the components of the heterogeneous noise may be
identified, and correlated with the noise sources. Once the noise source
is located, techniques for noise control can be used.
Contact transducers (vibration pickups) may be used to locate
sources of noise, such as in partitions and machine parts. They may be
piezoelectric or magnetic and may be used to supplement information
from the microphone and sound level meter.
Where the frequency distribution of the noise is significant, an analyzer may be used since the overall level meter tells nothing about frequency distribution. For most noise control applications, one-third
octave band filters provide sufficient frequency resolution. However,
narrowband FFT analyzers are helpful when finer frequency resolution
is required.
Transmission Isolation

If the vibrations of noisy machinery cannot be suppressed at the source,
their transmission to the listener should be impeded. The most effective
vibration isolation method is the introduction of elastic discontinuities in
the structure transmitting the noise. The discontinuities may be obtained
by the use of rubber, neoprene, or springs in machinery mountings, or
by the introduction of neoprene isolation sheets in expansion joints of
concrete slabs. The isolation treatment should be applied as close to the
source as possible, to eliminate sound radiation from the structures
transmitting the vibrations. Where this is not possible, the listening
space itself may be isolated. Thus quiet rooms, constructed especially
for noisy measurements, are usually built as separate structures isolated
from the main building.
Filtration

Some problems of noise transmission through air lend themselves to
solution by methods of filtration. Typical examples are the transmission
of sound in ventilating ducts and the noise production at engine exhaust
pipes. In each of these cases, the steady flow of gas must not be impeded,
but the alternating flow, representing sound transmission, must be effectively suppressed.
Noise in ventilating ducts is typically broadband and consists of fan
noise (low and middle frequency) and turbulence noise (middle and
high frequency) generated by airflow. Fans are capable of generating
tones at a blade passage frequency determined by their rotational speed
and number of blades. However, most fans used in HVAC are large centrifugal fans, which do not generate a tremendous amount of tonal
noise. Some of this sound energy can be converted to heat by using dissipative glass or cotton fiber elements such as duct silencers or internal
duct lining. Both approaches tend to give the most attenuation at middle
frequencies around 1 kHz. Duct silencers, consisting of parallel baffles, are used to reduce low- and middle-frequency noise. For ventilating ducts, noise suppression may be obtained by lining the ducts with
1-in-thick glass fiber or cotton fiber sheets. Low-frequency propagation
along a duct can be reduced by means of complaint duct walls that radiate noise away from the duct, or by discontinuities such as plenums
and outlets. High-frequency noise can be reduced with elbows. Reactive
(also known as no-fill, or no-media) silencers are commercially available
and are commonly used where no fibrous fill is allowed. These silencers
work on the same principle as the muffler on a car. They consist of a
few pipe segments that interconnect a number of large chambers. The
change in acoustic properties of the pipes (masslike) and the chambers
(springlike) produce resonance effects which result in reflection of the
noise back to the source.
For noise with strong tonal components, resonators can be fitted to
the duct to filter specific tones. The filters are normally placed as close
to the source as possible. However, a difficulty with using resonators in
duct systems is that a separate resonator is needed for each tone, and
tuning the resonator to the correct frequency can be difficult. Other
problems include excess pressure drop and flow noise generation from
duct discontinuities. Most noise control approaches incorporate broadband attenuation to reduce the entire noise spectrum below a target noise
criteria (NC) level.
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Ducts should be sized to limit airflow noise and duct drumming to
acceptable levels in the spaces they serve. The volumetric flow rate is
determined by the amount of air changes per hour required for the space
of interest. Duct sizing and volumetric flow rate determine the average
airflow velocity in the duct, which in turn affects the amount of turbulence noise that can be generated. Rules of thumb are typically used for
setting appropriate airflow velocities. Main system ductwork that is
usually located in building shafts away from noise-sensitive spaces is
typically sized for medium-pressure standards with airflow velocities
from 6 to 10 m/s [1,200 to 2,000 feet per minute (fpm)]. The main ductwork connects to branches that are sized for low-pressure standards. In
general, velocity ventilation branches serving noise-sensitive rooms such
as music performance spaces should be on the order of 0.5 to 1.5 m/s
(100 to 300 fpm). For regular occupied spaces, such as offices, airflow
velocities in duct branches should be on the order of 2 to 3 m/s (400 to
600 fpm). Spaces that have high airflow requirements such as laboratories permit higher noise levels, and airflow velocities in duct branches
are on the order of 4.5 to 6 m/s (900 to 1,200 fpm).
Shielding

Noise can be reduced by the placement of sound-opaque partitions
between the source and the receivers. In most buildings the panels are
thin in comparison to a wavelength, and the transmission loss for normally incident sound through a thin panel is given by
TL0

20 log (pfrl/Z1)

(12.6.8)

where f is frequency, r is the mass density of the wall material, l is
the thickness of the wall, and Z1 is the impedance of air [415 Rayls
or 85 lb/(ft2 ( s)]. There is a 6 dB/octave increase in transmission loss
as frequency increases. The transmission loss of sound can be
increased by increasing the mass per unit area of the partition, either
a denser material or a thicker panel. For sound that is not normally
incident the TL is reduced, and for sound incident over a range of
angles, typical transmission loss is approximately derated by 5 dB,
that is, TL TL0 % 5 dB.
The sound transmission loss of single panels in the audible frequency
range is often further reduced by coincidence effects associated with
bending (or flexural) waves in the panel. This occurs when the frequency of obliquely incident sounds equals the bending wave frequency
of the panel, which is determined by the thickness and stiffness of the
panel. If the panel had no damping, then the sound transmission loss
would be reduced to zero at this coincidence frequency; but the damping inherent in most panels reduces this degradation of transmission
loss. Single panels can also have low-frequency resonances due to their
mass and stiffness. However, this resonance is determined by the size of
the panel, is mitigated by natural panel damping, and is usually not a
concern in most noise control applications.
Typically mass-based insulation is too large and heavy to be practical.
Thin panels separated by an airspace can achieve similar transmission
loss to massive monolithic constructions. The sound transmission loss
of double-panel constructions can be reduced by mass-air-mass resonance. Adding sound-absorptive material such as glass or mineral fiber
batt insulation reduces this resonance effect and improves the general
sound transmission loss of the partition. The deeper the airspace, the
lower the mass-air-mass resonance frequency. Coincidence phenomena
affecting each of the panels can also affect the total transmission loss of
the assembly.
Double walls must be constructed carefully to avoid loss of vibration isolation through mechanical bridging between the opposite surfaces. Higher-density sound-absorbing fillers such as mineral fiber
batt insulation can reduce sound insulation if they are in contact with
both interior surfaces; but lower-density fill such as glass fiber batt
insulation can touch both sides without degrading the isolation. A single bridging nail may alter significantly the insulating efficiency. For
maximum effectiveness, one of the wall surfaces should be hung
structurally free at all four edges, with the boundary cracks sealed
against sound leakage with an elastometric sealant such as silicone or
acrylic latex.
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Given the factors that make the performance of partitions deviate
from the mass law, it is advisable to use one of the many tabulations of
measured sound transmission loss when selecting a construction. Sound
transmission loss of partitions is measured by comparing the average
sound level on each side of the partition under standardized conditions
per ASTM E90, “Standard Test Method for Laboratory Measurement of
Airborne Sound Transmission Loss of Building Partitions and
Elements.” The frequency-dependent transmission loss data from this
test procedure can be reduced to a single-number sound transmission
class (STC) by means of ASTM E413, “Classification for Rating
Sound Insulation.” The STC most heavily weights the transmission loss

data in the 500- to 2,000-Hz frequency band, and ratings for typical
partitions are shown in Table 12.6.5. Additional data on transmission
loss for a wide variety of building materials and structures are available
in several publications (see References).
Transmission through composite walls can be approximated as an
average intensity transmission coefficient
Tav 5

1
gT S
Stot n n n

(12.6.9)

where the sum is over all the different materials in the wall, Tn is the
intensity transmission coefficient, and Sn is the surface area of the nth

Table 12.6.5 Transmission Loss Data for Various Building Constructions
Data are provided at 7 different octave bands. The final column gives the STC rating.
Transmission loss, dB
Material

125 Hz

250 Hz

500 Hz

1,000 Hz

2,000 Hz

4,000 Hz

STC
rating

14
12
15

18
14
20

22
15
25

20
21
31

21
21
33

26
26
27

22
20
28

19

26

30

32

29

37

31

17

31

33

40

38

36

33

23
37

28
36

39
42

46
49

54
55

44
58

39
45

26
28

36
45

43
54

51
55

48
47

43
54

43
48

32

34

40

47

55

61

45

37

37

47

55

62

67

50

43
39

50
42

52
50

61
58

73
64

78
67

59
53

23
38
38

32
42
43

36
45
52

45
56
59

49
57
67

56
66
72

37
44
55

38

44

52

55

60

65

55

29

33

37

44

55

63

43

35

42

49

62

67

79

53

14
19

19
22

23
25

18
19

17
20

21
29

19
21

23

28

36

41

39

44

38

18
25
25

21
28
28

26
31
32

31
34
35

33
30
36

22
37
43

26
31
35

25

34

44

47

48

55

45

Walls
Monolithic:
⁄8-in plywood (1 lb/ft2)
26-gage sheet metal (1.5 lb/ft2)
1
⁄2-in gypsum board (2 lb/ft2)
2 layers 1⁄2-in gypsum board, laminated with joint
compound (4 lb/ft2)
Interior:
2 by 4 wood studs 16 in oc with 1⁄2-in gypsum board both
sides (5 lb/ft2)
2 by 4 staggered wood studs 16 in oc each side with 1⁄2-in
gypsum board both sides (8 lb/ft2)
6-in dense concrete block, 3 cells, painted (34 lb/ft2)
35⁄8-in steel channel studs 16 in oc with 1⁄20-in gypsum
board both sides (5 lb/ft2)
Construction no. 19 with 3-in mineral-fiber insulation in cavity
Exterior:
41⁄2-in face brick (50 lb/ft2)
Two wythes of 41⁄2-in face brick, 2-in airspace with metal
ties (100 lb/ft2)
Two wythes of plastered 41⁄2-in brick, 2-in airspace with
glass-fiber insulation in cavity
6-in solid concrete with 1⁄2-in plaster both sides (80 lb/ft2)
3

Floor-Ceilings
2 by 10 word joints 16 in oc with 1⁄2-in on floor side and 5⁄8-in
gypsum board nailed to joists on celing side (10 lb/ft2)
4-in reinforced concrete slab (54 lb/ft2)
6-in reinforced concrete slab (75 lb/ft2)
6-in reinforced concrete slab with 3⁄4-in T&G wood flooring
on 11⁄2 by 2 wooden battens floated on 1-in glass fiber (83 lb/ft2)
Roofs
3 by 8 wood beams 32 in oc with 2 by 6 T&G planks, asphalt
felt build-up roofing, and gravel topping
As above with 2 by 4s 16 in oc between beams, 1⁄2-in
gypsum board supported by metal channels on ceiling
side with 4-in glass-fiber insulation in cavity
Doors
13⁄4-in hollow-core wood door, no gaskets, 1⁄4-in air gap at sill (1.5 lb/ft2)
Construction no. 43 with gaskets and drop seal
13⁄4-in hollow-core 16 gage steel door, glass-fiber filled, with gaskets
and drop seal (7 lb/ft2)
Glass
1
⁄8-in monolithic glass (1.4 lb/ft2)
1
⁄4-in monolithic float glass (2.9 lb/ft2)
1
⁄4-in laminated glass. 30-mil plastic interlayer (3.6 lb/ft2)
Double glass: 1⁄4-in laminated # 3⁄16-in monolithic glass
with 2-in airspace (5.9 lb/ft2)

SOURCE: Adapted from data published in M. David Egan, “Architectural Acoustics,” McGraw-Hill, 1988, pp. 204–206.
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material. For air gaps Tn 1 (perfect transmission), and so the presence
of air gaps in walls should be removed as much as possible. For example,
a 3-mm (1⁄8-in)-thick glass window offers 41 dB of transmission loss at
2,000 Hz. If the window is opened by 2.5 mm (0.1 in), the transmission
loss is reduced to 26 dB.
Holes for piping penetrations should be slightly oversized to allow
the penetration to be filled with fibrous insulation and to be sealed on
both sides with an elastomeric sealant, to ensure that the transmission
loss is not degraded by the presence of air gaps.
The benefit of shielding can be reduced by the presence of flanking paths, which are alternative ways for sound to travel from source
to receiver other than the partition between them. Flanking transmission can occur when gaps are left around the perimeter of the partition. These gaps should be sealed with an elastometric sealant.
Flanking transmission can also occur when lightweight partitions
perpendicular to the separating partition are continuous across both
rooms. The flanking noise issue can be addressed by cutting a joint
in the flanking partition or by increasing the mass of the flanking partition so that its sound transmission loss approaches that of the separating partition.
Quieting

When a noise source is in a room, reflections of the noise from the wall
(reverberation) can result in a higher sound level than would occur if the
sound source were in free space. Placing sound-absorbing material on
the interior walls will reduce the reverberation in the room and hence
reduce noise levels. Sound absorption coefficients are the commonly
used measurement of these panels. The sound absorption coefficient is
the fraction of the total energy that reflects from a panel. The coefficient
varies from 0 (for an open window where no energy returns to the
room) to 1 (for a rigid wall where all the energy is reflected).
Absorbing panels typically employ highly porous materials which
are very effective at converting sound vibrations to heat by friction and
viscous resistance. The effectiveness of sound absorbents varies with
frequency, usually being greater for high and intermediate than for low
frequencies. Sound absorption coefficients are typically measured in
accordance with ASTM C423, “Standard Test Method for Sound
Absorption and Sound Absorption Coefficients by the Reverberant
Room Method,” and specific normal acoustic impedance is measured in
accordance with ASTM C384, “Standard Test Method for Impedance
and Absorption of Acoustical Materials by Impedance Tube Method,”
or ASTM E1050, “Standard Test Method for Impedance and
Absorption of Acoustical Materials by Impedance Tube Method.” The
absorption coefficient will depend on the impedance of the panel and
the attenuation of the sound within the panel material. However, it is not
a property of the material alone, but depends on the mounting of the test
sample per ASTM E795, “Standard Practices for Mounting Test
Specimens During Sound Absorption Tests.” For example, a soundabsorptive material is typically measured with higher sound absorption
coefficients when backed by a deep airspace than when tested lying
against a rigid surface.
The principal material employed is acoustic tile, which can be
obtained as prefabricated units for use on walls and ceilings. The tile
typically has an outer layer that has been mechanically perforated and
conceals a porous absorbing material underneath. Note that painting or
sealing of acoustic panels can have a dramatic deleterious effect on the
performance of the panels, as the holes that allow the sound to permeate into the absorbing fill are blocked. This can be of particular concern
in environments such as hospitals where sealing of pores and holes is
desired for sterilization reasons. An alternative to tile is to hang acoustic
blankets, e.g., hanging heavy drape curtains, on walls. Data on sound
absorption coefficients for a wide variety of building materials are
shown in Table 12.6.6.
Floors can also be considered in terms of quieting. A carpeted floor
will provide improved absorption over concrete or linoleum. Carpeting
will also have a positive effect on improving acoustic isolation of
impact-generated noise to rooms below. Underlays made of felt, cork,
or rubber can further improve the acoustic performance of the floor.
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Finally, absorption can be enhanced by the presence of furniture in the
room; e.g., upholstered chairs can absorb a nontrivial amount of sound.
Active Noise Control (ANC)

Recent advancements in computational technology have allowed many
practical applications of active noise control. Human interaction with
transportation and equipment noise thus far has been the focus of this
technology. As of today, successful global (“whole room”) active control of tonal disturbances has been accomplished in aircraft, submarines,
and automobiles. Civilian examples of this technology are currently
limited, but include the Saab 340B aircraft and Honda hybrid-powered
vehicles. Military examples abound. For nontonal, steady-state noise,
such as that heard in an aircraft cabin at cruising speed, active noise
control has been accomplished only for “local” or small regions near
the ears of passengers, and is typically limited to less than 1 kHz in frequency. Examples include the ubiquitous ANC headsets. No published
ANC system to date is capable of readily controlling transient, unpredictable noise. Transient noise would include human conversation,
music, and impulsive noises. All existing control algorithms require a
feed-forward sensor capable of predicting noise at the receiver and/or a
feedback sensor capable of monitoring a steady-state noise.
Active noise control for low-frequency noise in ducts is possible, but
operating conditions of active duct silencers are generally limited to flow
velocities of 7.5 m/s (1,500 fpm) or less (2003 ASHRAE Applications
Handbook, p. 47.18). To the best of the author’s knowledge, there are
currently no large-scale commercially available, off-the-shelf lines of
active duct silencers. Any active noise control approach to ductborne
noise control is likely to be a custom-made endeavor, more expensive
than commercially available passive silencers.
ULTRASONICS
REFERENCES: Ultrasonic Cleaning, in “ASM Handbook,” vol. 5, “Surface
Engineering,” 1994, pp. 44–47. “Nondestructive Testing Handbook,” 2d ed.,
vol. 7, “Ultrasonic Testing,” Birks and Green (eds.), American Society for
Nondestructive Testing, Columbia, Ohio, 1991. Johnson, The New Wave in
Acoustic Testing, Materials World, Jour. Inst. Materials 7, 1999, pp. 544–546.

Sound waves in the frequency range from 10 kHz to hundreds of
megahertz have numerous industrial applications. The majority of the
devices operate above 20 kHz and are therefore ultrasonic. One motivation in the choice of ultrasonic frequencies is to avoid impact on
human hearing. High-intensity waves are used to mechanically alter
materials, such as ultrasonic cleaners or welders. Low-intensity waves
are used for nondestructive evaluation or testing. The list of applications is large, and just a small subset will be described here. The
Ultrasonics Industry Association (UIA) provides a referral website
which lists the majority of the industrial applications of ultrasound:
http://ultrasonics.org/referral.html.
High-Intensity Applications
Ultrasonic cleaners employ a water bath that is agitated with sound waves

with frequencies normally around 40 kHz (the majority of devices
employ frequencies in the range of 20 to 80 kHz). The agitation is generated by bonding piezoelectric or magnetostrictive transducers to the
outer surface of the tank. Ultrasonic cleaners work through acoustic cavitation. Acoustic cavitation occurs when the negative pressure of the tensile phase of the wave is greater than 1 atm (100 kPa or 15 psi), a
pressure relatively easily obtained in water, at which level the fluid will
tear apart, creating a cavity or bubble. The cavity will grow during the
tensile phase of the sound wave, but during the compressive phase of the
wave it will be driven to collapse. The collapse is extraordinarily violent
with pressures inside the bubble reaching hundreds of atmospheres and
temperatures reaching 5,000 K (9,0008R). These phenomena are localized to a small volume around the collapse but result in sonochemistry
(e.g., free-radial production) and sonoluminescence (production of
light). When the cavity collapses near a surface, the bubble collapses
asymmetrically and a microjet of fluid pierces the cavity and strikes the
surface at velocities in excess of 100 m/s (330 ft/s). These microjets act
as intense microscopic scrubbers to remove particles from the surface.
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Table 12.6.6 Sound Absorption Coefficients for Various Building Constructions
Data are provided at 7 different octave bands. The final column gives the NRC number.
Sound absorption coefficient
Material

125 Hz

250 Hz

500 Hz

1,000 Hz

2,000 Hz

4,000 Hz

NRC
number

0.02
0.01
0.35
0.29

0.02
0.01
0.25
0.1

0.03
0.02
0.18
0.05

0.04
0.02
0.12
0.04

0.05
0.02
0.07
0.07

0.07
0.03
0.04
0.09

0.05
0
0.15
0.05

0.55
0.28
0.05
0.06
0.42

0.14
0.22
0.1
0.05
0.21

0.08
0.17
0.1
0.07
0.1

0.04
0.09
0.1
0.15
0.08

0.12
0.1
0.07
0.13
0.06

0.11
0.11
0.02
0.17
0.06

0.1
0.15
0.1
0.1
0.1

0.03
0.14
0.6

0.04
0.35
0.75

0.11
0.55
0.82

0.17
0.72
0.8

0.24
0.7
0.6

0.35
0.65
0.38

0.15
0.6
0.75

0.37

0.41

0.63

0.85

0.96

0.92

0.7

0.4

0.9

0.8

0.5

0.4

0.3

0.65

0.01
0.02
0.15

0.01
0.03
0.11

0.02
0.03
0.1

0.02
0.03
0.07

0.02
0.03
0.06

0.02
0.02
0.07

0
0.05
0.1

0.02
0.08

0.06
0.24

0.14
0.57

0.37
0.69

0.6
0.71

0.65
0.73

0.3
0.55

0.01
0.29
0.28

0.01
0.1
0.22

0.02
0.05
0.17

0.02
0.04
0.09

0.02
0.07
0.1

0.02
0.09
0.11

0
0.05
0.15

0.76
0.1
0.07

0.93
0.6
0.11

0.83
0.8
0.2

0.99
0.82
0.32

0.99
0.78
0.6

0.94
0.6
0.85

0.95
0.75
0.3

0.19
0.44
0.15

0.37
0.54
0.19

0.56
0.6
0.22

0.67
0.62
0.39

0.61
0.58
0.38

0.59
0.5
0.3

Walls
Sound-Reflecting:
Brick, unglazed
Brick, unglazed and painted
Glass, ordinary window
Gypsum board, 1⁄2 in thick (nailed to 2 " 4s, 16 in oc)
Gypsum board, 1 layer, 5⁄8 in thick (screwed to 1 " 3s, 16 in oc
with airspaces filled with fibrous insultaion)
Plywood, 3⁄8-in paneling
Steel
Venetian blinds, metal
Wood, 1⁄4-in paneling, with airspace behind
Sound-Absorbing:
Lightweight drapery, 10 oz/yd2, flat on wall
Heavyweight drapery, 18 oz/yd2, draped to half area
Thick, fibrous material behind open facing
Carpet, heavy, on 5⁄8-in perforated mineral fiberboard with
airspace behind
Wood, 1⁄2-in paneling perforated 3⁄16-in-diameter holes,
11% open area, with 21⁄2-in glass fiber in airspace behind
Floors
Sound-Reflecting:
Concrete or terrazzo
Linoleum, rubber, or asphalt tile on concrete
Wood
Sound-Absorbing:
Carpet, heavy, on concrete
Carpet, heavy, on foam rubber
Ceilings
Sound-Reflecting:
Concrete
Gypsum board, 1⁄2 in thick
Plywood, 3⁄8 in thick
Sound-Absorbing:
Acoustical board, 3⁄4 in thick, in suspension system (mtg. E)
Thin, porous sound-absorbing material 3⁄4 in thick (mtg. B)
Polyurethane foam, 1 in thick, open cell, reticulated
Seats and Audience
Fabric, well-upholstered sets, with perforated seat pans,
unoccupied
Leather covered upholstered seats, unoccupied
Chair, metal or wood seat, unoccupied

SOURCE: Adapted from data published in M. David Egan, “Architectural Acoustics,” McGraw-Hill, 1988, pp. 52–54.

Typically a detergent will be added to the water bath of an ultrasonic
cleaner. The detergent allows the water to fully wet surfaces of the
component that may be hydrophobic. For cavitation to be effective, it is
important that the entire surface of the component be fully wetted.
Sometimes solvents may be added to the water to chemically enhance
the cleaning process. Most companies that produce ultrasonic cleaners
also market proprietary ultrasonic cleaning solutions. Ultrasonic cleaners are particularly useful for cleaning objects with odd shapes and hidden structure. Types of objects that can be cleaned include metal parts
(e.g., castings, valves, injectors), electronic components (particularly
connector pins), printed-circuit boards, lenses, optical fibers, television
tubes, and filters. This list is far from exhaustive.
For typical sized tanks (a few gallons) standing waves can be excited
which can result in hot and cold spots in the tank. This is so because the
speed of sound in water 1,500 m/s, and so the wavelength at 40 kHz is
150 mm (5.9 in)—on the order of the tank. Modern ultrasonic cleaners
will normally employ a swept frequency signal which, even for variations

of just a few kilohertz, will ensure even distribution of cavitation
throughout the tank.
Ultrasonic welders are employed to bond materials together. They
are most commonly used on plastics, but metal, textiles, films, and
other materials can also be successfully welded. Ultrasonic welding
is accomplished by placing the two pieces to be welded in direct
mechanical contact. One piece is held stationary, and then an ultrasonic probe is brought into contact with the second piece. When the
probe is excited, it vibrates the piece that it is in contact with, which
produces frictional heat at the contact point between the two pieces.
This, in turn, results in a temperature rise that softens or melts the
plastic on both surfaces. The heated plastic interface melts, and when
the probe is removed, the plastic cools and a homogeneous solid weld
results.
The ultrasonic probe consists of a stack of piezoelectric discs which
are operated at frequencies varying from 20 to 40 kHz, although
research devices operating above 100 kHz have be reported. The stack
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is mounted to a tapered horn (or sonotrode), and as the sound energy
propagates down the horn, the vibration amplitude is amplified because
of the reduction in cross-sectional area of the horn. Vibrations at the tip
are on the order of 100 mm. With ultrasonic welding it is possible to
achieve spot welds, lap welds, butt welds, and steam welds.
Ultrasonic Atomization When ultrasound in air is incident on the
surface of water, it will excite capillary waves on the surface of the
water. When the amplitude of the capillary waves reaches the critical
value, the waves become unstable and droplets of water are ejected into
the air. The droplets are typically tens of micrometres in diameter and
appear as a mist above the surface. Under the right conditions an
acoustic fountain can be generated. This type of ultrasonic atomization
is commonly employed in dehumidifiers. Nozzles have been created by
using this principle to produce an atomized jet.
Low-Intensity Applications
Nondestructive Evaluation or Testing of Materials This application is perhaps the most widespread use of ultrasound in an industrial
setting, and the most common manifestation is a pulse-echo configuration. An ultrasonic transducer is used to launch a short pulse into a sample, and whenever the pulse interacts with an interface, it is partially
reflected and the echoes can be detected by the same transducer that
generated the pulse. If the sound speed in the sample is known, then the
distance to the interface can be determined from the time of flight.
Common applications employ piezoelectric transducers with center frequencies that range from 1 to 30 MHz. The transducers are typically
wideband, and so when excited with a short electrical pulse (with an
amplitude on the order of 100 V), they generate an acoustic pulse that is
about 1.5 cycles long. The spatial length of the pulse governs the spatial
resolution of the system. At 1 MHz the pulse length is about 11 mm
(0.45 in) in steel and 4 mm (0.16 in) in Lucite. At 30 MHz it is 0.4 mm
(0.016 in) in steel and 0.13 mm (0.005 in) in Lucite. High frequencies
therefore give better spatial resolution but typically are absorbed more
strongly by the sample and so cannot “see” deeply into the material.
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Frequencies of hundreds of megahertz have been employed for specialized high-resolution applications.
If the transducer is focused, it will generate a pencil beam of sound,
and from the received echo signal (known as an A-line) it is possible to
identify the position of interfaces to within the resolution of the system.
The transducer can be scanned in a line to produce two-dimensional
images (a B-scan) or in a two-dimensional raster pattern to produce a
three-dimensional image (a C-scan). The position of interfaces can be
used to size an object or to detect the presence of flaws or inclusions.
Array transducers can be used to electronically scan the beam rather
than relying on mechanical translation. The same principles described
here for materials testing are used in diagnostic ultrasound imaging of
the body.
Other modes of ultrasonic testing include through transmission and
resonant ultrasound. In through transmission, two transducers are used
in a pitch and catch configuration. The amplitude of the received signal
will depend on the number of interfaces and flaws in the intervening
material. Through transmission can also be used to ascertain flow
velocities through the Doppler effect. In this case a short tone burst
(approximately 10 cycles) is transmitted through the flow. If there is a
net flow from the transmitter to the receiver, then the frequency of the
tone will be shifted higher; if there is flow in the opposite direction, the
frequency will be shifted down. Based on the frequency shift the flow
velocity can be calculated. In resonance ultrasound spectroscopy (RUS)
a transducer is used to excite a resonance in the component to be investigated, and the frequency and Q of specific resonances can be used to
extract information about the structure and flaws in the components. A
new and promising development for flaw detection in components is
nonlinear resonant ultrasound spectroscopy (NRUS) and variations thereof.
In this case, the ultrasonic excitation is of large enough amplitude that the
material exhibits nonlinear response, e.g., the production of harmonic
overtones of the driving signal. The nonlinear response is critically
dependent on flaws in the material and can be used to evaluate damage
in most construction materials.
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13.1 FOUNDRY PRACTICE AND EQUIPMENT
by Chuck Fennell
REFERENCES: Publications of the American Foundrytmen’s Society: “Cast
Metals Handbook,” Alloy Cast Irons Handbook,” “Copper-base Alloys Foundry
Practice,” Foundry Sand Handbook.” “Steel Castings Handbook,” Steel Founders’
Society of America. Current publications of ASM International. Current publications of the suppliers of nonferrous metals relating to the casting of those metals;
i.e., Aluminum Corp. of America, Reynolds Metal Co., Dow Chemical Co., INCO
Alloys International, Inc., RMI Titanium Co., and Copper Development Assn.
Publications of the International Lead and Zinc Research Organization (ILZRO).

BASIC STEPS IN MAKING SAND CASTINGS

The basic steps involved in making sand castings are:
1. Patternmaking. Patterns are required to make molds. The mold is
made by packing molding sand around the pattern. The mold is usually made in two parts so that the pattern can be withdrawn. In horizontal molding, the top half is called the cope, and the bottom half is
called the drag. In vertical molding, the leading half of the mold is
called the swing, and the back half is called the ram. When the pattern
is withdrawn from the molding material (sand or other), the imprint of
the pattern provides the cavity when the mold parts are brought
together. The mold cavity, together with any internal cores (see
below) as required, is ultimately filled with molten metal to form the
casting.
2. If the casting is to be hollow, additional patterns, referred to as
core boxes, are needed to shape the sand forms, or cores, that are placed
in the mold cavity to form the interior surfaces and sometimes the external surfaces as well of the casting. Thus the void between the mold and
core eventually becomes the casting.
3. Molding is the operation necessary to prepare a mold for receiving
the metal. It consists of ramming sand around the pattern placed in a
support, or flask, removing the pattern, setting cores in place, and creating the gating/feeding system to direct the metal into the mold cavity
created by the pattern, either by cutting it into the mold by hand or by
including it on the pattern, which is most commonly used.
4. Melting and pouring are the processes of preparing molten metal of
the proper composition and temperature and pouring this into the mold
from transfer ladles.
5. Cleaning includes all the operations required to remove the gates
and risers that constitute the gating/feeding system and to remove the
adhering sand, scale, parting fins, and other foreign material that must
be removed before the casting is ready for shipment or other processing. Inspection follows, to check for defects in the casting as well as to
ensure that the casting has the dimensions specified on the drawing
and/or specifications. Inspection for internal defects may be quite
involved, depending on the quality specified for the casting (see
Sec. 5.4). The inspected and accepted casting sometimes is used as is,
but often it is subject to further processing which may include heat
treatment, painting, rust preventive oils, other surface treatment (e.g.,
hot-dip galvanizing), and machining. Final operations may include
electrodeposited plated metals for either cosmetic or operational
requirements.

Table 13.1.1
Bar iron, rolled
Bell metal
Bismuth
Brass
Bronze

PATTERNS

Since patterns are the forms for the castings, the casting can be no better than the patterns from which it is made. Where close tolerances or
smooth casting finishes are desired, it is particularly important that patterns be carefully designed, constructed, and finished.
Patterns serve a variety of functions, the more important being (1) to
shape the mold cavity to produce castings, (2) to accommodate the characteristics of the metal cast, (3) to provide accurate dimensions, (4) to
provide a means of getting liquid metal into the mold (gating system),
and (5) to provide a means to support cores by using core prints outside
of the casting.
Usual allowances built into the pattern to ensure dimensional accuracy include the following: (1) Draft, the taper on the vertical walls of
the casting which is necessary to extract the pattern from the mold without disturbing the mold walls and is also required when making the
core. (2) Shrinkage allowance, a correction to compensate for the solidification shrinkage of the metal and its contraction during cooling. These
allowances vary with the type of metal and size of casting. Typical
allowances for cast iron are 1⁄10 to 5⁄32 in/ft; for steel, 1⁄8 to 1⁄4 in/ft; and
for aluminum, 1⁄16 to 5⁄32 in/ft. A designer should consult appropriate
references (AFS, “Cast Metals Handbook”; ASM, “Casting Design
Handbook”; “Design of Ferrous Castings”) or the foundry. These
allowances also include a size tolerance for the process so that the
casting is dimensionally correct. (See also Secs. 6.1, 6.3, and 6.4.)
Table 13.1.1 lists additional data for some commonly cast metals.
(3) Machine finish allowance is necessary if machining operations are to
be used so that stock is provided for machining. Tabulated data are
available in the references cited for shrinkage allowances. (4) If a casting
is prone to distortion, a pattern may be intentionally distorted to compensate. This is a distortion allowance.
Patterns vary in complexity, depending on the size and number of
castings required. Loose patterns are single prototypes of the casting and
are used only when a few castings are needed. They are usually constructed of wood, but metal, plaster, plastics, urethanes, or other suitable material may be used. With advancements in solids modeling
utilizing computers, CAD/CAM systems, and laser technology, rapid
prototyping is possible and lends itself to the manufacture of protype
patterns from a number of materials, including dense wax paper, or via
stereolithographic processes wherein a laser-actuated polymerized plastic becomes the actual pattern or a prototype for a pattern or a series of
patterns. The gating system for feeding the casting is cut into the sand
by hand. Some loose patterns may be split into two parts to facilitate
molding.
Gated patterns incorporate a gating system along with the pattern to
eliminate hand cutting.
Match-plate patterns have the cope and drag portions of the pattern
mounted on opposite sides of a wooden or metal plate, and are designed
to speed up the molding process. Gating systems are also usually attached.
These patterns are generally used with some type of molding machine
and are recommended where a large number of castings are required.

Average Linear Shrinkage of Castings
1 : 55
1 : 65
1: 265
1: 65
1: 63

Cast iron
Gun metal
Iron, fine grained
Lead
Steel castings

1 : 96
1 : 134
1 : 72
1 : 92
1 : 50

Steel, puddled
Steel, wrought
Tin
Zinc, cast
8 Cu 1 Sn (by weight)

1 : 72
1 : 64
1 : 128
1 : 624
1 : 13
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For fairly large castings or where an increase in production rate is
desired, the patterns can be mounted on separate pattern plates, which
are referred to as cope- and drag-pattern plates. They are utilized in horizontal or vertical machines. In horizontal molding machines, the pattern plates may be used on separate machines by different workers, and
then combined into completed molds on the molding floor prior to
pouring. In vertical machines, the pattern plates are used on the same
machine, with the flaskless mold portions pushed out one behind the
other. Vertical machines result in faster production rates and provide an
economic edge in overall casting costs.
Special Patterns and Devices For extremely large castings, skeleton
patterns may be employed. Large molds of a symmetric nature may be
made for forming the sand mold by sweeps, which provide the contour of
the casting through the movement of a template around an axis.
Follow boards are used to support irregularly shaped, loose patterns
which require an irregular parting line between cope and drag. A master
pattern is used as an original to make up a number of similar patterns
that will be used directly in the foundry.
MOLDING PROCESSES AND MATERIALS
(See Table 13.1.2.)

Molding Processes
Green Sand Most castings are made in green sand, i.e., sand bonded
with clay or bentonite and properly tempered with water to give it green
strength. Miscellaneous additions may be used for special properties.
This method is adaptable to high production of small- or medium-sized
castings because the mold can be poured immediately after forming, and
the sand can be reused and reprocessed after the casting has solidified.
Dry Sand Molds These molds are made with green sand but are
baked prior to use. The surface is usually given a refractory wash before
baking to prevent erosion and to produce a better surface finish. Somewhat the same effects are obtained if the mold is allowed to air-dry by
leaving it open for a period of time before pouring, or it is skin-dried by
using a torch, infrared lamps, or heating elements directed at the mold
cavity surface.
Core molding makes use of assembled cores to construct the mold.
The sand is prepared by mixing with oil, or cereal, forming in core
boxes, and baking. This process is used where the intricacy of the casting requires it.

Table 13.1.2

Carbon Dioxide Process Molds These molds are made in a manner similar to the green sand process but use sand bonded with sodium
silicate. When the mold is finished, carbon dioxide gas is passed through
the sand to produce a very hard mold with many of the advantages of dry
sand and core molds but requiring no baking.
Floor and Pit Molding When large castings are to be produced,
these may be cast either directly on the floor of the foundry or in pits
in the floor which serve as the flask. Loam molding is a variation of floor
molding in which molding material composed of 50 percent sand and
50 percent clay (approx) is troweled onto a brickwork surface and
brought to dimension by use of patterns, sweeps, or templates.
Shell Molding Sand castings having close dimensional tolerances
and smooth finish can be produced by a process using a synthetic resin
binder. The sand and resin mixture is dumped onto a preheated metal
pattern, which causes the resin in the mixture to set as a thin shell over
the pattern. When the shell has reached the proper thickness, the excess
sand is removed by rotating the pattern to dump out the sand. The
remaining shell is then cured on the pattern and subsequently removed
by stripping it off, using mold release pins which have been properly
spaced and that are mechanically or hydraulically made to protrude
through the pattern. Mating shell halves are bonded, suitably backed by
loose sand or other material, and then ready for metal to be poured.
Current practice using shell molds has produced castings in excess of
1,000 lb, but often the castings weigh much less.
Plaster Molds Plaster or plaster-bonded molds are used for casting
certain aluminum or copper base alloys. Dimensional accuracy and
excellent surface finish make this a useful process for making rubber
tire molds, match plates, etc.
A variation of this method of molding is the Antioch process, using
mixtures of 50 percent silica sand, 40 percent gypsum cement, 8 percent talc, and small amounts of sodium silicate, portland cement, and
magnesium oxide. These dry ingredients are mixed with water and
poured over the pattern. After the mixture is poured, the mold is steamtreated in an autoclave and then allowed to set in air before drying in an
oven. When the mold has cooled it is ready for pouring. Tolerances of
!0.005 in (!0.13 mm) on small castings and !0.015 in (!0.38 mm)
on large castings are obtained by this process.
A problem presented by plaster molds lies in inadequate permeability
in the mold material consistent with the desired smooth mold cavity
surface. A closely related process, the Shaw process, provides a solution.

Design and Cost Features of Basic Casting Methods
Process

Design and
cost features

Sand casting

Shell-mold
casting

Choice of materials

Wide—ferrous and
nonferrous

Wide—except for
low-carbon steels

Complexity
Size range
Minimum section, in
Tolerances, in ft*
Surface smoothness,
min, rms
Design feature
remarks

Considerable
Great
3
⁄32
1⁄16–1⁄8
250–300

Moderate
Limited
1⁄16
1⁄32–3⁄32
150–200

Restricted—brass,
bronze, aluminum, some gray
iron
Moderate
Moderate
0.100
1⁄32 7⁄64
90–125

Basic casting
method of
industry

Considered to be
good low-cost
casting method

Tool and die costs
Optimum lot size

Low
Wide—range from
few pieces to
huge quantities
High
High
Moderate

Low to moderate
More required than
sand castings

Direct labor costs
Finishing costs
Scrap costs

* Closer at extra cost.
SOURCE: Cook, “Engineered Castings,” McGraw-Hill.

Moderate
Low
Low

Permanentmold casting

Plaster-mold
casting

Investment
casting

Die casting

Narrow—brass,
bronze, aluminum

Wide—includes
hard-to-forge and
machine materials

Narrow—zinc,
aluminum, brass,
magnesium

Considerable
Moderate
0.010
1⁄32–5⁄64
90–125

Greatest
Moderate
0.010
0.003–0.006
90–125

Considerable
Moderate
0.025
1
⁄32–1⁄16
60–125

Production economics with substantial quantities

Little finishing
required

Most economical
where applicable

Medium
Best when requirements are in thousands
Moderate
Low to moderate
Low

Medium
From one to several hundred

Best for parts too
complicated for
other casting
methods
Low to moderate
Wide—but best
for small quantities

High
Substantial quantities requird

High
Low
Low

Very high
Low
Low

Low to medium
Low
Low

MOLDING PROCESSES AND MATERIALS

In this process, a refractory aggregate is mixed with a gelling agent and
then poured over the pattern. Initial set of the mixture results in a rubbery consistency which allows it to be stripped from the pattern but
which is sufficiently strong to return to the shape it had when on the pattern. The mold is then ignited to burn off the volatile content in the set
gel and baked at very high heat. This last step results in a hard, rigid
mold containing microscopic cracks. The permeability of the completed
mold is enhanced by the presence of the so-called microcrazes, while
the mold retains the high-quality definition of the mold surface.
Two facts are inherent in the nature of sand molds: First, there may
be one or few castings required of a given piece, yet even then an expensive wood pattern is required. Second, the requirement of removal of
the pattern from the mold may involve some very intricate pattern construction. These conditions may be alleviated entirely by the use of the
full mold process, wherein a foamed polystyrene pattern is used. Indeed,
the foamed pattern may be made complete with a gating and runner system, and it can incorporate the elimination of draft allowance. In actual
practice, the pattern is left in place in the mold and is instantly vaporized when hot metal is poured. The hot metal which vaporized the foam
fills the mold cavity to the shape occupied previously by the foam pattern. This process is ideal for casting runs of one or a few pieces, but it
can be applied to production quantities by mass-producing the foam
patterns. There is extra expense for the equipment to make the destructible foam patterns, but often the economics of the total casting process
is quite favorable when compared with resorting to a reusable pattern.
There are particular instances when the extreme complexity of a casting can make a hand-carved foam pattern financially attractive.
The lost-wax, investment, or precision-casting, process permits the accurate
casting of highly alloyed steels and of nonferrous alloys which are impossible to forge and difficult to machine. The procedure consists of making
an accurate metal die into which the wax or plastic patterns are cast. The
patterns are assembled on a sprue and the assembly sprayed, brushed, or
dipped in a slurry of a fine-grained, highly refractory aggregate, and a proprietary bonding agent composed chiefly of ethyl silicate. This mixture is
then allowed to set. The pattern is coated repeatedly with coarser slurries
until a shell of the aggregate is produced around the pattern. The molds are
allowed to stand until the aggregate has set, after which they are heated in
an oven in an inverted position so that the wax will run out. After the wax
is removed, the molds are baked in a preheat furnace. The molds may then
be supported with loose sand and poured in any conventional manner.
There have been attempts in the past to use frozen mercury as a pattern.
While mercury is a viable pattern material and can be salvaged totally for
reuse, the inherent hazards of handling raw mercury have mitigated against
its continued use to make patterns for investment castings.
All dimensions can be held to a tolerance of !0.005 in (!0.13 mm)
with some critical dimensions held to 0.002 in (0.05 mm). Most castings produced by this process are relatively small.
Faithful reproduction and accurate tolerances can also be attained by
the Shaw process; see above. It combines advantages of dimensional
control of precision molds with the ease of production of conventional
molding. The process makes use of wood or metal patterns and a refractory mold bonded with an ethyl silicate base material. Since the mold is
rubbery when stripped from the pattern, some back draft is permissible.
In the cement-sand process portland cement is used as the sand binder. A
typical mixture has 11 percent portland cement, 89 percent silica sand, and
water 41⁄2 to 7 percent of the total sand and cement. New sand is used for
facing the mold and is backed with ground-up sand which has been rebonded.
Cores are made of the same material. The molds and cores must airdry 24
to 72 h before pouring. The process can be used for either ferrous or nonferrous castings. This molding mixture practically eliminates the generation
of gases, forms a hard surface which resists the erosive action of the metal,
and produces castings with good surfaces and accurate dimensions. This
process is seldom used, and then only for specific castings wherein the
preparation of this type of mold outweighs many of its disadvantages.
Permanent-Mold Casting Methods

In the permanent-mold casting method, fluid metal is poured by hand into
metal molds and around metal cores without external pressure. The
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molds are mechanically clamped together. Of necessity, the complexity
of the cores must be minimal, inasmuch as they must be withdrawn for
reuse from the finished casting. Likewise, the shape of the molds must
be relatively simple, free of reentrant sections and the like, or else the
mold itself will have to be made in sections, with attendant complexity.
Metals suitable for this type of casting are lead, zinc, aluminum and
magnesium alloys, certain bronzes, and cast iron.
For making iron castings of this type, a number of metal-mold units
are usually mounted on a turntable. The individual operations, such as
coating the mold, placing the cores, closing the mold, pouring, opening
the mold, and ejection of the casting, are performed as each mold passes
certain stations. The molds are preheated before the first casting is
poured. The process produces castings having a dense, fine-grained
structure, free from shrink holes or blowholes. The tool changes are
relatively low, and better surface and closer tolerances are obtained than
with the sand-cast method. It does not maintain tolerances as close or
sections as thin as the die-casting or the plaster-casting methods.
Yellow brasses, which are high in zinc, should not be cast by the
permanent-mold process because the zinc oxide fouls the molds or dies.
The semipermanent mold casting method differs from the permanent
mold casting in that sand cores are used, in some places, instead of
metal cores. The same metals may be cast by this method. This process
is used where cored openings are so irregular in shape, or so undercut,
that metal cores would be too costly or too difficult to handle. The
structure of the metal cast around the sand cores is like that of a sand
casting. The advantages of permanent mold casting in tolerances, density, appearance, etc., exist only in the section cast against the metal
mold.
Graphite molds may be used as short-run permanent molds since they
are easier to machine to shape and can be used for higher-melting point
alloys, e.g., steel. The molds are softer, however, and more susceptible to
erosive damage. Steel railroad wheels may be made in these molds and
can be cast by filling the mold by low-pressure casting methods.
In the slush casting process, the cast metal is allowed partially to
solidify next to the mold walls to produce a thin section, after which the
excess liquid metal is poured out of the permanent mold.
In centrifugal casting the metal is under centrifugal force, developed
by rotating the mold at high speed. This process, used in the manufacture of bronze, steel, and iron castings, has the advantage of producing
sound castings with a minimum of risers. In true centrifugal castings the
metal is poured directly into a mold which is rotated on its own axis.
Obviously, the shapes cast by this method must have external and internal geometries which are surfaces of revolution. The external cast surface is defined by the internal surface of the water-cooled mold; the
internal surface of the casting results from the effective core of air
which exists while the mold is spun and until the metal solidifies sufficiently to retain its cast shape. Currently, all cast-iron pipe intended for
service under pressure (e.g., water mains) is centrifugally cast. The
process is extended to other metals falling under the rubric of tubular
goods.
In pressure casting, for asymmetrical castings which cannot be spun

around their own axes, the mold cavities are arranged around a common
sprue located on the neutral axis of the mold. The molds used in the
centrifugal-casting process may be metal cores or dry sand, depending
on the type of casting and the metal cast.
Die casting machines consist of a basin holding molten metal, a metallic mold or die, and a metal transferring device which automatically
withdraws molten metal from the basin and forces it under pressure into
the die. Two forms of die casting machines are in general use. Lead, tin,
and zinc alloys containing aluminum are handled in piston machines.
Aluminum alloys and pure zinc, or zinc alloys free from aluminum,
rapidly attack the iron in the piston and cylinder and require a different
type of casting machine. The pressures in a piston machine range from
a few hundred to thousands of lb/in2.
The gooseneck machine has a cast-iron gooseneck which dips the molten
metal out of the melting pot and transfers it to the die. The pressure is
applied to the molten metal by compressed air after the gooseneck is
brought in contact with the die. This machine, developed primarily for
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aluminum alloys, is sometimes used for zinc-aluminum alloys, especially for large castings, but, owing to the lower pressure, the casting is
likely to be less dense than when made in the piston machine. It is seldom used for magnesium alloys.
In cold chamber machines the molten-metal reservoir is separated from
the casting machine, and just enough metal for one casting is ladled by
hand into a small chamber, from which it is forced into the die under
high pressure. The pressures, quite high, ranging from the low thousands to in excess of 10,000 lb/in2, are produced by a hydraulic system
connected to the piston in the hot metal chamber. The alloy is kept so
close to its melting temperature that it is in a slushlike condition. The
process is applicable to aluminum alloys, magnesium alloys, zinc
alloys, and even higher-melting-point alloys like brasses and bronzes,
since the pouring well, cylinder, and piston are exposed to the high temperature for only a short time.
All metal mold external pressure castings have close tolerances,
sharp outlines and contours, fine smooth surface, and high rate of production, with low labor cost. They have a hard skin and a soft core,
resulting from the rapid chilling effect of the cold metal mold.
The dies usually consist of two blocks of steel, each containing a part
of the cavity, which are locked together while the casting is being made
and drawn apart when it is ready for ejection. One-half of the die (next
to the ejector nozzle) is stationary; the other half moves on a carriage.
The dies are preheated before using and are either air- or water-cooled
to maintain the desired operating temperature. Die life varies with the
alloy and dimensional tolerances required. Retractable and removable
metal cores are used to form internal surfaces. Inserts can be cast into
the piece by placing them on locating pins in the die.
A wide range of sizes and shapes can be made by these processes,
including threaded pieces and gears. Holes can be accurately located.
The process is best suited to large-quantity production.
A historic application of the process was for typesetting machines
such as the linotype. Although now they are obsolescent and rarely
found in service, for a long time the end products of typesetting machines
were a prime example of a high-quality die-cast metal product.

mechanical removal of the pattern. Pattern removal can also be accomplished by using jolt-rockover-draw or jolt-squeeze-rollover-draw
machines.
The sand slinger is the most widely applicable type of ramming
machine. It consists of an impeller mounted on the end of a double-jointed
arm which is fed with sand by belt conveyors mounted on the arm. The
impeller rotating at high speed gives sufficient velocity to the sand to ram
it in the mold by impact. The head may be directed to all parts of the flask
manually on the larger machines and may be automatically controlled on
smaller units used for the high-speed production of small molds.
Vibrators are used on all pattern-drawing machines to free the pattern
from the grip of the sand before drawing. Their use reduces mold damage to a minimum when the pattern is removed, and has the additional
advantage of producing castings of more uniform size than can be
secured by hand rapping the pattern. Pattern damage is also kept to a
minimum. Vibrators are usually air-operated, but some electrically
operated types are in use.
Flasks generally consist of two parts: the upper section, called the
cope, and the bottom section, the drag. When more than two parts are
used, the intermediate sections are called cheeks. Flasks are classified as
tight, snap, and slip. Tight flasks are those in which the flask remains
until the metal is poured. Snap flasks are hinged on one corner and have
a locking device on the diagonally opposite corner. In use, these flasks
are removed as soon as the mold is closed. Slip flasks are of solid construction tapered from top to bottom on all four sides so that they can
be removed as soon as the mold is closed. Snap or slip flasks permit the
molder to make any number of molds with one flask. Before pouring
snap- or slip-flask molds, a wood or metal pouring jacket is placed
around the mold and a weight set on the top to keep the cope from
lifting. The cope and drag sections on all flasks are maintained in proper
alignment by flask pins and guides.
Tight flasks can be made in any size and are fabricated of wood,
rolled steel, cast steel, cast iron, magnesium, or aluminum. Wood, aluminum, and magnesium are used only for small- and medium-sized
flasks. Snap and slip flasks are made of wood, aluminum, or magnesium, and are generally used for molds not over 20 by 20 in (500 mm by
500 mm).

MOLDING EQUIPMENT AND MECHANIZATION

Flasks may be filled with sand by hand shoveling, gravity feed from
overhead hoppers, continuous belt feeding from a bin, sand slingers,
and, for large molds, by an overhead crane equipped with a grab bucket.
Hand ramming is the simplest method of compacting sand. To
increase the rate, pneumatic rammers are used. The method is slow, the
sand is rammed in layers, and it is difficult to gain uniform density.
More uniform results and higher production rates are obtained by
squeezing machines. Hand-operated squeezers were limited to small
molds and are obsolete; air-operated machines permit an increase in the
allowable size of molds as well as in the production rate. These
machines are suitable for shallow molds. Squeezer molding machines
produce greatest sand density at the top of the flask and softest near the
parting line of pattern. Air-operated machines are also applied in vertical
molding processes using flaskless molds. Horizontal impact molding
sends shock waves through the sand to pack the grains tightly.
In jolt molding machines the pattern is placed on a platen attached to
the top of an air cylinder. After the table is raised, a quick-release port
opens, and the piston, platen, and mold drop free against the top of the
cylinder or striking pads. The impact packs the sand. The densities produced by this machine are greatest next to the parting line of the pattern
and softest near the top of the flask. This procedure can be used for any
flask that can be rammed on a molding machine. As a separate unit, it
is used primarily for medium and large work. Where plain jolt machines
are used on large work, it is usual to ram the top of the flask manually
with an air hammer.
Jolt squeeze machines use both the jolt and the squeeze procedures.
The platen is mounted on two air cylinders: a small cylinder to jolt and
a large one to squeeze the mold. They are widely used for small and
medium work, and with match-plate or gated patterns. Pattern-stripping
devices can be incorporated with jolt or squeezer machines to permit

Mechanization of Sand Preparation

In addition to the various types of molding machines, the modern foundry
makes use of a variety of equipment to handle the sand and castings.
Sand Preparation and Handling Sand is prepared in mullers, which
serve to mix the sand, bonding agent, and water. Aerators are used in
conjunction to loosen the sand to make it more amenable to molding.
Sand cutters that operate over a heap on the foundry floor may be used
instead of mullers. Delivery of the sand to the molding floor may be by
means of dump or scoop trucks or by belt conveyors. At the molding
floor the molds may be placed on the floor or delivered by conveyors to
a pouring station. After pouring, the castings are removed from the flasks
and adhering sand at a shakeout station. This may be a mechanically
operated jolting device that shakes the loose sand from flask and casting.
The used sand, in turn, is returned to the storage bins by belt conveyor
or other means. Small castings may be poured by using stackmolding
methods. In this case, each flask has a drag cavity molded in its upper
surface and a cope cavity in its lower surface. These are stacked one on
the other to a suitable height and poured from a common sprue.
There is an almost infinite variety of equipment and methods available to the foundry, ranging from simple, work-saving devices to completely mechanized units, including completely automatic molding
machines. Because of this wide selection available, the degree to which
a foundry can be mechanized depends almost entirely on the economics of the operations, rather than the availability or lack of availability
of a particular piece of equipment.
MOLDING SAND

Molding sand consists of silica grains held together by some bonding
material, usually clay or bentonite.

CASTING ALLOYS
Grain size greatly influences the surface finish of a casting. The proper
grain size is determined by the size of the casting, the quality of surface
required, and the surface tension of the molten metal. The grain size
should be approximately uniform when maximum permeability is desired.
Naturally bonded sands are mixtures of silica and clay as taken from
the pits. Modification may be necessary to produce a satisfactory mixture. This type of sand is used in gray iron, ductile iron, malleable iron,
and nonferrous foundries (except magnesium).
Synthetically bonded sands are produced by combining clay-free silica
sand with clay or bentonite. These sands can be compounded to suit
foundry requirements. They are more uniform than naturally bonded
sands but require more careful mixing and control. Steel foundries, gray
iron and malleable iron foundries, and magnesium foundries use this type
of sand.
Special additives may be used in addition to the basic sand, clay, and
water. These include cereals, ground pitch, sea coal, gilsonite, fuel oil,
wood flour, silica flour, iron oxide, pearlite, molasses, dextrin, and proprietary materials. These all serve the purpose of altering specific properties of the sand to give desired results.
The properties of the sand that are of major interest to the foundry
worker are permeability, or the venting power, of the sand; green compressive strength; green shear strength; deformation, or the sand movement under a given load; dry compressive strength; and hot strength, i.e.,
strength at elevated temperatures. Several auxiliary tests are often
made, including moisture content, clay content, and grain-size determination.
The foundry engineer or metallurgist who usually is entrusted with
the control of the sand properties makes the adjustments required to
keep it in good condition.
Facing sands, for giving better surface to the casting, are used for gray
iron, malleable iron, steel, and magnesium castings. The iron sands usually contain sea coal, a finely ground coal which keeps the sand from
adhering to the casting by generating a gas film when in contact with
the hot metal. Steel facings contain silica flour or other very fine highly
refractory material to form a dense surface which the metal cannot readily penetrate.
Mold washes are coatings applied to the mold or core surface to
improve the finish of the casting. They are applied either wet or dry. The
usual practice is to brush or spray the wet mold washes and to brush or
rub on the dry ones. Graphite or silica flour mixed with clay and
molasses water is frequently used. The washes are mixed usually with
waterbase or alcohol-base solvent solutions that require oven drying
time, during which not only does the wash set, but also the excess moisture is removed from the washed coating.
Core Sands and Core Binders
Green sand cores are made from standard molding-sand mixtures, sometimes strengthened by adding a binder, such as dextrin, which hardens
the surface. Cores of this type are very fragile and are usually made
with an arbor or wires on the inside to facilitate handling. Their collapsibility is useful to prevent hot tearing of the casting.
Dry sand cores are made from silica sand and a binder (usually oil)
which hardens under the action of heat. The amount of oil used should
be the minimum which will produce the necessary core strength.
Core binders are either organic, such as core oil, which are destroyed
under heat, or inorganic, which are not destroyed.
Organic Binders The main organic binder is core oil. Pure linseed
oil is used extensively as one of the basic ingredients in blended-oil core
binders. These consist primarily of linseed oil, resin, and a thinner, such
as high-grade kerosene. They have good wetting properties, good workability, and better oxidation characteristics than straight linseed oil.
Corn flour produces good green strength and dry strength when used
in conjunction with oil. Cores made with this binder are quick drying in
the oven and burn out rapidly and completely in the mold.
Dextrin produces a hard surface and weak center because of the
migration of dextrin and water to the surface. Used with oil, it produces
a hard smooth surface but does not produce a green bond as good as that
with corn flour.
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Commercial protein binders, such as gelatin, casein, and glues,
improve flowability of the sand, have high binding power, rapid drying,
fair resistance to moisture, and low burning-out point, with only a small
volume of gas evolved on burning. They are used where high collapsibility of the core is essential.
Other binders include paper-mill by-products, which absorb moisture
readily, have high dry strength, low green strength, high gas ratio, and
high binding power for clay materials.
Coal tar pitch and petroleum pitch flow with heat and freeze around the
grains on cooling. These compounds have low moisture absorption
rates and are used extensively for large iron cores. They can be used
effectively with impure sands.
Wood and gum rosin, plastic resins, and rosin by-products are used to produce collapsibility in cores. They must be well ground. They tend to cake
in hot weather, and large amounts are required to get desired strength.
Plastics of the urea- and phenol-formaldehyde groups and furan resins
are being used for core binders. They have the advantage of lowtemperature baking, collapse readily, and produce only small amounts of
gas. These can be used in dielectric baking ovens or in the shell molding,
hot box, or air setting processes for making cores.
Inorganic binders include fire clay, southern bentonite, western bentonite, and iron oxide.
Cores can also be made by mixing sand with sodium silicate. When
this mixture is in the core box, it is infiltrated with CO2, which causes the
core to harden. This is called the CO2 process.
Core-Making Methods

Cores are made by the methods employed for sand molds. In addition,
core blowers and extrusion machines are used.
Core blowers force sand into the core box by compressed air at about
100 lb/in2. They can be used for making all types of small- and mediumsized cores. The cores produced are very uniform, and high production
rates are achieved.
Screw feed machines are used largely for plain cylindrical cores of uniform cross section. The core sand is extruded through a die onto a core
plate. The use of these machines is limited to the production of stock
cores, which are cut to the desired length after baking.
Core Ovens Core oven walls are constructed of inner and outer
layers of sheet metal separated by rock wool or Fiberglas insulation and
with interlocked joints. Combustion chambers are refractory-lined, and
the hot gases are circulated by fans. They are designed for operating at
temperatures suitable for the constituents in the core body. Time at baking temperatures will, likewise, vary with the composition of the core.
Core driers are light skeleton cast iron or aluminum boxes, the internal shape of which conforms closely to the cope portion of the core.
They are used to support, during baking, cores which cannot be placed
on a flat plate.
Chaplets are metallic pieces inserted into the mold cavity which support the core. Long unsupported cores will be subject to flotation force
as the molten metal fills the mold and may break if the resulting flexural
stresses are excessive. Likewise, the liquid forces imposed on cores as
metal flows through the mold cavity may cause cores to shift. The chaplets interposed within the mold cavity are placed to alleviate these conditions. They are generally made of the same material as that being cast;
they melt and blend with the metal as cast, and they remain solid long
enough for the liquid forces to equilibrate through the mold cavity.
CASTING ALLOYS

In general, the types of alloys that can be produced as wrought metals
can also be prepared as castings. Certain alloys, however, cannot be
forged or rolled and can only be used as cast.
Ferrous Alloys

(See Sec. 6.3.) Steel castings may be classified as:
1. Low carbon (C " 0.20 percent). These are relatively soft and not
readily heat-treatable.
2. Medium carbon (0.20 percent " C " 0.50 percent). These castings
are somewhat harder and amenable to strengthening by heat treatment.
Steel Castings
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3. High carbon (C # 0.50 percent). These steels are used where maximum hardness and wear resistance are desired.
In addition to the classification based on carbon content, which determines the maximum hardness obtainable in steel, the castings can be
also classified as low alloy content ($ 8 percent) or high alloy content
(# 8 percent).
Low-alloy steels behave essentially as plain carbon steels but have a
higher hardenability, which is a measure of ability to be hardened by
heat treatment. High-alloy steels are designed to produce some specific
property, like corrosion resistance, heat resistance, wear resistance, or
some other special property.
Malleable Iron Castings The carbon content of malleable iron
ranges from about 2.00 to 2.80 percent and may reach as high as
3.30 percent if the iron is melted in a cupola. Silicon ranging from 0.90 to
1.80 percent is an additional alloying element required to aid the
annealing of the iron. As cast, this iron is hard and brittle and is rendered
soft and malleable by a long heat-treating or annealing cycle. (See also
Sec. 6.3.)
Gray Iron Castings Gray iron is an alloy of iron, carbon, and silicon,
containing a higher percentage of these last two elements than found in
malleable iron. Much of the carbon is present in the elemental form as
graphite. Other elements present include manganese, phosphorus, and
sulfur. Because the properties are controlled by proper proportioning of
the carbon and silicon and by the cooling rate of the casting, it is usually
sold on the basis of specified properties rather than composition. The carbon content will usually range between 3.00 and 4.00 percent and the silicon will be between 1.00 and 3.00 percent, the higher values of carbon
being used with the lower silicon values (usually), and vice versa. As evidence of the fact that gray iron should not be considered as a material
having a single set of properties, the ASTM and AFS codify gray cast iron
in several classes, with accompanying ranges of tensile strengths available. The high strengths are obtained by proper adjustment of the carbon
and silicon contents or by alloying. (See also Sec. 6.3.)
An important variation of gray iron is nodular iron, or ductile iron, in
which the graphite appears as nodules rather than as flakes. This iron is
prepared by treating the metal in the ladle with additives that usually
include magnesium in alloy form. Nodular iron can exceed 100,000
lb/in2 (690 MN/m2) as cast and is much more ductile than gray iron,
measuring about 2 to 5 percent elongation at these higher strengths, and
even higher percentages if the strength is lower. (See Sec. 6.3.)
Nonferrous Alloys
Aluminum-Base Castings Aluminum is alloyed with copper, silicon, magnesium, zinc, nickel, and other elements to produce a wide
variety of casting alloys having specific characteristics of foundry properties, mechanical properties, machinability, and/or corrosion resistance. Alloys are produced for use in sand casting, permanent mold
casting, or die casting. Some alloys are heat-treatable using solution and
age-hardening treatments. (See also Sec. 6.4.)
Copper-Base Alloys The alloying elements used with copper
include zinc (brasses), tin (bronzes), nickel (nickel bronze), aluminum
(aluminum bronze), silicon (silicon bronze), and beryllium (beryllium
bronze). The brasses and tin bronzes may contain lead for machinability.
Various combinations of zinc and tin, or of tin or zinc with other elements, are also available. With the exception of some of the aluminum
bronzes and beryllium bronze, most of the copper-base alloys cannot be
hardened by heat treatment. (See also Sec. 6.4.)
Special Casting Alloys Other metals cast in the foundry include
magnesium-base alloys for light weight, nickel-base alloys for hightemperature applications, titanium-base alloys for strength-to-weight
ratio, etc. The magnesium-base alloys require special precautions during melting and pouring to avoid burning. (See Sec. 6.4.)

MELTING AND HEAT TREATING FURNACES

There are several types of melting furnaces used in conjunction with
metal casting. Foundry furnaces used in melting practice for ferrous
castings are predominantly electric arc (direct and indirect), induction,

and crucible for small operations. For cast iron, cupolas are still employed, although in ever-decreasing quantities. The previous widespread
use of open-hearth furnaces is now relegated to isolated foundries and
is essentially obsolete. In general, ferrous foundries’ melting practice has
become based largely on electric-powered furnaces. Duplexing operations
are still employed, usually in the form of cupola/induction furnace, or
cupola/electric arc furnace.
In nonferrous foundries, electric arc, induction, and crucible furnaces
predominate. There are some residual installations which use air furnaces, but they are obsolete and found only in some of the older, small
foundries which cater to unique clients.
Vacuum melting and metal refining were fostered by the need for
extremely pure metals for high-temperature, high-strength applications
(e.g., gas-turbine blades). Vacuum melting is accomplished in a furnace
located in an evacuated chamber; the source of heat is most often an
electric arc and sometimes induction coils. Gases entrained in the melt
are removed, the absence of air prevents oxidation of the base metals,
and a high degree of metal purity is retained in the molten metal and in
the casting ultimately made from that vacuum-melted metal. The mold
is also enclosed in the same evacuated chamber.
The vacuum melting and casting process is very expensive because
of the nature of the equipment required, and quantities of metal handled
are relatively small. The economics of the overall process are justified
by the design requirements for highest-quality castings for ultimately
very demanding service.
Annealing and heat-treating furnaces used to process castings are the
type usually found in industrial practice. (See Secs. 7.3. and 7.5.)
CLEANING AND INSPECTION
Tumbling barrels consist of a power-driven drum in which the castings

are tumbled in contact with hard iron stars or balls. Their impact
removes the sand and scale.
In air-blast cleaning units, compressed air forces silica sand or chilled
iron shot into violent contact with the castings, which are tumbled in a
barrel, rotated on a table, or passed between multiple orifices on a conveyor. Large rooms are sometimes utilized, with an operator directing
the nozzle. These machines are equipped with hoppers and elevators to
return the sand or shot to the magazine. Dust-collecting systems are
required.
In centrifugal-blast cleaning units, a rotating impeller is used to impart
the necessary velocity to the chilled iron shot or abrasive grit. The velocities are not so high as with air, but the volume of abrasive is much
greater. The construction is otherwise similar to the air blast machine.
Water in large volume at pressures of 250 to 600 lb/in2 is used to
remove sand and cores from medium and large castings.
High-pressure water and sand cleaning (Hydroblast) employs high pressure water mixed with molding sand which has been washed off the
casting. A sand classifier is incorporated in the sand reclamation
system.
Pneumatic chipping hammers may be used to clean large castings
where the sand is badly burned on and for deep pockets.
Removal of Gates and Risers and Finishing Castings The following tabulation shows the most generally used methods for removing
gates and risers (marked R) and for finishing (marked F).
Steel Oxyacetylene (R) hand hammer or sledge (R), grinders (F),
chipping hammer, (F), and machining (F).
Cast iron Chipping hammer (R, F), hand hammer or sledge (R), abrasive cutoff (R), power saw (R), and grinders (F).
Malleable iron Hand hammer or sledge (R), grinders (F), shear (F),
and machining (F).
Brass and bronze Chipping hammer (R, F), shear (R, F), hand hammer or sledge (R), abrasive cutoff (R), power saw (R), belt sanders (F),
grinders (F), and machining (F).
Aluminum Chipping hammer (R), shear (R), hand hammer or sledge
(R), power saw (R), grinders (F), and belt sander (F).
Magnesium Band saw (R), machining (F), and flexible-shaft
machines with steel burr cutters (F).

STRUCTURE
Casting Inspection
(See Sec. 5.4.)

Castings are inspected for dimensional accuracy, hardness, surface finish, physical properties, internal soundness, and cracks. For hardness and
for physical properties, see Sec. 6.
Internal soundness is checked by cutting or breaking up pilot castings
or by nondestructive testing using X-ray, gamma ray, etc.
Destructive testing tells only the condition of the piece tested and does
not ensure that other pieces not tested will be sound. It is the most commonly used procedure at the present time.
X-ray, gamma ray, and other methods have made possible the nondestructive checking of castings to determine internal soundness on all
castings produced. Shrinks, cracks, tears, and gas holes can be determined and repairs made before the castings are shipped.
Magnetic powder tests (Magnaflux) are used to locate structural discontinuities in iron and steel except austenitic steels, but they are not
applicable to most nonferrous metals or their alloys. The method is
most useful for the location of surface discontinuities, but it may indicate subsurface defects if the magnetizing force is sufficient to produce
a leakage field at the surface.
In this test a magnetic flux is induced in ferromagnetic material. Any
abrupt discontinuity in its path results in a local flux leakage field. If
finely divided particles of ferromagnetic material are brought into the
vicinity, they offer a low reluctance path to the leakage field and take a
position that outlines approximately its effective boundaries. The casting to be inspected is magnetized and its surface dusted with the magnetic powder. A low velocity air stream blows the excess powder off and
leaves the defect outlined by the powder particles. The powder may be
applied while the magnetizing current is flowing (continuous method)
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or after the current is off (residual method). It may be applied dry or suspended in a light petroleum distillate similar to kerosene. Expert interpretation of the tests is necessary.
CASTING DESIGN

Design for the best utilization of metal in the cast form requires a knowledge of metal solidification characteristics, foundry practices, and the
metallurgy of the metal being used. Metals exhibit certain peculiarities in
the formation of solid metal during freezing and also undergo shrinkage
in the liquid state during the freezing process and after freezing, and the
casting must be designed to take these factors into consideration.
Knowledge concerning the freezing process will also be of assistance in
determining the fluidity of the metal, its resistance to hot tearing, and its
tendency to evolve dissolved gases. For economy in production, casting
design should take into consideration those factors in molding and coring
that will lead to the simplest procedures. Elimination of expensive cores,
irregular parting lines, and deep drafts in the casting can often be accomplished with a slight modification of the original design. Combination of
the foregoing factors with the selection of the right metal for the job is
important in casting design. Consultation between the design engineer
and personnel at the foundry will result in well-designed castings and
cost-effective foundry procedures. Initial guidance may be had from the
several references cited and from updated professional literature, which
abounds in the technical journals. Trade literature, as represented by the
publications issued by the various generic associations, will be useful in
assessing potential problems with specific casting designs. Generally,
time is well spent in these endeavors before an actual design concept is
reduced to a set of dimensional drawings and/or specifications.

13.2 PLASTIC WORKING OF METALS
by Rajiv Shivpuri
(See also Secs. 5 and 6.)

REFERENCES: Crane,“Plastic Working of Metals and Power Press Operations,”
Wiley. Woodworth, “Punches, Dies and Tools for Manufacturing in Presses,”
Henley. Jones, “Die Design and Die Making Practice,” Industrial Press. Stanley,
“Punches and Dies,” McGraw-Hill. DeGarmo, “Materials and Processes in
Manufacturing,” Macmillan. “Modern Plastics Encyclopedia and Engineers
Handbook,” Plastics Catalogue Corp., New York. “The Tool Engineers Handbook,” McGraw-Hill. Bridgman, “Large Plastic Flow and Fracture,” McGrawHill. “Cold Working of Metals,” ASM. Pearson, “The Extrusion of Metals,” Wiley.
STRUCTURE
Yieldable structural forces between the particles composing a material to
be worked are the key to its behavior. Simple internal structures contain
only a single element, as pure copper, silver, or iron. Relatively more difficult to work are the solid solutions in which one element tends to distribute uniformly in the structural pattern of another. Thus silver and gold
form a continuous series of solid-solution alloys as their proportions vary.
Next are alloys in which strongly bonded molecular groups dispersed
through or along the grain boundaries of softer metals offer increasing
resistance to working, as does iron carbide (Fe3C) in solution in iron.
Bonding forces are supplied by electric fields characteristic of individual atoms. These forces in turn are subject to modification by temperature as energy is added, increasing electron activity.
The particles which constitute an atom are so small that most of its
volume is empty space. For a similar energy state, there is some rough
uniformity in the outside size of atoms. In general, therefore, the more
complex elements have their larger number of particles more densely
packed and so are heavier. For each element, the energy pattern of its
electric charges in motion determines the field characteristics of that

atom and which of the orderly arrangements it will seek to assume with
relation to others like it in the orderly crystalline form.
Space lattice is the term used to describe the orderly arrangement of
rows and layers of atoms in the crystalline form. This orderly state is
also described as balanced, unstrained, or annealed. The working or
deforming of materials distorts the orderly arrangement, unbalancing
the forces between atoms. Cubic patterns or space lattices characterize
the more ductile or workable materials. Hexagonal and more complex
patterns tend to be more brittle or more rigid. Flaws, irregularities, or
distortions, with corresponding unbalanced strains among adjacent
atoms, may occur in the pattern or along grain boundaries. Slip-plane
movements in working to new shapes tend to slide the once orderly layers of atoms within the grain-boundary limitations of individual crystals. Such sliding movement tends to take place at 45% to the direction
of the applied load because much higher stresses are required to pull
atoms directly apart or to push them straight together.
Chemical combinations, in liquid or solid solutions, or molecular compounds depend upon relative field patterns of elements or upon actual
displacement of one or more electrons from the outer orbit of a donor
element to the outer orbit of a receptor element. Thus the molecules of
hard iron carbide, Fe3C, may be held in solid solution in soft pure iron
(ferrite) in increasing proportions up to 0.83 percent of carbon in iron,
which is described as pearlite. Zinc may occupy solid-solution positions
in the copper space lattice up to about 45 percent, the range of the ductile red and yellow brasses.
Thermal Changes Adding heat (energy) increases electron activity
and therefore also the mobility of the atom. Probability of brittle failure at
low temperatures usually becomes less as temperature increases.
Transition temperatures from one state to another differ for different
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elements. Thermal transitions therefore become more complex as such
differing elements are combined in alloys and compounds. As temperatures rise, a stress-relieving range is reached at which the most severely
strained atoms are able to ease themselves around into less strained positions. At somewhat higher temperatures, annealing or recrystallization of
worked or distorted structure takes place. Old grain boundaries disappear
and small new grains begin to grow, aligning nearby atoms into their
orderly lattice pattern. The more severely the material has been worked,
the lower is the temperature at which recrystallization begins. Grain
growth is more rapid at higher temperatures. In working materials above
their recrystallization range, as in forging, the relief of interatomic strains
becomes more nearly spontaneous as the temperature is increased. Creep
takes place when materials are under some stress above the recrystallization range, and the thermal mobility permits individual atoms to ease
around to relieve that stress with an accompanying gradual change of
shape. Thus a wax candle droops due to gravity on a hot day. Lead, which
recrystallizes below room temperature, will creep when used for roofing
or spouting. Steels in rockets and jet engines begin to creep around 1,300
to 1,500%F (704 to 815%C). Creep is more rapid as the temperature rises
farther above the recrystallization range.

primarily in compression to inhibit the start of tensile fracture. Severe
extrusion, spring-temper rolling, and music-wire drawing use this range.
Dispersion hardening of metal alloys by heat treatment (see Fig.
13.2.2) reduces the plastic range and increases the resistance to work
hardening. Figure 13.2.2 also shows the common methods of plotting
change of true stress against percentage of reduction—e.g., reduction of
thickness in rolling or compressive working, of area in wire drawing,
ironing, or tensile testing, or of diameter in cup drawing or reducing
operations—and against true strain, which is the natural logarithm of
change of area, for convenience in higher mathematics.

PLASTICITY
Plasticity is that property of materials which commends them to the

mass-production techniques of pressure-forming desired shapes. It is
understood more easily if several types of plasticity are considered.
Crystoplastic describes materials, notably metals, which can be worked
in the stable crystalling state, below the recrystallization range. Metals
which crystallize in the cubic patterns have a wider plastic range than
those of hexagonal pattern. Alloying narrows the range and increases the
resistance to working. Tensile or compressive testing of an annealed specimen can be used to show the plastic range which lies between the initial
yield point and the point of ultimate tensile or compressive failure.
The plastic range, as of an annealed metal, is illustrated in Fig. 13.2.1.
Changing values of true stress are determined by dividing the applied load
at any instant by the cross-section area at that instant. As material is
worked, a progressive increase in elastic limit and yield point registers the
slip-plane movement or work hardening which has taken place and the
consequent reduction in residual plasticity. This changing yield point or
resistance, shown in Fig. 13.2.1, is divided roughly into three characteristic
ranges. The contour of the lower range can be varied by nonuniformity of
grain sizes or by small displacements resulting from prior direction of
working. Random large, soft grains yield locally under slight displacement, with resulting surface markings, described as orange peel, alligator
skin, or stretcher strain markings. These can be prevented by preparatory
roller leveling, which gives protection in the case of steel for perhaps a day,
or by a 3 to 5 percent temper pass of cold-rolling, which may stress relieve
in perhaps 3 months, permitting recurrent trouble. The middle range covers most drawing and forming operations. Its upper limit is the point of
normal tensile failure. The upper range requires that metal be worked

Fig. 13.2.1 Three ranges of crystoplastic work hardening of a low-carbon steel.
(ASME, 1954, W. S. Wagner, E. W. Bliss Co.)

Fig. 13.2.2 High-range plasticity (dotted) of an SAE 4140 steel, showing the
effect of dispersion hardening. Two plotting methods. (ASME, 1958, Crane and
Wagner, E. W. Bliss Co.)

For metals, thermoplastic working is usually described as hot working,
except for tin and lead, which recrystallize below room temperature.
Hot-worked samples may be etched to show flow lines, which are usually
made up of old-grain boundaries. Where these show, recrystallization
has not yet taken place, and some work hardening is retained to improve
physical properties. Zinc and magnesium, which are typical of the
hexagonal-structure metals, take only small amounts of cold working but
can be drawn or otherwise worked severely at rather moderate temperatures [Zn, 200 to 400%F (90 to 200%C); Mg, 500 to 700%F (260 to
400%C)]. Note that, although hexagonal-pattern metals are less easily
worked than cubic-pattern metals, they are for that same reason structurally more rigid for a similar relative weight. Advantageous forging
temperatures change with alloy composition: copper, 1,800 to 1,900%F
(980 to 1,040%C); red brass, Cu 70, Zn 30, 1,600 to 1,700%F (870 to
930%C); yellow brass, Cu 60, Zn 40, 1,200 to 1,500%F (650 to 815%C).
See Sec. 6 for general physical properties of metals.
Substantially pure iron shows an increasing elastic limit and decreasing plasticity with increasing amounts of work hardening by cold-rolling.
The rate at which such work hardening takes place is greatly increased,
and the remaining plasticity reduced, as alloying becomes more complex.
In steels, the mechanical working range is conventionally divided into
cold, warm, and hot working. Figure 13.2.3 is a plot of flow stress, limit
strain, scale factor, and dimensional error for different values of forging
temperature and for two different strain rates. The flow stress is the resistance to deformation. As the temperature rises from room temperature
to 2,072%F (1,100%C), the flow stress decreases first gradually and then
rapidly to about 25 percent of its value [cold working 114 ksi (786
MPa) and hot working 28 ksi (193 MPa) at a strain of 0.5 and strain rate
of 40 per second].
One measure of workability is the strain limit. As the temperature rises,
the strain limit for the 70-in (in&s) strain rate (typical of mechanical
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Fig. 13.2.3 Effect of forging temperature on forgeability and material properties. Material: AISI 1015 steel. f ' strain
rate; f* ' limiting strain; sf ' flow stress; Stot ' dimensional error; FeL ' scale loss. (K. Lange, “Handbook of Metal
Forming,” McGraw-Hill, 1985.)

press forging) decreases slightly up to 500%C (932%F), rises until 750%C
(1,382%F), drops rapidly at 800%C (1,472%F) (often called blue brittleness),
and beyond 850%C (1,562%F) increases rapidly to hot forging temperature
of 1,100%C (2,012%F). Therefore, substantial advantages of low material
resistance (low tool pressures and press loads) and excellent workability
(large flow without material failure) can be realized in the hot-working
range. Hot-working temperatures, however, also mean poor dimensional
tolerance (total dimensional error), poor surface finish, and material loss
due to scale buildup. Forging temperatures above 1,300%C (2,372%F) can
lead to hot shortness manifested by melting at the grain boundaries.
MATERIAL RESPONSE IN METAL FORMING

The deformation conditions in metalworking processes span a range of
deformation parameters, including strain and strain rates (Fig. 13.2.4) that
are much higher than those encountered in conventional testing methods
(Fig. 13.2.5). In machining, the strains are high and the strain rates can
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Fig. 13.2.4 Range of deformation parameters for various metalworking
processes. (Source: P. F. Bariani, S. Bruschi, and T. Dal Negro, Enhancing
Performances of SHPB for Determination of Flow Curves, Annals of the CIRP, 50,
no. 1, pp. 153–156.)

reach 105/s, while in explosive forming, strains are small at high strain
rates providing extremely small response times. Forging and extrusion
cover a wide range of strains and strain rates. Sheet forming carried out
as small strains and strain rates differs from superplastic forming at
extremely low strain rates but high strains. Consequently, different methods have been developed to test material response for different ranges of
deformation parameters, i.e., strain and strain rate (Fig. 13.2.5).
PLASTIC WORKING TECHNIQUES

In the metalworking operations, as distinguished from metal cutting,
material is forced to move into new shapes by plastic flow. Hot-working
is carried on above the recovery temperature, and spontaneous recovery,
or annealing, occurs about as fast as the properties of the material are
altered by the deformation. This process is limited by the chilling of the
material in the tools, scaling of the material, and the life of the tools at
the required temperatures. Cold-working is carried on at room temperature and may be applied to most of the common metals. Since, in most
cases, no recovery occurs at this temperature, the properties of the metal
are altered in the direction of increasing strength and brittleness
throughout the working process, and there is consequently a limit to
which cold-working may be carried without danger of fracture.
A convenient way of representing the action of the common metals
when cold-worked consists of plotting the actual stress in the material
against the percentage reduction in thickness. Within the accuracy
required for shop use, the relationship is linear, as in Fig. 13.2.6. The
lower limit of stress shown is the yield point at the softest temper, or
anneal, commercially available, and the upper limit is the limit of tensile action, or the stress at which fracture, rather than flow, occurs. This
latter value does not correspond to the commercially quoted “tensile
strength” of the metal, but rather to the “true tensile strength,” which is
the stress that exists at the reduced section of a tensile specimen at fracture and which is higher than the nominal value in inverse proportion to
the reduction of area of the material.
As an example of the construction and use of the cold-working plots
shown in Fig. 13.2.6, the action of a very-low-carbon deep-drawing
steel has been shown in Fig. 13.2.7. Starting with the annealed material
with a yield point of 35,000 lb/in2 (240 MN/m2), the steel was drawn
to successive reductions of thickness up to about 58 percent, and the
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Fig. 13.2.5 Testing methods used to determine mechanical behavior of materials under various deformation regimes.
(Source: J. E. Field, W. G. Proud, S. M. Walley, and H. T. Goldrein, Review of Experimental Techniques for High Rate
Deformation and Shock Studies, in “New Experimental Methods in Material Dynamics and Impact,” AMAS, Warsaw, 2001.)

reduction, the next 25 percent uses (1.00 0.30) ( 0.25, or 17.5 percent
more of the cold-working range; the next 15 percent reduction uses
(1.00 0.30 0.175) ( 0.15, or about 8 percent of the original range,
totaling 30 * 17.5 * 8 ' 55.5 percent. This may be compared with
the test value percent reduction in area for the particular material. The
same result might have been obtained, die operation permitting, by a
single reduction of 55 percent, as shown. Any appreciable reduction
beyond this point would come dangerously close to the limit of plastic
flow, and consequently an anneal is called for before any further work is
done on the piece.
Figure 13.2.8 shows the approximate true stress vs. true strain plot of
common plastic range values, for comparison with Fig. 13.2.6. In metal
forming, a convenient way of representing the resistance of metal to

Fig. 13.2.6 Plastic range chart of commonly worked metals.

corresponding stresses plotted as the heavy straight line. The entire
graph was then extrapolated to 100 percent reduction, giving the modulus of strain hardening as indicated, and to zero stress so that all materials might be plotted on the same graph. Lines of equal reduction are
slanting lines through the point marking the modulus of strain hardening at theoretical 100 percent reduction. Starting at any initial condition
of previous cold work on the heavy line, a percentage reduction from
this condition will be indicated by a horizontal traverse to the slanting
reduction line of corresponding magnitude and the resulting increase in
stress by the vertical traverse from this point to the heavy line.
The traverse shown involved three draws from the annealed condition
of 30, 25, and 15 percent each, and resulting stresses of 53,000, 63,000,
and 68,000 lb/in2 (365, 434, and 469 MN/m2). After the initial 30 percent

Fig. 13.2.7 Graphical solution of a metalworking problem.
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Rolling of sheets, coils, bars, and shapes is a primary process using
plastic ranges both above and below recrystallization to prepare metals
for further working or for fabrication. Metal squeezed in the bite area of

Formability

amount of deformation at cold-working temperatures (strain
# e ) and the
deformation rate at hot-working temperatures (strain rate e ) This relationship is often# given as a power-law curve; s 5 K e n for cold forming and s 5 C e m for hot forming. For commonly used materials, the
values of the strength coefficients K and C and hardening coefficients
n and m are given in Tables 13.2.1a and b.
A practical manufacturing method of judging relative plasticity is to
compute the ratio of initial yield point to the ultimate tensile strength as
developed in the tensile test. Thus a General Motors research memo listed
steel with a 0.51 yield/tensile ratio [22,000 lb/in2 (152 MN/m2) yp/ 43,000
lb/in2 (296 MN/m2) ultimate tensile strength] as being suitable for really
severe draws of exposed parts. When the ratio reaches about 0.75, the
steel should be used only for flat parts or possibly those with a bend of
not more than 90%. The higher ratios obviously represent a narrowing
range of workability or residual plasticity.
Advanced High-Strength Sheet Steels With greater emphasis being
placed on weight reduction, many new grades of steel sheets for automotive bodies have been developed. Interstitial free (IF) steels were
developed for applications requiring high ductility, BH bake hardening
(BH) steels for dent resistance, dual phase (DP), transformation-induced
plasticity (TRIP), complex phase (CP), and ferritic-bainitic (FB) steels for
high-strength applications such as body panels and pillars (Fig. 13.2.9).
There is a tradeoff between formability and strength in these steels. The
steel industry is trying to develop steel grades that would improve both
these properties simultaneously. For example, DP500, DP600, DP750, and
TRIP800 grades have maximum strengths of 600, 650, 825, and 1,000
MPa, respectively. This is much higher than the 500 MPa expected from
HSLA360, the most common sheet steel for automotive bodies.

Low

deformation and flow is the flow stress s, also known as the logarithmic
stress or true stress. For most metals, flow stress is a function of the

High

Fig. 13.2.8 True stress vs. true strain curves for typical metals. (Crane and Hauf, E. W. Bliss. Co.)

Body panels

IFsteel

Structural parts

Future development

BHsteel

Isotropic
steel
Phosphorousalloyed steel MicroCurrent state of technology

Low

DPalloyed
TRIP- CP- FBsteel
steel
steel steel steel

Strength

High

Fig. 13.2.9 New high-strength sheet steels for automotive bodies. (Source:
Ultra Light Steel Autobody Consortium, USA.)

the rolls moves out lengthwise with very little spreading in width. This
compressive working above the yield point of the metal may be aided
in some cases by maintaining a substantial tensile strain in the direction
of rolling.
A cast or forged billet or slab is preheated for the preliminary breakdown stage of rolling, although considerable progress has been made in
continuous casting, in which the molten metal is poured continuously
into a mold in which the metal is cooled progressively until it solidifies
(albeit still at high temperature), whence it is drawn off as a quasicontinuous billet and fed directly into the first roll pass of the rolling mill.
The increased speed of operation and production and the increased efficiency of energy consumption are obvious. Most new mills, especially
minimills, have incorporated continuous casting as the normal method
of operation. A reversing hot mill may achieve 5,000 percent elongation
of an original billet in a series of manual or automatic passes.
Alternatively, the billet may pass progressively through, say, 10 hot mills
in rapid succession. Such a production setup requires precise control so
that each mill stand will run enough faster than the previous one to
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870–1,150
750–950

625–800
815–870

1,530/1,480

1,083/1,065

955/915

905/900

900/855

1,050/950
1,060/1,050

Cartridge brass (30 Zn)

Muntz metal (40 Zn)

Leaded brass
(1 Pb, 39 Zn)
Phosphor bronze (5 Sn)
Aluminum bronze
(5 Al)

900
600
800
600
800
600
800
700

600

1,000
130
(48)
41
100
48
38
20
58
14
160

140
0.06
(0.17)
0.2
0.24
0.15
0.3
0.24
0.14
0.20
0.35

0.08

0.1

0.26

0.13

0.1
0.1
0.1
0.17
0.07
0.13
0.1

m

C
A

A

A

A

A

C

B

B

B

A

A

A
A

Workability‡

720

800

800

500

450

960

1,300

1,300

950

600
620

K

0.46

0.33

0.5

0.41

0.33

0.1

0.3

0.3

0.12

0.25
0.18

n

Flow stress,§
MPa

* Compiled from various sources; most flow stress data from T. Altan and F. W. Boulger, Trans. ASME, Ser. B, J. Eng. Ind. 95, 1973, p. 1009.
† Hot-working flow stress is for a strain of e ' 0.5. To convert to 1,000 lb/in2, divide calculated stresses by 7.
‡ Relative ratings, with A the best, corresponding to absence of cracking in hot rolling and forging.
§ Cold-working flow stress is for moderate strain rates, around e ' 1 s–1. To convert to 1,000 lb/in2, divide stresses by 7.
¶ Furnace cooling is indicated by F, quenching by Q.
SOURCE: Adapted from John A. Schey, Introduction to Manufacturing Processes, McGraw-Hill, New York, 1987.

625–800

725–850

930–1,200

170

80

1,000
1,000

190

1,000

"1,150

900–1,080

100
150
120
50
180
120
120

C

1,000
800
1,000
1,200
800
1,000
1,000

at %C

Flow stress,† MPa

"1,250
"1,250

Usual
temp.,
%C

1,420/1,400

Liquidus/
solidus,
%C

, 8620 (0.2 C, 1 Mn
0.4 Ni, 0.5 Cr, 0.4 Mo)
D2 tool-steel (1.5 C,
12 Cr, 1 Mo)
H13 tool steel (0.4 C,
5 Cr 1.5 Mo, 1 V)
302 ss (18 Cr, 9 Ni)
(austenitic)
410 ss (13 Cr)
(martensitic)
Copper-base alloys:
Cu (99.94%)

1045 (0.45 C)

Steels:
1008 (0.08 C), sheet
1015 (0.15 C), bar

Designation and
composition, %

Hot-working

Table 13.2.1a Manufacturing Properties of Steels and Copper-Based Alloys*
(Annealed condition)

150
170

130

120

100

70

280

250

350

410

180
300

s0.2,
MPa

340
400

340

380

310

220

520

600

620

700

320
450

TS,
MPa

Cold-working

57
65

50

45

65

50

30

55

30

22

40
35

Elongation,
%

55

70

75

78

65

65

60

45

70
70

q
R.A.,
%

480–675
425–850

425–600

425–600

425–750

375–650

650–800

1,010–1,120 (Q)

880 (F)

790–870 (F)

850–900 (F)
850–900 (F)

Annealing
temp.,¶
%C

13-15

1,852
1,132

Zirconium
Uranium (99.8%)

600–1,000
, 700

790–1,000

600
900
600
900
900
700

1,150

100
75
225

300
500
400
400
500
480
400
500
NA
450

at %C

200
38
550
140
50
110

, 140

10
260
40

60
14
35
90
36
35
50
37
NA
40

C

Flow stress,b MPa

0.11
0.25
0.08
0.4
0.25
0.1

0.2

0.1
0.1
0.1

0.08
0.22
0.13
0.12
0.12
0.13
0.16
0.17
NA
0.13

m

C
A
C
A
A

A
C

A
A
A

NA
B

A
A

A
B

A

Workability
f

450
400

210
220

380

140

K

0.03
0.17

0.13
0.16

0.15

0.25

n

Flow stress,c
MPa

210
190

900

480

140
360

275
100

90
55

100
100

35

s0.2,
MPa

340
380

950

620

440
770

15
12
130/170

310
230

190
125

130
180

c

b

a

90

TS,d
MPa

Cold-working

Empty spaces indicate unavailability of data. Compiled from various sources; most flow stress data from T. Altan and F. W. Boulger, Trans. ASME, Ser. B. J. Eng. Ind. 95, 1973, p. 1009.
Hot-working flow stress is for a strain of e ' 0.5. To convert to 1,000 lb/in2, divide calculated stresses by 7.
Cold-working flow stress is for moderate strain rates, around e ' 1 s1. To convert to 1,000 lb/in2, divide stresses by 7.
d
Where two values are given, the first is longitudinal, the second transverse.
e
Furnace cooling is indicated by F.
f
Relative ratings, with A the best, corresponding to absence of cracking in hot rolling and forging.
g
NA ' Not applicable to the – T6 temper.
SOURCE: Adapted from John A. Schey, Introduction to Manufacturing Processes, McGraw-Hill, New York, 1987.

1,660/1,600

750–1,000

100–200
20–200
120–275

232
327
417

1,660

NA
260–455

NAg
640/475

650–1,250
980–1,200

260–510
300–550

650/590
652/582

1,446/1,435
1,290

290–540
260–480

250–550

Usual
temp.,
%C

649/648
635/510

657/643

Liquidus/
solidus,
%C

Ti–6 Al–4 V

High-temperature alloys:
Ni (99.4 Ni * Co)
Hastelloy ( (47 Ni,
9 Mo, 22 Cr, 18 Fe,
1.5 Co; 0.6 W)
Ti (99%)

Mn alloy (1 Mn)
, 2017 Al (3.5 Cu,
0.5 Mg, 0.5 Mn)
5052 Al (2.5 Mg)
6061-0 (1 Mg,
0.6 Si, 0.3 Cu)
6061-T6
, 7075 Al (6 Zn, 2 Mg,
1 Cu)
Low-melting metals:
Sn (99.8%)
Pb (99.7%)
Zn (0.08% Pb)

Light metals:
1100 Al (99%)

Designation and
composition, %

Hot-working

Table 13.2.1b Manufacturing Properties of Various Nonferrous Alloysa
(Annealed condition, except 6061-T6)

35
4

12

20

45
42

45
35
65/50

8
16

25
25

14
20

35

Elongation,d
%

10

65

100
100

45

65

q
R.A.,
%

500–800

700–825

590–730

650–760
1,175

150
20–200
100

415

340
415 (F)

370
415 (F)

340

Annealing
temp.e
%C
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make up for the elongation of the metal that has taken place. Hot-rolled
steel may be sold for many purposes with the black mill scale on it.
Alternatively, it may be acid-pickled to remove the scale and treated
with oil or lime for corrosion protection. To prevent scale from forming
in hot-rolling, a nonoxidizing atmosphere may be maintained in the mill
area, a highly special plant design.
Pack rolling of a number of sheets stacked together provides means of
retaining enough heat to hot-roll thin sheets, as for high-silicon electric
steels.
Cold-rolling is practical in production of thin coil stock with the more
ductile metals. The number of passes or amount of reduction between
anneals is determined by the rate of work hardening of the metal.
Successive stands of cold-rolling help to retain heat generated in working. Tension provided by mill reels and between stands helps to increase
the practical reduction per step. Bright annealing in a controlled atmosphere avoids surface pockmarks, which are difficult to get out. For highfinish stock, the rolls must be maintained with equal finish.
Cold Rolling of Threads and Gears Threaded parts, mostly fasteners, are cold-rolled with special tooling to impart a typical helical thread
geometry to the part. The thread profile is most often a standard 60% vee,
although thread profiles (i.e., Acme) for power threads are possible and
have been produced. In one form, the tooling consists of two tapered reciprocating dies with the desired thread profile cut thereon. A blank of
diameter smaller than the OD of the screw is positioned between the dies
when they are at maximum separation. Then, as the dies reciprocate and
decrease the gap between them, the blank is gripped, rolled, and plastically deformed to the desired screw profile. The indenting dies displace
metal upward to form the upper part of the thread profile. There is no
waste metal, and the fastener suffers no tears at the root. The resulting
cold work and plastic displacement of metal results in a superior product. Subsequent heat treatment of the fastener may follow, depending on
the strength properties desired for a particular application.
Thread rolling is also accomplished by using a nest of three profiled
rotating rollers. In that case, the blank is fed axially when the rollers are
at maximum gap and then is plastically deformed as the roll gap closes
during rotation.
Gear profiles also can be rolled. The action is similar to that described
for rolling threads, except that the dies or rollers are profiled to impart the
desired involute gear profile. The gear blank is caught between the rollers
or dies, and conjugate action ensues between the blank and tooling as the
blank progresses through the operating cycle. In some applications, the
rolled gear is produced slightly oversize to permit a finer finish by subsequent hobbing. The advantage lies in the reduction of metal cut by the
hob, thereby increasing the production rate as well as maintaining the
beneficial cold-worked properties imparted to the metal by cold rolling.
Thread and gear rolling enables high production rates; most threaded
fasteners in production are of this type.
Protective coating is best exemplified by high-speed tinplate mills in
which coil stock passes continuously through the necessary series of
cleaning, plating, and heating steps. Zinc and other metals are also
applied by plating but not on the same scale. Clad sheets (high-strength
aluminum alloys with pure aluminum surface for protection against
electrolytic oxidation) are produced by rolling together; an aluminum
alloy billet is hot-rolled together with plates of pure aluminum above
and below it through a series of reducing passes, with precautions to
ensure clean adhesion.
On the other hand, prevention of adhesion, as by a separating film, is
essential in the final stages of foil rolling, where two coils may have to be
rolled together. Such foil may then be laminated with suitable adhesive
to paper backing materials for wrapping purposes. (See also Sec. 6.)
Shape-rolling of structural shapes and rails is usually a hot operation
with roll-pass contours designed to distribute the displacement of metal
in a series of steps dictated largely by experience. Contour rolling of relatively thin stock into tubular, channel, interlocking, or varied special
cross sections is usually done cold in a series of roll stands for lengthwise bending and setting operations. There is also a wide range of simple bead-rolling, flange-rolling, and seam-rolling operations in
relatively thin materials, especially in connection with the production of
barrels, drums, and other containers.

Oscillating or segmental rolling probably developed first in the manually
fed contour rolling of agricultural implements. In some cases, the suitably
contoured pair of roll inserts or roll dies oscillates before the operator, to
form hot or cold metal. In other cases, the rolls rotate constantly, toward
the operator. The working contour takes only a portion of the circumference, so that a substantial clearance angle leaves a space between the rolls.
This permits the operator to insert the blank to the tong grip between the
rolls and against a fixed gage at the back. Then, as rotation continues, the
roll dies grip and form the blank, moving it back to the operator. This
process is sometimes automated; such units as tube-reducing mills oscillate
an entire rolling-mill assembly and feed the work over a mandrel and into
the contoured rolls, advancing it and possibly turning it between reciprocating strokes of the roll stands for cold reduction, improved concentricity,
and, if desired, the tapering or forming of special sections.
Spinning operations (Fig. 13.2.10) apply a rolling-point pressure to
relatively limited-lot production of cup, cone, and disk shapes, from
floor lamps and TV tube housings to car wheels and large tank ends.
Where substantial metal thickness is required, powerful machines and
hydraulic servo controls may be used. Some of the large, heavy sections
and difficult metals are spun hot.

Fig. 13.2.10 Spinning operations.

Rolling operations are distinguished by the relatively rapid and continuous application of working pressure along a limited line of contact.
In determining the working area, consider the lineal dimension (width
of coil), the bite (reduction in thickness), and the roll-face deflection,
which tends to increase the contact area. Approximations of rolling-mill
load and power requirements have been worked out in literature of the
AISE and ASME.
SHEARING

The shearing group of operations includes such power press operations
as blanking, piercing, perforating, shaving, broaching, trimming, slitting, and parting. Shearing operations traverse the entire plastic range
of metals to the point of failure.
The maximum pressure P, in pounds, required in shearing operations
is given by the equation P ' pDtS ' Lts, where s is the resistance of
the material to shearing, lb/in2; t is the thickness of the material, in;
L is the length of cut, in, which is the circumference of a round blank
pD or the periphery of a rectangular or irregular blank. Approximate
values of s are given in Table 13.2.2.
Shear (Fig. 13.2.11) is the advance of that portion of the shearing
edge which first comes in contact with the material to be sheared over
the last portion to establish contact, measured in the direction of
motion. It should be a function of the thickness t. Shear reduces the
maximum pressure because, instead of shearing the whole length of cut

SHEARING
Table 13.2.2
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Approximate Resistance to Shearing in Dies
Annealed state

Hard, cold-worked

Material

Resistance
to shearing,
lb/in2*

Penetration
to fracture,
percent

Lead
Tin
Aluminum 2S, 3S
Aluminum 52S, 61S, 62S
Aluminum 75S
Zinc
Copper
Brass
Bronze 90–10
Tobin bronze
Steel 0.10C
Steel 0.20C
Steel 0.30C
Steel 0.40C
Steel 0.60C
Steel 0.80C
Steel 1.00C
Stainless steel
Silicon steel
Nickel

3,500
5,000
9,000–11,000
12,000–18,000
22,000
14,000
22,000
33,000–35,000
...
36,000
35,000
44,000
52,000
62,000
80,000
97,000
115,000
57,000
65,000
35,000

50
40
60
...
...
50
55
50–55
...
25
50
40
33
27
20
15
10
39
30
55

Resistance
to shearing,
lb/in2*

Penetration
to fracture,
percent

Anneals at room temperature
Anneals at room temperature
13,000–16,000
30
24,000–30,000
46,000
19,000
25
28,000
30
52,000
25–30
40,000
42,000
43,000
38
55,000
28
67,000
22
78,000
17
102,000
9
127,000
5
150,000
2

*1,000 lb/in2 ' 6.895 MN/m2.
NOTE: Available test data do not agree closely. The above table is subject to verification with closer control of metal analysis,
rolling and annealing conditions, and die clearances. In dinking dies, steel-rule dies, hollow cutters, etc., cutting-edge resistance is
substantially independent of thickness: cotton glove cloth (stack, 2 or 3 in thick), 240 lb/in; kraft paper (stack tested, 0.20 in thick),
385 lb/in, celluloid [11⁄32 in thick, warmed in water to 120 to 150%F (49 to 66%C)], 300 lb/in.

at once, the shearing action takes place progressively, shearing at only
a portion of the length at any instant. The maximum pressure for any
case where the shear is equal to or greater than t is given by Pmax '
Pav t/shear, where Pav is the average value of the pressure on a punch,
with shear ' t, from the time it strikes the metal to the time it leaves.
Distortion results from shearing at an angle (Fig. 13.2.11) and accordingly, in blanking, where the blank should be flat, the punch should be
flat, and the shear should be on the die. Conversely, in hole punching,
where the scrap is punched out, the die should be flat and the shear
should be on the punch. Where there are a number of punches, the effect
of shear may be obtained by stepping the punches.
Crowding results during the plastic deformation period, before the
fracture occurs, in any shearing operation. Accordingly, when small
delicate punches are close to a large punch, they should be stepped
shorter than the large punch by at least a third of the metal thickness.
Clearance between the punch and die is required for a clean cut and
durability. An old rule of thumb places the clearance all around the
punch at 8 to 10 percent of the metal thickness for soft metal and up to
12 percent for hard metal. Actually, hard metal requires less clearance
for a clean fracture than soft, but it will stand more. In some cases, with
delicate punches, clearance is as high as 25 percent. Where the hole
diameter is important, the punch should be the desired diameter and the
clearance should be added to the die diameter. Conversely, where the

Fig. 13.2.11 Shearing forces can be reduced by providing a rake or shear on
(a) the blades in a guillotine, (b) the die in blanking, (c) the punch in piercing.
(J. Schey, “Introduction to Manufacturing Processes,” McGraw-Hill, 1987.)

blank size is important, the die and blank dimensions are the same and
clearance is deducted from the punch dimensions.
The work per stroke may be approximated as the product of the maximum pressure and the metal thickness, although it is only about 20 to
80 percent of that product, depending upon the clearance and ductility
of the metal. Reducing the clearance causes secondary fractures and
increases the work done. With sufficient clearance for a clean fracture,
the work is a little less than the product of the maximum pressure, the
metal thickness, and the percentage reduction in thickness at which the
fracture occurs. Approximate values for this are given in Table 13.2.2.
The power required may be obtained from the work per stroke plus a 10
to 20 percent friction allowance.
Shaving A sheared edge may be squared up roughly by shaving
once, allowing for the shaving of mild sheet steel about 10 percent of the
metal thickness. This allowance may be increased somewhat for thinner
material and should be decreased for thicker and softer material. In making several cuts, the amount removed is reduced each time. For extremely
fine finish a round-edged burnishing die or punch, say 0.001 or 0.0015
in tight, may be used. Aluminum parts may be blanked (as for impact
extrusion) with a fine finish by putting a 30% bevel, approx one-third the
metal thickness on the die opening, with a near metal-to-metal fit on the
punch and die, and pushing the blank through the highly polished die.
Squaring shears for sheet or plate may have their blades arranged in
either of the ways shown in Fig. 13.2.12. The square-edged blades in
Fig. 13.2.12a may be reversed to give four cutting edges before they are
reground. Single-edged blades, as shown in Fig. 13.2.12b, may have a
clearance angle on the side where the blades pass, to reduce the working friction. They may also be ground at an angle or rake, on the face
which comes in contact with the metal. This reduces the bending and
consequent distortion at the edge. Either type of blade distorts also in
the other direction owing to the angle of shear on the length of the
blades (see Fig. 13.2.11).
Circular cutters for slitters and circle shears may also be square-edged
(on most slitters) or knife-edged (on circle shears). According to one rule,
their diameter should be not less than 70 times the metal thickness.
Knife-edge hollow cutters working against end-grain maple blocks represent an old practice in cutting leather, rubber, and cloth in multiple
thicknesses. Steel-rule dies, made up of knife-edge hard-steel strip
economically mounted against a steel plate in a wood matrix with rubber
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Fig. 13.2.12 Squaring shears.

strippers and cutting against hard saw-steel plates, extend the practice to
corrugated-carton production and even some limited-lot metal cutting.
Higher precision is often required in finish shearing operations on sheet
material. For ease of subsequent operations and assembly, the cut edges
should be clean (acceptable burr heights and good surface finish) and perpendicular to the sheet surface. The processes include precision or fine
blanking, negative clearance blanking, counterblanking, and shaving, as
shown in Fig. 13.2.13. By these methods either the plastic behavior of
material is suppressed or the plastically deformed material is removed.

Fig. 13.2.13 Parts with finished edges can be produced by (a) precision blanking,
(b) negative-clearance blanking, (c) counterblanking, (d) shaving a previously sheared
part. (J. Schey, “Introduction to Manufacturing Processes,” McGraw-Hill, 1987.)

BENDING

The bending group of operations is performed in presses (variety), brakes
(metal furniture, cornices, roofing), bulldozers (heavy rolled sections),
multiple-roll forming machines (molding, etc.), draw benches (door trim,
molding, etc.), forming rolls (cylinders), and roll straighteners (strips,
sheets, plates).
Spring back, due to the elasticity of the metal and amount of the bend,
may be compensated for by overbending or largely prevented by striking the metal at the radius with a coining (i.e., squeezing, as in production of coins) pressure sufficient to set up compressive stresses to
counterbalance surface tensile stresses. A very narrow bead may be
used to localize the pinch where needed and minimize danger to the
press in squeezing on a large area. Under such conditions, good sharp
bends in V dies have been obtained with two to four times the pressure
required to shear the metal across the same section.
These are illustrated in Fig. 13.2.14, where Pb is the bending load on
the press brake, Wb is the width of the die support, and Pcounter is the
counterload. The bending load can be obtained from
Pb ' wt2(UTS)/Wb
where t and w are the sheet thickness and width, respectively, and UTS
is the ultimate tensile strength of the sheet material.
Bending Allowance The thickness of the metal over a small radius
or a sharp corner is 10 or 15 percent less than before bending because
the metal moves more easily in tension than in compression. For the
same reason the neutral axis of the metal moves in toward the center of
the corner radius. Therefore, in figuring the length of blank L to be
allowed for the bend up to an inside radius r of two or three times the

Fig. 13.2.14 Springback may be neutralized or eliminated by (a), (b) overbending; (c) plastic deformation at the end of the stroke; (d) subjecting the bend
zone to compression during bending. [Part (d) after V. Kupka, T. Nakagawa, and
H. Tyamoto, CIRP 22:73–74 (1973).] (Source: J. Schey, “Introduction to Manufacturing Processes,” McGraw-Hill, 1987.)

metal thickness t, the length may be figured closely as along a neutral
line at 0.4t out from the inside radius. Thus, with reference to Fig.
13.2.15, for any angle a in deg and other dimensions in inches, L '
(r * 0.4t )2pa/360 ' (r * 0.4t )a /57.3.
The factor 0.4t, which locates the neutral axis, is subject to some
variation (say 0.35 to 0.45t) according to radius, condition of metal, and
angle. In figuring allowances for sharp bends, note that the metal builds
up on the compression side of the corner. Therefore, in locating the neutral axis, consider an inside radius r of about 0.05t as a minimum.
Roll straighteners work on the principle of bending the metal beyond
its elastic limit in one direction over rolls small enough in diameter, in
proportion to the metal thickness, to give a permanent set, and then
taking that bend out by repeatedly reversing it in direction and reducing it in
amount. Metal is also straightened by gripping and stretching it beyond its elastic
limit and by hammering; the results of the
latter operation depend entirely upon the
skill of the operator.
Fig. 13.2.15 Bending
For approximating bending loads, the
allowance.
beam formula may be used but must be very
materially increased because of the short
spans. Thus, for a span of about 4 times the depth of section, the bending load is about 50 percent more than that indicated by the beam formula. It increases from this to nearly the shearing resistance of the
section where some ironing (i.e., the thinning of the metal when clearance between punch and die is less than the metal thickness) occurs.
Where hit-home dies do a little coining to “set” the bend, the pressure
may range from two or three times the shearing resistance, and with
striking beads and proper care, up to very much higher figures.
The work to roll-bend a sheet or plate t in thick with a volume of V in3,
into curved shape of radius r in, is given as W ' CS(t /r)V/48 ft& lb, in
which S is the tensile strength and C is an experience factor between 1.4
and 2.
The equipment for bending consists of mechanical presses for short
bends, press brakes (mechanical and hydraulic) for long bends, and roll
formers for continuous production of profiles. The bends are achieved
by bending between tools, wiping motion around a die corner, or
bending between a set of rolls. These bending actions are illustrated in
Fig. 13.2.16. Complex shapes are formed by repeated bending in simple tooling or by passing the sheet through a series of rolls which progressively bend it into the desired profile. Roll forming is economical
for continuous forming for large volume production. Press brakes can
be computer-controlled with synchronized feeding and bending as well
as spring-back compression.
DRAWING
Drawing includes operations in which metal is pulled or drawn, in suit-

able containing tools, from flat sheets or blanks into cylindrical cups or
rectangular or irregular shapes, deep or shallow. It also includes reducing

DRAWING
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Fig. 13.2.16 Complex profiles formed by a sequence of operations on (a) press brakes, (b) wiping dies,
(c) profile rolling. (After Oehler; Biegen, Hanser Verlag, Munich, 1963.) (Source: J. Schey, “Introduction to
Manufacturing Processes,” McGraw-Hill, 1987.)

operations on shells, tube, wire, etc., in which the metal being drawn is
pulled through dies to reduce the diameter or size of the shape. All
drawing and reducing operations, by an applied tensile stress in the
material, set up circumferential compressive stresses which crowd the
metal into the desired shape. The relation of the shape or diameter
before drawing to the shape or diameter after drawing determines the
magnitude of the stresses. Excessive draws or reductions cause thinning
or tearing out near the bottom of a shell. Severe cold-drawing operations require very ductile material and, in consequence of the amount of
plastic deformation, harden the metal rapidly and necessitate annealing
to restore the ductility for further working.
The pressure used in drawing is limited to the load to shear the bottom
of the shell out, except in cases where the side wall is ironed thinner,
when wall friction makes somewhat higher loads possible. It is less than
this limit for round shells which are shorter than the limiting height and
also for rectangular shells. Drawing occurs only around the corner radii
of rectangular shells, the straight sides being merely free bending.
A holding pressure is required in most initial drawing and some
redrawing, to prevent the formation of wrinkles due to the circumferential compressive stresses. Where the blank is relatively thin compared
with its diameter, the blank-holding pressure for round work is likely to
vary up to about one-third of the drawing pressure. For material heavy
enough to provide sufficient internal resistance to wrinkling, no pressure is required. Where a drawn shape is very shallow, the metal must
be stretched beyond its elastic limit in order to hold its shape, making it
necessary to use higher blank-holding loads, often in excess of the
drawing pressure. To grip the edges sufficiently to do this, it is often
advisable to use draw beads on the blank-holding surfaces if sufficient
pressure is available to form these beads.

In sheet/deep-drawing practice, the punch force P can be approximated by
P 5 pDpt0 sUTSdsD0 /Dp 2 0.7d
where t0 is the blank thickness and D0 and Dp are the diameters of the
blank and the punch.
The blank holder pressure for avoiding defects such as wrinkling of
bottom/wall tear-out is kept at 0.7 to 1.0 percent of the sum of the yield
and the UTS of the material. Punch/die clearances are chosen to be 7 to
14 percent greater than the sheet blank thickness t0. The die corner radii
are chosen to avoid fracture at the die corner from puckering or wrinkling. Recommended values of D0 /t0 for deep-drawn cups are 6 to 15 for
cups without flange and 12 to 30 for cups with flange. These values will
be smaller for relatively thick sheets and larger for very thin blank thickness. For deeper-drawn cups, they may be redrawn or reverse-drawn, the
latter process taking advantage of strain softening on reverse drawing.
When the material has marked strain-hardening propensities, it may be
necessary to subject it to an intermediate annealing process to restore
some of its ductility and to allow progression of the draws to proceed.
Some shells, which are very thick or very shallow compared with their
diameter, do not require a blank holder. Blank-holding pressure may be
obtained through toggle, crank, or cam mechanisms built into the
machine or by means of air cylinders, spring-pressure attachments, or
rubber bumpers under the bolster plate. The length of car springs should
be about 18 in/in (18 cm/cm) of draw to give a fairly uniform drawing
pressure and long life. The use of car springs has been largely superseded
by hydraulic and pneumatic cushions. Rubber bumpers may be figured on
a basis of about 7.5 lb/in2 (50 kN/m2) of cross-sectional area per 1 percent

13-20

PLASTIC WORKING OF METALS

d0
(a)
Blank
d1

Punch

Blank holder

Blank holder

(b)

Die

Die
df

Fig. 13.2.17 Schematic of the conventional deep drawing process for sheet
metal parts. (a) Initial blank, (b) drawing in process.

of compression. In practice they should never be loaded beyond 20 percent compression, and as with springs, the greater the length relative to
the working stroke, the more uniform is the pressure.
Deep Drawing and Hydroforming of Sheet Metal Parts Sheet
metal parts are conventionally deep drawn using rigid steel punches and
dies (Fig. 13.2.17). An alternative approach is to use flexible media
(Fig. 13.2.18) such as water, gas, or rubber as either the male or
female die, and to perform the hydroforming process in a closed die.
In hydromechanical deep drawing, the die is replaced by a fluid
(Fig. 13.2.18) while in high-pressure sheet metal hydroforming the
punch is replaced by the fluid medium. The use of flexible media often
permits greater drawability and the possibility of combining many steps
in one operation, such as permitting joining and trimming simultaneously with forming (Fig. 13.2.19). Complex parts can be made in a single step by using thin sheets, thus reducing the cost and weight of the
shell structure.

FBH

FP

2

FBH
2

Pi

FCP
(a)

(b)

Fig. 13.2.18 Forming by flexible media. (a) Hydromechanical deep drawing
(Source: K. Seigert and M. Aust, Hydromechanical Deep-Drawing, Production
Engineering, VII/2, Annals of the German Academic Society for Production
Engineering, pp. 7–12.) (b) High-pressure hydroforming. M. Kliener, W. Homberg,
and A. Brosius, Processes and Control of Sheet Metal Hydroforming.
International Conference on Advanced Technology of Plasticity, Germany, 2,
1999, pp. 1243–1252.)

Dimensions of Drawn Shells The smallest and deepest round shell
that can be drawn from any given blank has a diameter d of 65 to
50 percent of the blank diameter D. The height of these shells is h ' 0.35d
to 0.75d, approximately. Higher shells have occasionally been drawn
with ductile material and large punch and die radii. Greater thickness of
material relative to the diameter also favors deeper drawing.
The area of the bottom and of the side walls added together may be
considered as equal to the area of the blank for approximations. If the
punch radius is appreciable, the area of a neutral surface about 0.4t out

Fig. 13.2.19 Combined hydroforming, joining, and trimming of sheet metal
parts. (a) In process; (b) typical parts. (Source: P. Hein and M. Geiger, Advanced
Process Control Strategies for the Hydroforming of Sheet Metal Pairs, Int. Conf.
Adv. Techn. Plasticity, Germany, 2, 1999, pp. 1267–1272.)

from the inside of the shell may be taken for approximations. Accurate
blank sizes may be obtained only by trial, as the metal tends to thicken
toward the top edge and to get thinner toward the bottom of the shell
wall in drawing.
Approximate diameters of blanks for shells are given by the expression 2d 2 1 4dh, where d is the diameter and h the height of the shell.
In redrawing to smaller diameters and greater depths the amount of
reduction is usually decreased in each step. Thus in double-action
redrawing with a blank holder, the successive reductions may be 25, 20,
16, 13, 10 percent, etc. This progression is modified by the relative
thickness and ductility of the metal. Single-action redrawing without a
blank holder necessitates smaller steps and depends upon the shape of
the dies and punches. The steps may be 19, 15, 12, 10 percent, etc.
Smaller reductions per operation seem to make possible greater total
reductions between annealings.
Rectangular shells may be drawn to a depth of 4 to 6 times their corner radius. It is sometimes desirable, where the sheet is relatively thin,
to use draw beads at the corners of the shell or near reverse bends in
irregular shapes to hold back the metal and assist in the prevention of
wrinkles.
Work in drawing is approximately the product of the length of the
draw, and the maximum punch pressure, as the load rises quickly to
the peak, remains fairly constant, and drops off sharply at the end of the
draw unless there is stamping or wall friction. To this, add the work of
blank holding which, in the case of cam and toggle pressure, is the
product of the blank-holding pressure and the spring of the press at the
pressure (which is small). For single-action presses with spring, rubber,
or air-drawing attachments it is the product of the average blank-holding
pressure and the length of draw.
Rubber-die forming, especially of the softer metals and for limited-lot
production, uses one relatively hard member of metal, plaster, or plastic
with a hard powder filler to control contour. The mating member may
be a rubber or neoprene mattress or a hydraulically inflatable bag, confined and at 3,000 to 7,000 lb/in2 (20 to 48 MN/m2). Babbitt, oil, and
water have also been used directly as the mobile member. A large
hydraulic press is used, often with a sliding table or tables, and even static
containers with adequate pumping systems.
Warm Forming of Aluminum and Magnesium Sheets Aluminum
and magnesium are used to decrease the weight of automotive and
aerospace parts. Aluminum and magnesium exhibit increased ductility
at elevated temperatures (Fig. 13.2.20). Magnesium does have many
limitations, but its use for structural parts is growing.
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Deformation rate = 0.8 s−1
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Fig. 13.2.21 (a) Many parts are formed separately and joined to form side
panels and pillars; (b) single blank is trimmed and then formed. (Source: Ruch
et al., Grobserienfertigung von Aluminumkarosserien, in K. Siegert, “Neuere
Entwicklungen inder Blechumformung,” MATINFO, Frankfurt, D, 2000).

0.70 mm
BH 260/370

Fig. 13.2.20 Drawing of magnesium sheets at elevated temperatures. (a) Flow
stress of magnesium AZ61. [Chabbi, et al., 2000, Hot and Cold Forming Behavior
of Magnesium Alloys AZ31 and AZ61, in K. U. Kainer (ed.), “Magnesium Alloys
and Their Applications,” Wiley-VCH, D, pp. 621–627.] (b) Drawn AZ31B cups at
room temperature (left) and at 230%C (right). (S. Novotni, InnenhochdrukUmformen von Belchen aus Aluminium-und Magnesiumlegierungen bei erhohter
Temperatur, Ph.D. thesis, Elrangen University, Germany.)

With the demand for
reducing both automotive structure weight and manufacturing costs
many new processes are being employed:
1. Different parts are formed separately and then joined by laser. Part
forming is independently optimized, followed by trimming and weld
assembly. Forming is easier but welding along curved lines is more
complex (Fig. 13.2.21a).
2. The blanks are welded, and then the panel is formed in one die.
Welding is simpler, but forming is considerably more complex.
Dimensional tolerances are better controlled (Fig. 13.2.21b).
3. Blanks of varying thickness are tailor-welded using laser techniques to create a single blank that subsequently is formed into the
required geometry (Fig. 13.2.22). The forming process of TWBs is very
complex as the blank areas with different thicknesses flow differently
during the drawing operation.
4. Friction stir welding is used to create a single blank made of different materials or different sheet thickness. This composite blank is
then drawn to final geometry (Fig. 13.2.23).
Hot drawing above the recrystallization range applies single- and
double-action drawing principles. For light gages of plastics, paper, and
hexagonal-lattice metals such as magnesium, dies and punches may be
heated by gas or electricity. For thick steel plate and heat-treatable
alloys, the mass of the blank may be sufficient to hold the heat required.
High-Pressure Hydroforming of Tubes Tubes formed to various
cross sections and bent to various shapes are widely used in automotive
frames. There are a number of variants of this process (Fig. 13.2.24),
including forming under (1) tensile and compressive conditions,
Tailor Welded Blanks (TWB) in Forming

1.50 mm
1.80 mm
DP 100/1000 DP 100/1000

0.70 mm
BH 260/370

1.20 mm
DP 100/1000

Fig. 13.2.22 Use of tailor-welded blanks in automotive side panels using
different materials of unequal thickness. (Source: Ultra Light Steel Autobody
Consortium, USA.)

F
Joint
FSW
Tool

Fig. 13.2.23 Use of friction stir welding to create a blank. (Source: The
Welding Institute.)

(2) bending conditions, and (3) shear conditions. Each variant is intended
to impart a particular deformation to the tube by a predetermined
motion of the tools. Motions include axial compression due to tool
motion and circumferential expansion due to internal pressure. In highpressure forming, pressurized force can reach 35,000 tons. Lead times
can be very high due to the slow pressurization and depressurization
required for each forming cycle. These high pressures lead to metal
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Internal highpressure forming
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Forming under tensile
and compressive
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(DIN 8584)
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Fig. 13.2.24 Process and tooling variations in the hydroforming of tubes with high-pressure media. (Source: D.
Schmoeckel, C. Hielscher, and R. Huber, Metal Forming of Tubes and Sheets with Liquid and Other Flexible Media,
CIRP Annals, 48, no. 2, 1999, pp. 497–513.)

flow-related defects, such as buckling, wrinkling, and bursting, and a
safe working window has to be determined for success (Fig. 13.2.25).
Incremental Forming The incremental forming process employs
local forming of the workpiece and then rotating the workpiece or the
tools to form the entire surface. Since the contact area between the

tools and the workpiece is small, the force required is small and the
friction conditions are favorable. Consequently, high deformation
levels are achieved that are not possible by conventional means. These
processes include flow forming, radial forming, rotary forming, orbital
forming, spinning, shear forming, and incremental sheet forming
(single-point or two-point contact). Incremental sheet forming uses
sheet blanks held in a fixture while rotating tools incrementally stretch
the blank to the required shape (Fig. 13.2.26). In the flow forming
process for thin axisymmetric parts, a roller deforms the metal and
changes the thickness of the formed piece (Fig. 13.2.27).
Lubricants for Presswork Many jobs may be done dry, but better
results and longer life of dies are obtained by the use of a lubricant. Lard
or sperm oil is used when punching iron, steel, or copper. Petroleum
jelly is used for drawing aluminum. A soap solution is commonly used
for drawing brass, copper, or steel. One manufacturer uses 90 percent
mineral oil, 5 percent rosin, and 5 percent oleic acid for light work and

Buckling

Wrinkling
Bursting
Typical failures in internal highpressure forming

Wrinkling

Axial force Fa

Buckling
Bursting
Process
window

Elastic
stretching

Leakage
Internal pressure Pi
Work Diagram

Fig. 13.2.25 Typical failures in tube hydroforming and the safe working window for the process. (Source: D. Schmoeckel, C. Hielscher, and R. Huber, Metal
Forming of Tubes and Sheets with Liquid and Other Flexible Media, CIRP Annals,
48, no. 2, 1999, pp. 497–513.)

Fig. 13.2.26 Incremental forming of thin sheet parts. (a) Process principle;
(b) increased strains possible. (Source: J. Jesweit and E. Hagan, Rapid Prototyping
of a Headlight with Sheet Metal. Trans. NAMRI, Society of Manufacturing
Engineers, May 2002.)
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housing

Roller

Roller
feed

the lubricant being used. The interface friction coefficient m is often
defined as the ratio of the friction force to the normal force at the interface. Typical values of m for different workpiece-lubricant pairs are
included in Table 13.2.3.
Shock-wave forming For short runs, it is applied in several ways.
Explosive forming, especially for large-area drawn or formed shapes,
usually requires one metal contour-control die immersed in a large container of fluid, or even in a lake or pond. Explosives manufacturers have
developed means of computing the charge and the distance that it
should be suspended above the blank to be formed. The space back of
the blank in the die has to be evacuated. A blank-holding ring to minimize wrinkle formation in the flange area is bolted very tightly to the
die, with an O-ring seal to prevent leakage.
Electrohydraulic forming is similar to explosive forming except that the
shock wave is imparted electrically from a large battery of capacitors.
Magnetic forming uses the same source of power but does not require a
fluid medium. A flexible pancake coil delivers the magnetic shock pulse.
Electromagnetic Forming (EMF) In this process the energy of a
pulsed magnetic field is used with a contact-free tool to join metals with
good electrical conductivity and magnetic permeability, such as aluminum. The rapid discharge of a high-voltage capacitor through a coil
in the tool generates an intense magnetic field, inducing eddy currents in
the workpiece. The magnetic forces acting between the tool and the
workpiece cause movement of the workpiece, thus permanently changing its shape (Fig. 13.2.28). This process can be used with tubular workpieces to join two tubes or to change tube shape.

Material
flow

Flowformed tube

Mandrel

Preform
Drive ring
Fig. 13.2.27 Flow forming a rim for an automotive wheel.

an emulsion of a mineral oil, degras, and a pigment consisting of chalk,
sulfur, or lithopone for heavy work. (See also Sec. 6.)
For heavy drawing operations and extrusion, steels may have a zinc
phosphate coating bonded on, and a zinc or sodium stearate bonded to
that, to withstand pressures over 300,000 lb/in2 (2,070 MN/m2). An
anodized coating for aluminum may be used as a host for the lubricant.
It is reported that such a chemical treatment plus a lacquer or plastic
coating and a lubricant is effective for severe ironing operations.
The problem is to prevent local pressure welding from starting as
galling or pickup, with resulting scratching, by maintaining a fluid film
separation between metal surfaces. At moderate pressures, almost any
viscous liquid lubricant will do the job. Rust protection and easy
removal of the lubricant are often major factors in the choice.
Lubricants for metalworking are often classified based on their interface friction coefficient, which depends on the workpiece material and
Table 13.2.3
Workplace
material
Sn, Pb, Zn
alloys
Mg alloys
Al alloys
Cu alloys
Steels

Stainless
steel, Ni
and alloys
Ti alloys
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The squeezing group of operations are those in which the metal is
worked in compression. Resultant tensile strains occur, however; in
cases where the metal is thin compared with its area and there is an

Typical Lubricants* and Friction Coefficients in Plastic Deformation
Forging
Working

Lubricant
FO-MO

Hot or
warm
Hot
Cold
Hot
Cold
Hot

GR and/or
MoS2
GR or MoS2
FA-MO or
dry soap
GR
Dry-soap, wax,
of tallow
GR

Cold

EP-MO or
soap, on PH

Hot

GR

Cold

CL-MO or
soap on PH
GL or GR
Soap or MO

Hot
Cold

m
0.05

Extrusion†
lubricant
FO or soap

0.1–0.2

None

0.1–0.2
0.1
0.1
0.1–0.2
0.1

None
Lanolin or
soap on PH
None (or GR)
Dry soap or
wax or tallow
GL (100–
300), GR
Soap on PH

0.1–0.2
0.1
0.05
0.1–0.2

GL (100–300)

0.1
0.05
0.2
0.1

CL-MO or
soap on PH
GL (100–300)
Soap on PH

Wire drawing
Lubricant
FO

Rolling
Lubricant

m

0.05

FA-MO or
MO-EM
MO-FA-EM

0.05
0.1
0.2

MO-FA-EM
1–5% FA in
MO (1–3)
MO-EM
MO-EM

0.2
0.03

None or
GR-EM
10% FO-EM

ST‡
0.2
0.05

None

ST‡

FA-MO-EM,
FA-MO

0.1
0.03

FO-soap-EM,
MO

0.1

Dry soap or
soap on PH

Sheet metalworking

m

0.05
0.03

0.2
0.1

Soap on PH
or CL-MO

0.03
0.05

FO-CL-EM
or CL-MO

0.1
0.05

Polymer

0.1

MO

0.1

* Some more frequently used lubricants (hyphenation indicates that several components are used in the lubricant):
CL ' chlorinated paraffin
EM ' emulsion; listed lubricating ingredients are finely distributed in water
EP ' “extreme-pressure” compounds (containing S, Cl, and P)
FA ' fatty acids and alcohols, e.g., oleic acid, stearic acid, stearyl alcohol
FO ' fatty oils, e.g., palm oil and synthetic palm oil
GL ' glass (viscosity at working temperature in units of poise)
GR ' graphite; usually in a water-base carrier fluid
MO ' mineral oil (viscosity in parentheses, in units of centipoise at 40%C).
PH ' phosphate (or similar) surface conversion, providing keying of lubricant
† Friction coefficients are misleading for extrusion and therefore are not quoted here.
‡ The symbol ST indicates sticking friction.
SOURCE: John A. Schey, Introduction to Manufacturing Processes, McGraw-Hill, New York, 1987.

Lubricant

m

FO-MO

0.05

GR in MO or
dry soap

0.1–0.2

FO, lanolin, or
FA-MO-EM

0.05–0.1

FO-soap-EM
or FO-soap
GR

0.05–0.1

EP-MO, EM,
soap, or
polymer
GR

0.05–0.1

CL-MO, soap,
or polymer
GR, GL
Soap or
polymer

0.2

0.2
0.1
0.2
0.1
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Joining outside Joining outside
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Fig. 13.2.28 Electromagnetic forming and joining of tubes. (Source: C.
Beerwald, A. Brosius, and M. Kliener, Determination of Flow Stress at Very High
Strain Rates by a Combination of Magnetic Forming and FEM Calculation,
International Workshop on Friction and Flow Stress in Cutting and Forming,
Paris, pp. 175–182.)

appreciable movement of the metal, there results a pyramiding of pressure toward the center of the die which may prove serious. The metal is
incompressible (beyond about 1 percent), and consequently, to reduce
the thickness of any volume of metal in the center of the blank, its area
must be increased, which involves spreading or stretching all the metal
around it. The surrounding metal acts like shrunk bands and offers a
resistance increasing toward the center, and often many times the compressive resistance of the material.
Squeezing operations and particularly the squeezing of steel are practically the severest of all press operations. They may be divided into
four general classifications according to severity, although in every
group there will be found examples of working to the limit of what the
die steels will stand, which may be taken at about 100 tons/in2. The severer operations, such as cold bottom extrusion and wall extrusion, are
limited to the softer metals. Squeezing operations ordinarily require
pressure through a very short distance, the pressure starting at the compressive yield strength of the material over the surface being squeezed
and rising to a maximum at bottom stroke. This maximum is greatest
when the metal is thin compared with its area or when the die is entirely
closed as for coining. Care must be taken, on all squeezing operations,
in the setting of presses and avoidance of double blanks or extra-heavy
blanks as the presses must be stiff. In squeezing solidly across bottom
center the mechanical advantage is such that a small difference in thickness or setup can make a very large difference in pressure exerted.
For this reason high-speed self-contained hydraulic presses, with automatic pressure-control and size blocks, are now finding favor for some
of this work.
Sizing, or the flattening or surfacing of parts of forgings or castings,
is usually the least severe of the squeezing group. Tolerances are ordinarily closer than for the milling operations which are supplanted.
When extremely close tolerances are required, say plus or minus onethousandth of an inch (0.025 mm), arrange substantial size blocks to
take half or two-thirds of the total load. These take up uniformly the
bearing-oil films and any slight deflection of the bed and bolster and
minimize the error in springback due to variation in thickness, hardness, and area of the rough forging or casting. The usual amount left
for squeezing is 1⁄32 to 1⁄16 in (0.8 to 1.6 mm). Presses may be selected
for this service on a basis of 60 to 80 tons/in2 (830 to 1,100 MN/m2),
although 100 tons/in2 (1,380 MN/m2) is more often used in the automobile trade for reserve capacities. When figuring from experimental
results obtained in testing machines, the recorded loads are usually
doubled in selecting a press, in order to allow for the difference
among the speed of the machines, the positive action, and a safety
margin.
Swaging or cold forging involves squeezing of the blank to an appreciably different shape. Success in performing such operations on steel
usually depends upon squeezing a relatively small area with freedom to
flow without restraint. Dies for this work must usually be substantially

Fig. 13.2.29 Comparison of (a) machined and (b) cold-forged gearbox endpiece.
(Source: D. Landgrebe, Precision Forming and Machining, “Recent Developments
in Metalforming Technology,” ERC/NSM, The Ohio State University, Columbus,
2002.)

backed up with hardened steel plates. The edge of the blank after coining is usually ragged and must be trimmed for appearance.
Cold-Forging of Steel Parts More and more parts in machinery
and automotive drive components are being cold-forged to net shape.
Due to the work-hardening characteristics of the cold metal, the tool
pressures can be several times the flow stress of the material (700 to
2,100 MPa for steels). Consequently, precise control of metal flow,
good lubrication, and specially designed and shrink-fitted carbide dies
are required. An example of a cold-forged transmission part is shown in
Fig. 13.2.29. A machined part is also included for comparison purposes.
Note that the hobbed part on the left requires longer run-out clearance
that increases the part length. No such clearance is required for the
cold-forged spline.
Cold-Forging of Aluminum Parts Cold-forged aluminum parts
(Fig. 13.2.30) are increasingly replacing machined steel parts, primarily
due to excellent formability and the lower weight of aluminum. A coldforged aluminum column part is backward can-extruded, followed by
successive ironing operations, reducing the wall thickness to 1.5 mm
and enabling final forming of the bellow.

Fig. 13.2.30 Automotive steering column manufactured by cold-forging
aluminum alloy. (Source: N. Bay, Cold Forming of Aluminum—State of Art. Jour.
Mater. Processing Technol., 71, 1997, pp. 76–90.)

BULK FORMING
Hot forging is similar in certain respects to the above but permits
much greater movement of metal. When dies are used, hot forging may
be done in drop hammers, percussion presses, power presses, or forging
machines. Steam or pneumatic hammers, helve hammers, or hydraulic
presses, most often employ plain anvils.
Drop hammers are rated according to weight of ram. For carbon steel
they may be selected on a basis of 50 to 55 lb of ram weight per square
inch of projected area (3.5 to 3.9 kg/cm2) of the forging, including as
much of the flash as is squeezed. This allowance should be increased to
60 lb/in2 (4.2 kg/cm2) for 0.20 carbon steel, 70 lb/in2 (4.9 kg/cm2) for
0.30 carbon steel, and up to about 130 lb/in2 (9.2 kg/cm2) for tungsten
steel.
In figuring the forging pressure, multiply the projected area of the
forging, including the portion of the flash that is squeezed, by approximately one-third of the cold compressive strength of the material.
Another method gives the forging pressure at three to four times the
compressive strength of the material at forging temperatures times the
projected area, for presses; or at ten times the compressive strength at
forging temperatures times the projected area, for hammers. The pressure builds up to a rather high figure at bottom stroke owing to the cooling of the metal particularly in the flash and to the small amount of
relief for excess metal which the flash allows.
In heading operations, hot or cold, the length of wire or rod that can
be gathered into a head, without side restraint, in a single operation, is
limited to three times the diameter. In coining and then cold heading
large heads, wire of about 0.08 carbon must be used to avoid excessive
strain-hardening.
Forging Dies Drop-forge dies are usually of steel or steel castings.
A good all-around grade of steel is a 0.60 percent carbon open-hearth.
Dies of this steel will forge mild steel, copper, and tool steel satisfactorily if the number of forgings required is not too large. For a large
number of tool-steel forgings, tool-steel dies of 0.80 to 0.90 percent carbon may be used and for extreme conditions, 31⁄2 percent nickel steel.
Die blocks of alloy steels have special value for the production of
drop forgings in large quantities. Widely used die materials and their
recommended hardness are listed in Table 13.2.4. For a typical hotworking steel, the relationship between the hardness and the UTS is
HRC
30
40
50
60
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Table 13.2.4 Typical Die Materials for Deformation
Processes*
Die material† and HRC for working
Process
Hot forging
Hot extrusion
Cold extrusion:
Die
Punch
Shape drawing
Cold rolling
Blanking

Deep drawing

Press forming

Al, Mg, and Cu alloys
6G
H12
H12

30–40
48–50
46–50

W1, A2
56–58
D2
58–60
A2, D2
58–60
O1
60–62
WC
O1
55–65
Zn alloy
W1
62–66
O1
57–62
A2
57–62
D2
58–64
W1
60–62
O1
57–62
A2
57–62
D2
58–64
Epoxy/metal powder
Zn alloy
Mild steel
Cast iron
O1, A2, D2

Steels and Ni alloys
6G
H12
H12

35–45
40–56
43–47

A2, D2
WC
A2, M2
M2
WC
O1, M2
As for Al, and
M2
WC

58–60

As for Al, and
M2
WC

64–65
62–65
56–65
60–66

60–65

As for Al

* Compiled from “Metals Handbook,” 9th ed., vol. 3, American Society for Metals, Metals
Park, Ohio, 1980.
† Die materials mentioned first are for lighter duties, shorter runs. Tool steel compositions,
percent (representative members of classes):
6 G (prehardened die steel): 0.5 C, 0.8 Mn, 0.25 Si, 1 Cr, 0.45 Mo, 0.1 V
H12 (hot-working die steel): 0.35 C, 5 Cr, 1.5 Mo, 1.5 W, 0.4 V
W1 (water-hardening steel): 0.6–1.4 C
01 (oil-hardening steel): 0.9 C, 1 Mn, 0.5 Cr
A2 (air-hardening steel): 1 C, 5 Cr, 1 Mo
D2 (cold-working die steel): 1.5 C, 12 Cr, 1 Mo
M2 (Mo high-speed steel): 0.85 C, 4 Cr, 5 Mo, 6.25 W, 2 V
WC (tungsten carbide)
SOURCE: John A. Schey, Introduction to Manufacturing Processes, McGraw-Hill, New
York, 1987.

UTS, ksi (MPa)
140 (960)
185 (1,250)
250 (1,700)
350 (2,400)

The pressure on dies can be kept as high as 80 percent of the above values. For higher tool pressures, carbide (tungsten carbide is the most
common) die material is used. Carbides can withstand very high compressive pressures but have poor tensile properties. Consequently, carbide dies and inserts are always kept under compression, often by the
use of shrink rings. These are some design guidelines for punches and
dies:
1. Long punch. The punch pressure should be kept below the buckling stress sb
sb 5 sy c1 2 a

4sy
2

pE

b a

Lp
Dp

4. Die cavity. The die pressures in a deep cavity (impression) are
much higher than in a flat platen (die), resulting in die burst-out. A more
conservative value of 150 ksi (1,000 MPa) is used for acceptable die
pressure. If shrink rings are used, higher values of 250 ksi (1,700 MPa)
for steels and 400 ksi (2,700 MPa) for tungsten carbide can be used for
the inner insert.
For large massive dies or for intermittent service, chrome-nickelmolybdenum alloys are preferred. In closed die work, where the dies
must dissipate considerable heat, the tungsten steels are preferred, with
resulting increase in wear resistance but decrease in toughness.
For very large pieces with deep impressions, cast-steel dies are sometimes used. For large dies likely to spring in hardening, 0.85 carbon steel
high in manganese is sometimes used unhardened.
Good die-block proportions for width and depth are as follows:

2

b d

where sy is the yield stress of the punch material, E the elastic modulus 30,000 ksi (210 GPa) for steel and 50,000 ksi (350 GPa) for tungsten carbide, Lp is the punch length and Dp is the punch diameter.
2. Short punch. The failure mode is plastic upset. Therefore, the
punch pressure should be kept less than the yield stress of the punch
material [180 ksi (1,200 MPa) for steel and 500 ksi (3,000 MPa) for
tungsten carbide].
3. Flat platen. Flat platens fail by plastic yielding. A common formula for calculating acceptable maximum platen pressure p is
p 5 sy sdiameter of platen/diameter of workpieced

Width, in (cm)
Depth, in (cm)

8 (20)
6 (15)

10 (24)
7 (18)

12 (30)
7 (18)

14 (36)
7 or 8 (18 or 20)

For ordinary work, 11⁄2 in (4 cm) of metal between impression and
edge of block is sufficient.
Dimensions of dovetailed die shanks: for hammers up to 1,200 lb
(550 kg) 4 in (10 cm) wide and 11⁄8 in (3 cm) deep, with sides dovetailed at angles of 6% with the vertical; for hammers from 1,200 to 3,000 lb
(550 to 1,360 kg) in size, 6 in (15 cm) wide and 11⁄2 in (4 cm) deep,
with 6% angles.
The minimum draft for the impressions is 7%, although for parts difficult to draw this may be increased up to 15%. It is not uncommon to have
several drafts in the same impression.
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Carbon steel and tool-steel dies are hardened by heating in a carbonizing box packed in charcoal and dipping face downward over a jet
of brine. The jet is allowed to strike into the impression, thus freeing the
face of steam and producing uniform hardness. After hardening, they
are drawn in an oil bath to a temperature of 500 to 550%F (260 to
290%C).
The forging production per pair of dies is largely affected by the size
and shape of the impression, the material forged, the material in the
dies, the quality of heating of stock to be forged, and the care exercised
in use. It may vary from a few hundred pieces to 50,000 or more.
Coining, Stamping, and Embossing The metal is well confined in
closed dies in which it is forced to flow to fill the shape. The U.S. Mint
gives the following pressures; silver quarter, 100 tons/in2 (1,380 MN/m2);
nickel (0.25 Ni, 0.75 Cu), 90 tons/in2 (1,240 MN/m2); copper cent, 40
tons/in2 (550 MN/m2). In stamping designs, lettering, etc., in sheet
metal the thickness is so little compared with the area that there is practically no relief for excess pressure. Where sharp designs are required,
as in stamping panels, the dies should be arranged to strike on a narrow
line [say 1⁄32 in (0.8 mm)] around the outline. If a sharp design is not
obtained, it is often best to correct deflection in the machine by shimming or more substantial backing. Increasing the pressure only aggravates the condition and may break the press. General practice for light
overall stamping is to allow 5 to 10 tons/in2 (68 to 132 MN/m2) of area
that is to be stamped, except in areas where the yield point must be
exceeded.
Extrusion is the severest of the squeezing processes. The metal is
forced to flow rapidly through an orifice, being otherwise confined and
subject largely to the laws of hydraulics, with allowances for restraint
of flow and for work hardening. Power-press impact extrusion began
with tin and lead collapsible tubes. It has been extended to the backward
and forward extrusion of aluminum, brass, and copper in pressure
ranges of 30 to 60 or more tons/in2 (413 to 825 MN/m2), and mild steel
at pressures up to 165 tons/in2 (2,275 MN/m2). Hot impact extrusion of
steel, as in projectile piercing, ranges from about 25 to 50 tons/in2 (345
to 690 MN/m2). Forward extrusion of long tubes, rods, and shapes usually performed hot in hydraulic presses has been extended from the
softer metals to the extrusion of steels. Most work is done horizontally
because of the lengths of the extrusions. Some vertical mechanicalpress equipment is used in hot extrusion of steel tubing.
EQUIPMENT FOR WORKING METALS

The mass production industries use an extremely wide variety of
machines to force materials to flow plastically into desired shapes (as
compared with the more gradual methods of obtaining shapes by cutting away surplus material on machine tools). The application of working pressure may use hydraulic, pneumatic, mechanical, or electric
means to apply pressing, hammering, or rolling forces. Mechanically
and hydraulically actuated devices cover much the same range. In general, the mechanical equipment is faster, easier to maintain, and more
efficient to operate by reason of energy-storing flywheels. The
hydraulic equipment is more flexible and more easily adjusted to limited
lots in pressure, positions, and strokes. Mechanical handling or feeding
devices incorporated in or serving many of these more or less specialized machines further extend their productivity.
Power presses consist of a frame or substantial construction with
devices for holding the dies or tools and a moving member or slide for
actuating one portion of the dies. This slide usually receives its movement from a crankshaft furnished with a clutch for intermittent operation and a flywheel to supply the sudden power requirement. Hydraulic
presses have no crankshaft, clutch, or flywheel but employ rams actuated
by pumps.
The crankshaft is ordinarily the limiting factor in the pressure capacity of the machine and accordingly is often taken as the basis for tonnage ratings. There is no uniform basis for this rating, owing to
variations in shaft proportions and materials and in the different relative
severity of various press operations. The following valuation is tentative
and is based on the shaft diameter in the main bearings. The bending

strength is figured at a section through the center of the crankpin and
the combined bending and torsional strength at the inside ends of the
main bearings, taking the bending fulcrum at a distance out from these
points equal to one-third the length of the main bearings. In the case of
double-crank presses and twin-drive arrangements, the relative proportion of the torsional load must be varied to suit, but, except in the cases
of long strokes, it is usually small. The working strength is based upon
a stress in the extreme fibers of 28,000 lb/in2 (193 MN/m2). The limit
bearing capacities are taken approximately at 5,000 lb/in2 (35 MN/m2)
on the crankpins and 2,500 lb/in2 (18 MN/m2) average over the main
bearings for ordinary steel on cast-iron press bearings with proper
grooving. On the knuckle-joint-type presses with hardened tool-steel
bearing surfaces and flood lubrication, the bearings will take up to
about 30,000 lb/in2 (207 MN/m2). On eccentric-type shafts where the
main bearings support right up to the oversize pin on each side, the limiting factor is the bearing load. The shaft is practically in shear, so that
it has a considerable overload capacity (about 7d2 tons). In Table 13.2.5,
uniform-diameter single crankshafts are those in which for manufacturing reasons the diameter is the same at the crankpin and at the main
bearings. Other crank shafts have an oversize crankpin to balance the
bending load at the center with the combined bending and torsional load
at the side. The strength of the shaft is figured at midstroke, and the
stroke and tonnage capacity are given in terms of the diameter d at the
main bearings. Where the working load comes on only near the bottom
stroke, the shaft press capacity may be figured as if the stroke were
shorter in proportion.
Table 13.2.5 gives the rated capacities of a series of power presses as
a function of the shaft diameter.
The speed of operation of the press depends upon the energy requirement and the crankpin velocity. The latter determines the velocity of
impact on the tools. In blanking, the blow varies directly with the
contact speed and the thickness and hardness of the material. In drawing operations the variation depends upon contact speed, ductility of
material, lubrication, etc.
The energy required per stroke is practically the product of the average load and the working distance, plus friction allowance, assumed at
about 16 percent. On short-stroke operations, such as blanking, the
working energy is supplied almost entirely by slowing down the flywheel; motor and belt pull serve merely to return the flywheel to speed
during the large part of the cycle in which no work is done. In drawing
operations, the working period is considerable, and in many cases
the belt takes the largest part of the working load. In this case, add to the
available flywheel energy, the work done by the belt. This amounts, for
example, to the allowable belt loading (flat or Vee), multiplied by the
ratio of the belt velocity to the crankpin velocity, multiplied by the length
of the working stroke on the crank circle in feet. The maximum flywheel slowdown has been assumed to be up to 10 percent for continuous
Table 13.2.5 Power-Press Shaft Capacities
Type of press crankshaft

Max
stroke, in*

Capacity
tons†

Single crank, single drive, uniform diameter
Single crank, single drive, oversize crankpin
Single crank, single drive, oversize crankpin
Single crank, single drive, oversize crankpin
Single crank, twin drive, oversize crankpin
Single crank, twin drive, oversize crankpin
Double crank, single drive, oversize crankpin
Double crank, single drive, oversize crankpin
Double crank, single drive, oversize crankpin
Double crank, single drive, oversize crankpin
Double crank, twin drive, oversize crankpin
Double crank, twin drive, oversize crankpin
Single eccentric, single or twin drive

d‡
d
2d
3d
2d
3d
0.75d
d
2d
3d
1.5d
3d
0.5d

2.8d 2
3.5d 2
2.2d 2
1.6d 2
3.5d 2
2.7d 2
5.5d 2
4.4d 2
2.5d 2
1.7d 2
5.5d 2
3.2d 2
4.3d 2

* 1 in ' 2.54 cm.
† 1 ton ' 8.9 kN.
‡ d ' shaft diameter in main bearing.
SOURCE: F. W. Bliss Co.
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operation and up to 20 percent for intermittent operation. The following
formula is based upon average press-flywheel proportions and a slowdown of 10 percent. The result may be doubled for 20 percent
slowdown.
The flywheel capacity per stroke at 10 percent slowdown in inch-tons
equals WD2N2 /5,260,000,000, where W is the weight of the flywheel,
lb, D is the diameter, in, and N is rotation speed, r/min. (See Sec. 8.2.)
The difference between nongeared and geared presses is only in
speed of operation and the relatively greater flywheel capacity.
Press frames are designed for stiffness and usually have considerable
excess strength. Good practice is to figure cast-iron sections for a stress
of about 2,000 to 3,000 lb/in2 (13.8 to 20.6 MN/m2). C-frame presses are
subjected to an appreciable arc spring amount ordinarily of between
0.0005 and 0.002 in/ton (1.5 and 6 mm/MN), because the center of
gravity of the frame section is a considerable distance back of the working centerline of the press. Straight-sided presses eliminate that portion
of the spring or deflection which is on an arc. Built-up frame presses are
held together with steel tie rods shrunk in under an initial tension in
excess of the working load so that they minimize stretch in that portion
of the press.
Power presses are built in a very wide variety of styles and sizes with
shafts ranging from 1- to 21-in (2.5- to 53-cm) diam. Over a large part
of this range they are built with C frames for convenience, straightsided frames for heavier and thinner work, eccentric shafts for heavy
forgings and stampings, double crankshafts for wide jobs, four-point
presses for large panel work, underdrive presses in high-production
plants where repairs to presses would interfere with flow of production,
and knuckle-join presses for intensely high pressures at the very bottom
of the stroke. All these are classified as single-action presses and are
used for most of the operations previously discussed.
Double-action presses combine the functions of blank holding with
drawing. In the smaller sizes, such presses have cams mounted on the
cheeks of the crankshaft to actuate the outer or blank-holding slide. In
larger machines, toggle mechanisms are provided to actuate the outer
slide, with the advantage that the blank-holding load is taken on the
frame instead of the crankshaft. Both of these types afford a considerable power saving over single-action presses equipped with drawing
attachments, because the latter must add the blank-holding pressure to
the working load for the full depth of the draw.
Types of presses include foot presses, in which the pendulum type has
the lowest mechanical advantage and the longest stroke; the lever type,
which has higher mechanical advantage and shorter strokes; toggle or
knuckle type, which has the highest mechanical advantage and works
through the shortest stroke with considerable advantage obtainable
from the use of tie rods on fine stamping or embossing work; longstroke rack and pinion-driven presses; triple-action drawing presses;
cam-actuated presses; etc.
Screw presses consist of a conventional frame and a slide which is
forced down by a steep pitch screw on the upper end of which is a flywheel or weight bar. Hand-operated machines are used for die testing
and for small production stamping, embossing, forming, and other work
requiring more power than foot presses. Power-driven screw presses are
built with a friction drive for the flywheel and automatic control to limit
the stroke. Such presses are built in comparatively large sizes and used
to a considerable extent for press forging. They lack the accuracy and
speed of power presses built for this work but have a safety factor which
power presses have not, in that their action is not positive. In this they
closely resemble a drop hammer, although their motion is slower. The
energy available for work in these presses is 1⁄2 I f v2 * 1⁄2 I s v2, in which
I f is the moment of inertia of the flywheel, Is is the moment of inertia
of the spindle, and v is the angular velocity of both.
Self-contained fast-acting hydraulic presses are being increasingly used.
Equipped with motor-driven variable-displacement oil hydraulic pumps,
the speed and pressure of the operating ram or rams are under instant and
automatic control; this is particularly advantageous for deep drawing
operations. The punch can be brought into initial contact with the work
without shock and moved with a uniform controlled velocity through the
drawing portion of the cycle. The cold drawing of stainless steels and
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aluminum alloys (in which the control of drawing speed is vital), as well
as the hot drawing of magnesium, is best done on hydraulic presses.
The hydraulic press is used on the rubber pad, or Guerin, process of
blanking or forming metals, in which a laminated-rubber pad replaces
one half—usually the female half—of a die. In forming aluminum the
practice has developed of using inexpensive dies of soft metal, vulcanized fiber, plastic, wood, or plaster; and cast dies in industries which,
like the aircraft industry, require short runs on many different sizes of
shapes and parts.
The older accumulator type of hydraulic-press construction is still
used for hot extrusion and some forging work.
Pneumatic Hammers A self-contained type of pneumatic forge
hammer (the Bê ché) has an air-operated ram with an air-compressing
cylinder integral with the frame. The ram is raised by admitting compressed air beneath the ram piston; at the same time a partial vacuum is
caused above it. The ram is forced down by a reversal of this action.
The terminal velocity (velocity at ram-workpiece contact) of the steam,
pneumatic, or hydraulic assisted hammer can be calculated as follows:
v 5 c2hg a1 1

Apm 0.5
bd
H

where A is the area of the piston and pm the mean pressure in the drive
cylinder. The hammer energy is often calculated by dividing the energy
required for plastic work by the mechanical efficiency of the hammer.
Hydraulic presses are energized by pressurized liquid, usually oil.
They can deliver high tonnage but are slow. Due to large die chilling
(heat loss to dies) present in hydraulic press forging, they are not usually used for hot forging, except in isothermal forging, where slow
speed and large die-workpiece contact times are not a major limitation.
They are specially suited to sheet metal forming operations, where
slower ram speeds produce lower impact loads, speeds can be varied
during the stroke, and multiple actions can be obtained for blank holder
and die cushion operation.
Hammers and presses are often selected based on their characteristics
such as energy, ram mass (tup), force or tonnage, ram speed (stroking
rate), stroke length, bed area, and mechanical efficiency. The characteristics for various hammers and presses are summarized in Table 13.2.6.
Rotary motion is used for working sheet metal in a variety of machines,
including bending rolls (three rolls); rolling straighteners with five,
seven, or more rolls; roll forming machines, in which a series of rolls in
successive pairs are used to bend the strip material step by step to some
desired shape; a series of two-spindle and multiple-spindle machines
used for rolling beads, threads, knurls, flanges, and trimming or curling
the edges of drawn shells of cylinders; seaming machines for double
seaming, crimping, curling, and other operations in the production of
tin cans, pieced tinware, etc.; and spinning machines for spinning, burnishing, trimming, curling, shape forming, and thickness reduction.
Various production spinning operations and tool arrangements are
shown in Fig. 13.2.10.
Plate-Straightening Machines The horsepower required for platestraightening machines operating on steel plate is shown in Table 13.2.7.
Power required for angle-iron-straightening machines: for 4-in angles,
12 hp; for 6-in, 18 hp; for 8-in, 25 hp.
Power or hydraulic presses are used to straighten large rolled sections.
The presses make 20 to 30 strokes per min, and the amount of flexure
is regulated by inserting wedges or pieces of flat iron. The beams are
supported on rolls so they can be easily handled. The power required for
presses of this kind is as follows:
Depth of girder, in*
Horsepower (approx)†

4
3

6
4

8
7

10
11

12
13

16
19

20
23

24
35

* 1 in ' 2.54 cm.
† 1 hp ' 0.746 kW.

Horizontal plate-bending machines consist of two stationary rolls and a
third vertical adjustable upper roll which can be fitted obliquely for
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Table 13.2.6

Characteristics of Hammers and Presses*

Equipment type

Energy,†
kN & m

Ram mass,
kg

Hammers
Mechanical

0.5–40

30–5,000

Steam and air

20–600

75–17,000
(25,000)

Counterblow

5–200
(1,250)
15–750

Herf
Presses
Hydraulic, forging
Hydraulic, sheet
metalworking
Hydraulic, extrusion
Mechanical, forging
Horizontal upsetter
Mechanical, sheet
metalworking
Screw

Force,‡
kN

Speed,
m/s

Strokes per
min

Stroke,
m

Bed area,
m(m

4–5

350–35

0.1–1.6

3–8

300–20

0.5–1.2

3–5

60–7

8–20

"2

100–80,000
(800,000)
10–40,000

"0.5

30–5

" 0.5

130–20

0.3–1
(3)
0.1–1

1,000–50,000
(200,000)
10–80,000

" 0.5

"2

0.8–5

" 0.5

130–10

0.1–1

0.1 ( 0.1 to
0.4 ( 0.6
0.3 ( 0.4 to
(1.2 ( 1.8)
0.3 ( 0.4 to
(1.8 ( 5)

Mechanical
efficiency
0.2–0.5
0.05–0.3
0.2–0.7
0.2–0.6

500–30,000
(1–9 in diam)
10–20,000

"1

90–15

0.05–0.4

"1

180–10

0.1–0.8

100–80,000

"1

35–6

0.2–0.8

0.5 ( 0.5 to
(3.5 ( 8)
0.2 ( 0.2 to
2(6
0.06–0.6
diam. container
0.2 ( 0.2 to
2(3
0.2 ( 0.2 to
0.8 ( 1
0.2 ( 0.2 to
2(6
0.2 ( 0.3 to
0.8 ( 1

0.1–0.6
0.5–0.7
0.5–0.7
0.2–0.7
0.2–0.7
0.3–0.7
0.2–0.7

* From a number of sources, chiefly A. Geleji, Forge Equipment, Rolling Mills and Accessories, Akademiai Kiado, Budapest, 1967.
† Multiply number in column by 100 to get m & kg, by 0.73 to get 103 lbf & ft.
‡ Divide number by – 10 to get tons. Numbers in parentheses indicate the largest sizes, available in only a few places in the world.
SOURCE: John A. Schey, Introduction to Manufacturing Processes, McGraw-Hill, New York, 1987.

Table 13.2.7

Power Requirement for Plate-Straightening Machines (Steel)

Thickness of plate, in*
Width of plate, in*
Diameter of rolls, in*
Horsepower (approx)†

0.25
48.0
5.0
6.0

0.4
52.0
8.0
8.0

0.6
60.0
10.0
12.0

0.8
72.0
12.0
20.0

1.0
88.0
13.0
30.0

1.2
102.0
14.0
55.0

1.4
120.0
15.0
90.0

1.6
140.0
16.0
130.0

* 1 in = 2.54 cm.
† 1 hp = 0.746 kW.

Table 13.2.8

Power Requirement for Plate and Sheet Bending Machines (Steel)

Thickness of plate, in*
Horsepower for plate 120 in wide†
Horsepower for plate 240 in wide†

0.5
10.0
30.0

0.6
12.0
30.0

0.8
18.0
40.0

1
27.0
55.0

1.2
40.0
75.0

* 1 in = 2.54 cm.
† 1 hp = 0.746 kW.

taper bending and is held in bearings with spherical seats. The diameter of
the rolls can be determined approximately from the equation r2 ' bt, in
which r is the radius of the roll, b the width of the plate or sheet, and t
its thickness, all in inches.
The power requirements of horizontal plate and sheet bending
machines are shown in Table 13.2.8.
Numerically Adaptive Bending of Tubes and Profiles (Fig. 13.2.31)
Extrusions, profiles, and tubes find greater use in car and truck body structures due to their high stiffness under bending loads. The shapes are bent
or curved to conform to the geometric needs of design and assembly.
Therefore, new fixtures and numerically controlled machines and tooling
(Fig. 13.2.31) have been developed to stretch bend the structural shapes.
Vertical plate-bending machines have a hydraulically operated piston
which moves an upper and a lower pair of rolls between inclined surfaces
of the stationary upright and the crosshead. The bending is done piece by
piece against a second stationary upright. Heavy ship plates are rigidly
clamped down and bent by a roll operated by two hydraulic pistons. For
angular bends or for the production of warped surfaces, the pistons can
be operated independently or together. In vertical machines, angles and
other rolled shapes are bent between suitably shaped rolls. Pipes are filled
with sand to prevent flattening when being bent. For some work, pipes are
bent hot between suitable forms operated by hydraulic pressure.

The rotary swaging machines for tapering, closing in, and reducing
tubes, rods, and hollow articles is essentially a cage carrying a number
of rollers and revolving at high speed; e.g., 14 rolls in a cage revolving
at 600 r/min will strike 8,400 blows per min on the work.
Profile
Drive
Clamps
Tool

Joint

Drive
spindle
Load
cells
y

Table

z

Hydraulic
cylinder

x

Fig. 13.2.31 Schematic of numerically controlled adaptive stretch bending
machine. (Source: M. Nock and M. Geiger, Flexible Kinematic 3D-Bending of
Tubes and Profiles, International Conference on the Advanced Technology of
Plasticity, Japan, 1, 2002, pp. 643–648.)

ARC WELDING

A rapid succession of light blows is applied to a considerable variety
of commercial riveting operations such as pneumatic riveting. Another
method of riveting, described as spinning, involves rotating small
rollers rapidly over the top of the rivet and at the same time applying
pressure. Neither of these methods involves pressures as intense as
those used in riveting by direct pressure, either hot or cold. Power presses
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and C-frame riveters, employing hydraulic pressure or air pressure of 80
to 100 lb/in2 (550 to 690 kN/m2), are designed to apply 150,000 lb/in2
(1,035 MN/m2) on the cross section of the body of the rivet for hotworking and 300,000 lb/in2 (2,070 MN/m2) for cold-working. The
pieces joined should be pressed together by a pressure 0.3 to 0.4 times
that used in riveting.

13.3 WELDING AND CUTTING
by Omer W. Blodgett and Duane K. Miller
REFERENCES: From the American Welding Society (AWS): “Welding Handbook”
(six volumes); “Structural Welding Code”; “Filler Metal Specifications,”
“Welding Terms and Definitions”; “Brazing Manual”; “Thermal Spraying”;
“Welding of Chromium-Molybdenum Steels.” From the Lincoln Arc Welding
Foundation: Blodgett, “Design of Weldments”; Blodgett, “Design of Welded
Structures.” “Procedure Handbook of Welding,” The Lincoln Electric Co. “Safety
in Welding and Cutting,” Penton Pub. Co. “Welding and Fabrication Data Book,”
AISC. “Steel Construction Manual—ASD,” “Steel Construction Manual—
LRFD,” latest editions.

INTRODUCTION

Welded connections and assemblies represent a very large group of fabricated metal components, and only a portion of the aspects of their
design and fabrication is treated here. The welding process itself is
complex, involving heat and liquid-metal transfer, chemical reactions,
and the gradual formation of the welded joint through liquid-metal
deposition and subsequent cooling into the solid state, with attendant
metallurgical transformations. Some of these items are treated in greater
detail in the references and other extensive professional literature, as
well as in Secs. 6.2, 6.3, and 13.1.
The material in this section will provide the engineer with an
overview of the most important aspects of welded design. In order that
the resulting welded fabrication be of adequate strength, stiffness, and
utility, the designer will often collaborate with engineers who are experts
in the broad area of design and fabrication of weldments.
ARC WELDING
Arc welding is one of several fusion processes for joining metal. By the

generation of intense heat, the juncture of two metal pieces is melted
and mixed—directly or, more often, with an intermediate molten filler
metal. Upon cooling and solidification, the resulting welded joint metallurgically bonds the former separate pieces into a continuous structural assembly (a weldment). When the pieces are properly designed and
fabricated, the strength properties are basically those of the individual
pieces before welding.
In arc welding, the intense heat needed to melt metal is produced by
an electric arc. The arc forms between the workpieces and an electrode
that is either manually or mechanically moved along the joint; conversely,
the work may be moved under a stationary electrode. The electrode generally is a specially prepared rod or wire that not only conducts electric
current and sustains the arc, but also melts and supplies filler metal to the
joint; this constitutes a consumable electrode. Carbon or tungsten electrodes
may be used, in which case the electrode serves only to conduct electric
current and to sustain the arc between tip and workpiece, and it is not
consumed; with these electrodes, any filler metal required is supplied by
rod or wire introduced into the region of the arc and melted there. Filler
metal applied separately, rather than via a consumable electrode, does
not carry electric current.
Most steel arc welding operations are performed with consumable
electrodes.

Welding Process Fundamentals
Heat and Filler Metal An ac or dc power source fitted with necessary
controls is connected by a work cable to the workpiece and by a “hot”
cable to an electrode holder of some type, which, in turn, is electrically
connected to the welding electrode (Fig. 13.3.1). When the circuit is energized, the flow of electric current through the electrode heats the electrode by virtue of its electric resistance. When the electrode tip is touched
to the workpiece and then withdrawn to leave a gap between the electrode
and workpiece, the arc jumping the short gap presents a further path of
high electric resistance, resulting in the generation of an extremely high
temperature in the region of the sustained arc. The temperature reaches
about 6,500%F, which is more than adequate to melt most metals. The heat
of the arc melts both the base and the filler metal, the latter being supplied
via a consumable electrode or separately. The puddle of molten metal
produced is called a weld pool, which solidifies as the electrode and arc
move along the joint being welded. The resulting weldment is metallurgically bonded as the liquid metal cools, fuses, solidifies, and cools. In
addition to serving its main function of supplying heat, the arc is subject
to adjustment and/or control to vary the proper transfer of molten metal
to the weld pool, remove surface films in the weld region, and foster gasslag reactions or other beneficial metallurgical changes.
Filler metal composition is generally different from that of the weld
metal, which is composed of the solidified mix of both filler and base
metals.
Shielding and Fluxing High-temperature molten metal in the weld
pool will react with oxygen and nitrogen in ambient air. These gases
will remain dissolved in the liquid metal, but their solubility significantly decreases as the metal cools and solidifies. The decreased solubility causes the gases to come out of solution, and if they are trapped
in the metal as it solidifies, cavities, termed porosity, are left behind. This
is always undesirable, but it can be acceptable to a limited degree
depending on the specification governing the welding.

Fig. 13.3.1 Typical welding circuit.
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Smaller amounts of these gases, particularly nitrogen, may remain
dissolved in the weld metal, resulting in reduction in the physical properties of otherwise excellent weld metal. Notch toughness is degraded by
nitrogen inclusions. Accordingly, the molten metal must be shielded
from harmful atmospheric gas contaminants. This is accomplished by
gas shielding or slag shielding or both.
Gas shielding is provided either by an external supply of gas, such as
carbon dioxide, or by gas generated when the electrode flux heats up.
Slag shielding results when the flux ingredients are melted and leave
behind a slag to cover the weld pool, to act as a barrier to contact
between the weld pool and ambient air. At times, both types of shielding are utilized.
In addition to its primary purpose to protect the molten metal, the
shielding gas will affect arc behavior. The shielding gas may be mixed
with small amounts of other gases (as many as three others) to improve
arc stability, puddle (weld pool) fluidity, and other welding operating
characteristics.
In the case of shielded-metal arc welding (SMAW), the “stick” electrode is covered with an extruded coating of flux. The arc heat melts the
flux and generates a gaseous shield to keep air away from the molten
metal, and at the same time the flux ingredients react with deleterious
substances, such as surface oxides on the base metal, and chemically
combine with those contaminants, creating a slag which floats to the
surface of the weld pool. That slag crusts over the newly solidified hot
metal, minimizes contact between air and hot metal while the metal
cools, and thereby inhibits the formation of surface oxides on the newly
deposited weld metal, or weld bead. When the temperature of the weld
bead decreases, the slag, which has a glassy consistency, is chipped off
to reveal the bright surface of the newly deposited metal. Minimal surface oxidation will take place at lower temperatures, inasmuch as oxidation rates are greatly diminished as ambient conditions are
approached.
Fluxing action also aids in wetting the interface between the base
metal and the molten metal in the weld pool edge, thereby enhancing
uniformity and appearance of the weld bead.
Process Selection Criteria

Economic factors generally dictate which welding process to use for a
particular application. It is impossible to state which process will always
deliver the most economical welds, because the variables involved are
significant in both number and diversity. The variables include, but are
not limited to, steel (or other base metal) type, joint type, section thickness, production quantity, joint access, position in which the welding is
to be performed, equipment availability, availability of qualified and
skilled welders, and whether the welding will be done in the field or in
the shop.
Shielded Metal Arc Welding

The SMAW process (Fig. 13.3.2), commonly known as stick welding, or
manual welding, is a popular and widespread welding process. It is versatile, relatively simple to do, and very flexible in being applied. To

Fig. 13.3.2 SMAW process.

those casually acquainted with welding, arc welding usually means
shielded-metal arc welding. SMAW is used in the shop and in the field for
fabrication, erection, maintenance, and repairs. Because of the relative
inefficiency of the process, it is seldom used for fabrication of major
structures. SMAW has earned a reputation for providing high-quality
welds in a dependable fashion. It is, however, inherently slower and
generally more costly than other methods of welding.
SMAW may utilize either direct current (dc) or alternating current
(ac). Generally speaking, direct current is used for smaller electrodes,
usually less than 3⁄16-in diameter. Larger electrodes utilize alternating
current to eliminate undesirable arc blow conditions.
Electrodes used with alternating current must be designed specifically
to operate in this mode, in which current changes direction 120 times
per second with 60-Hz power. All ac electrodes will operate acceptably
on direct current. The opposite is not always true.
Flux Cored Arc Welding (FCAW)

In FCAW, the arc is maintained between a continuous tubular metal
electrode and the weld pool. The tubular electrode is filled with flux and
a combination of materials that may include metallic powder(s). FCAW
may be done automatically or semiautomatically. FCAW has become
the workhorse in fabrication shops practicing semiautomatic welding.
Production welds that are short, change direction, are difficult to access,
must be done out of position (e.g., vertical or overhead), or are part of
a short production run generally will be made with semiautomatic
FCAW.
When the application lends itself to automatic welding, most fabricators will select the submerged arc process (see material under
“SAW”). Flux cored arc welding may be used in the automatic mode,
but the intensity of arc rays from a high-current flux cored arc, as well
as a significant volume of smoke, makes alternatives such as submerged
arc more desirable.
Advantages of FCAW FCAW offers two distinct advantages over
SMAW. First, the electrode is continuous and eliminates the built-in
starts and stops that are inevitable with SMAW using stick electrodes.
An economic advantage accrues from the increased operating factor; in
addition, the reduced number of arc starts and stops largely eliminates
potential sources of weld discontinuities. Second, increased amperages
can be used with FCAW. With SMAW, there is a practical limit to the
amount of current that can be used. The covered electrodes are 9 to 18 in
long, and if the current is too high, electric resistance heating within the
unused length of electrode will become so great that the coating ingredients may overheat and “break down.” With continuous flux cored
electrodes, the tubular electrode is passed through a contact tip, where
electric current is transferred to the electrode. The short distance from
the contact tip to the end of the electrode, known as electrode extension
or “stickout,” inhibits heat buildup due to electric resistance. This electrode extension distance is typically 1 in for flux cored electrodes,
although it may be as much as 2 or 3 in in some circumstances.
Smaller-diameter flux cored electrodes are suitable for all-position
welding. Larger electrodes, using higher electric currents, usually are
restricted to use in the flat and horizontal positions. Although the equipment required for FCAW is more expensive and more complicated than
that for SMAW, most fabricators find FCAW much more economical
than SMAW.
FCAW Equipment and Procedures Like all wire-fed welding
processes, FCAW requires a power source, wire feeder, and gun and
cable assembly (Fig. 13.3.3). The power supply is a dc source, although
either electrode positive or electrode negative polarity may be used. The
four primary variables used to determine welding procedures are voltage, wire feed speed, electrode extension, and travel speed. For a given
wire feed speed and electrode extension, a specified amperage will be
delivered to maintain stable welding conditions.
As wire feed speed is increased, amperage will be increased. On
some equipment, the wire feed speed control is called the amperage
control, which, despite its name, is just a rheostat that regulates the
speed of the dc motor driving the electrode through the gun. The most
accurate way, however, to establish welding procedures is to refer to the
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Fig. 13.3.3 FCAW and GMAW equipment.
wire feed speed (WFS), since electrode extension, polarity, and electrode
diameter will also affect amperage. For a fixed wire feed speed, a shorter
electrical stick-out will result in higher amperages. If procedures are set
based on the wire feed speed, the resulting amperage verifies that proper
electrode extensions are being used. If amperage is used to set welding
procedures, an inaccurate electrode extension may go undetected.
Self-Shielded and Gas-Shielded FCAW Within the category of
FCAW, there are two specific subsets: self-shielded flux core arc welding
(FCAW-S) (Fig. 13.3.4) and gas-shielded flux core arc welding (FCAW-G)
(Fig. 13.3.5). Self-shielded flux cored electrodes require no external
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shielding gas. The entire shielding system results from the flux ingredients
contained in the tubular electrode. The gas-shielded variety of flux cored
electrode utilizes, in addition to the flux core, an externally supplied shielding gas. Often, CO2 is used, although other mixtures may be used.
Both these subsets of FCAW are capable of delivering weld deposits
featuring consistency, high quality, and excellent mechanical properties. Self-shielded flux cored electrodes are ideal for field welding operations, for since no externally supplied shielding gas is required, the
process may be used in high winds without adversely affecting the quality of the weld metal deposited. With any gas-shielded processes, wind
shields must be erected to preclude wind interference with the gas
shield. Many fabricators with large shops have found that self-shielded
flux core welding offers advantages when the shop door can be left
open or fans are used to improve ventilation.
Gas-shielded flux cored electrodes tend to be more versatile than
self-shielded flux cored electrodes and, in general, provide better arc
action. Operator acceptance is usually higher. The gas shield must be
protected from winds and drafts, but this is not difficult for most shop
fabrication. Weld appearance is very good, and quality is outstanding.
Higher-strength gas-shielded FCAW electrodes are available, but current practice limits self-shielded FCAW deposits to a tensile strength of
80 ksi or less.
Submerged Arc Welding (SAW)
Submerged arc welding differs from other arc welding processes in that

a blanket of fusible granular flux is used to shield the arc and molten
metal (Fig. 13.3.6). The arc is struck between the workpiece and a barewire electrode, the tip of which is submerged in the flux. The arc is
completely covered by the flux and it is not visible; thus the weld is
made without the flash, spatter, and sparks that characterize the open-arc
processes. The flux used develops very little smoke or visible fumes.

Fig. 13.3.4 Self-shielded FCAW.

Fig. 13.3.6 SAW process.

Fig. 13.3.5 Gas-shielded FCAW.

Typically, the process is operated fully automatically, although semiautomatic operation is possible. The electrode is fed mechanically to the
welding gun, head, or heads. In semiautomatic welding, the welder moves
the gun, usually equipped with a flux-feeding device, along the joint.
Flux may be fed by gravity flow from a small hopper atop the torch and
then through a nozzle concentric with the electrode, or through a nozzle
tube connected to an air-pressurized flux tank. Flux may also be applied
in advance of the welding operation or ahead of the arc from a hopper run
along the joint. Many fully automatic installations are equipped with a
vacuum system to capture unfused flux left after welding; the captured,
unused flux is recycled for reuse.
During welding, arc heat melts some of the flux along with the tip
of the electrode. The electrode tip and the welding zone are always
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shielded by molten flux and a cover layer of unfused flux. The electrode
is kept a short distance above the workpiece. As the electrode progresses
along the joint, the lighter molten flux rises above the molten metal to
form slag. The weld metal, having a higher melting (freezing) point,
solidifies while the slag above it is still molten. The slag then freezes
over the newly solidified weld metal, continuing to protect the metal
from contamination while it is very hot and reactive with atmospheric
oxygen and nitrogen. Upon cooling and removal of any unmelted flux,
the slag is removed from the weld.
Advantages of SAW High currents can be used in SAW, and
extremely high heat input can be developed. Because the current is
applied to the electrode a short distance above the arc, relatively high
amperages can be used on small-diameter electrodes. The resulting
extremely high current densities on relatively small-cross-section electrodes permit high rates of metal deposition.
The insulating flux blanket above the arc prevents rapid escape of
heat and concentrates it in the welding zone. Not only are the electrode and base metal melted rapidly, but also fusion is deep into the
base metal. Deep penetration allows the use of small welding grooves,
thus minimizing the amount of filler metal to be deposited and permitting fast welding speeds. Fast welding, in turn, minimizes the total
heat input to the assembly and thus tends to limit problems of heat
distortion. Even relatively thick joints can be welded in one pass with
SAW.
Versatility of SAW SAW can be applied in more ways than other arc
welding processes. A single electrode may be used, as is done with
other wire feed processes, but it is possible to use two or more electrodes in submerged arc welding. Two electrodes may be used in parallel, sometimes called twin arc welding, employing a single power source
and one wire drive. In multiple-electrode SAW, up to five electrodes can
be used thus, but most often, two or three arc sources are used with separate power supplies and wire drives. In this case, the lead electrode
usually operates on direct current while the trailing electrodes operate
on alternating current.
Gas Metal Arc Welding (GMAW)
Gas metal arc welding utilizes the same equipment as FCAW (Figs.

13.3.3 and 13.3.7); indeed, the two are similar. The major differences
are: (1) GMAW uses a solid or metal cored electrode, and (2) GMAW
leaves no residual slag.
GMAW may be referred to as metal inert gas (MIG), solid wire and
gas, miniwire or microwire welding. The shielding gas may be carbon
dioxide or blends of argon with CO2 or oxygen, or both. GMAW is usually applied in one of four ways: short arc transfer, globular transfer,
spray arc transfer, and pulsed arc transfer.

Fig. 13.3.7 GMAW welding process.

Short arc transfer is ideal for welding thin-gage materials, but generally is unsuitable for welding on thick members. In this mode of transfer, a small electrode, usually of 0.035- to 0.045-in diameter, is fed at a
moderate wire feed speed at relatively low voltages. The electrode contacts the workpiece, resulting in a short circuit. The arc is actually
quenched at this point, and very high current will flow through the electrode, causing it to heat and melt. A small amount of filler metal is
transferred to the welding done at this time.
The cycle will repeat itself when the electrode short-circuits to the
work again; this occurs between 60 and 200 times per second, creating
a characteristic buzz. This mode of transfer is ideal for sheet metal, but
results in significant fusion problems if applied to thick sections, when
cold lap or cold casting results from failure of the filler metal to fuse to
the base metal. This is unacceptable since the welded connection will
have virtually no strength. Caution must be exercised if the short arc
transfer mode is applied to thick sections.
Spray arc transfer is characterized by high wire feed speeds at relatively high voltages. A fine spray of molten filler metal drops, all
smaller in diameter than the electrode, is ejected from the electrode
toward the work. Unlike with short arc transfer, the arc in spray transfer is maintained continuously. High-quality welds with particularly
good appearance are obtained. The shielding gas used in spray arc
transfer is composed of at least 80 percent argon, with the balance either
carbon dioxide or oxygen. Typical mixtures would include 90-10 argonCO2, and 95-5 argon-oxygen. Relatively high arc voltages are used with
spray arc transfer. Gas metal spray arc transfer welds have excellent
appearance and evidence good fusion. However, due to the intensity of
the arc, spray arc transfer is restricted to applications in the flat and horizontal positions.
Globular transfer is a mode of gas metal arc welding that results when
high concentrations of carbon dioxide are used. Carbon dioxide is not
an inert gas; rather, it is active. Therefore, GMAW that uses CO2 may
be referred to as MAG, for metal active gas. With high concentrations of
CO2 in the shielding gas, the arc no longer behaves in a spraylike fashion, but ejects large globs of metal from the end of the electrode. This
mode of transfer, while resulting in deep penetration, generates relatively high levels of spatter, and weld appearance can be poor. Like the
spray mode, it is restricted to the flat and horizontal positions. Globular
transfer may be preferred over spray arc transfer because of the low cost
of CO2 shielding gas and the lower level of heat experienced by the
operator.
Pulsed arc transfer is a newer development in GMAW. In this mode, a
background current is applied continuously to the electrode. A pulsing
peak current is applied at a rate proportional to the wire feed speed. With
this mode of transfer, the power supply delivers a pulse of current which,
ideally, ejects a single droplet of metal from the electrode. The power
supply then returns to a lower background current to maintain the arc.
This occurs between 100 and 400 times per second. One advantage of
pulsed arc transfer is that it can be used out of position. For flat and horizontal work, it will not be as fast as spray arc transfer. However, when
it is used out of position, it is free of the problems associated with gas
metal arc short-circuiting mode. Weld appearance is good, and quality
can be excellent. The disadvantages of pulsed arc transfer are that the
equipment is slightly more complex and is more costly.
Metal cored electrodes comprise another newer development in
GMAW. This process is similar to FCAW in that the electrode is tubular, but the core material does not contain slag-forming ingredients.
Rather, a variety of metallic powders are contained in the core, resulting in exceptional alloy control. The resulting weld is slag-free, as are
other forms of GMAW.
The use of metal cored electrodes offers many fabrication advantages. Compared to spray arc transfer, metal cored electrodes require
less amperage to obtain the same deposition rates. They are better able
to handle mill scale and other surface contaminants. When used out-ofposition, they offer greater resistance to the cold lapping phenomenon
so common with short arc transfer. Finally, metal cored electrodes permit the use of amperages higher than may be practical with solid electrodes, resulting in higher metal deposition rates.
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The weld properties obtained from metal cored electrode deposits
can be excellent, and their appearance is very good. Filler metal manufacturers are able to control the composition of the core ingredients, so
that mechanical properties obtained from metal cored deposits can be
more consistent than those obtained with solid electrodes.
Electroslag/Electrogas Welding (ESW/EGW)
Electroslag and electrogas welding (Figs. 13.3.8 and 13.3.9) are closely
related processes that allow high deposition welding in the vertical
plane. Properly applied, these processes offer tremendous savings over
alternative, out-of-position methods and, in many cases, savings over
flat-position welding. Although the two processes have similar applications and mechanical setup, there are fundamental differences in the arc
characteristics.
Electroslag and electrogas are mechanically similar in that both utilize
copper dams, or shoes, that are applied to either side of a square-edged
butt joint. An electrode or multiple electrodes are fed into the joint.
Usually, a starting sump is applied for the beginning of the weld. As the
electrode is fed into the joint, a puddle is established that progresses vertically. The water-cooled copper dams chill the weld metal and prevent
its escape from the joint. The weld is completed in one pass.

Fig. 13.3.10 Gas tungsten arc welding (GTAW).

Highly skilled welders are required for GTAW, but the resulting weld
quality can be excellent. The process is often used to weld exotic materials. Critical repair welds as well as root passes in pressure piping are
typical applications.
Plasma Arc Welding (PAW)
Plasma arc welding is an arc welding process using a constricted arc to

Fig. 13.3.8 ESW process.

generate very high, localized heating. PAW may utilize either a transferred or a nontransferred arc. In the transferred arc mode, the arc occurs
between the electrode and the workpiece, much as in GTAW, the primary
difference being the constriction afforded by the secondary gases and
torch design. With the nontransferred arc mode, arcing is contained within
the torch between a tungsten electrode and a surrounding nozzle.
The constricted arc results in higher localized arc energies than are
experienced with GTAW, resulting in faster welding speeds. Applications
for PAW are similar to those for GTAW. The only significant disadvantage of PAW is the equipment cost, which is higher than that for GTAW.
Most PAW is done with the transferred arc mode, although this mode
utilizes a nontransferred arc for the first step of operation. An arc and
plasma are initially established between the electrode and the nozzle.
When the torch is properly located, a switching system will redirect the
arc toward the workpiece. Since the arc and plasma are already established, transferring the arc to the workpiece is easily accomplished and
highly reliable. For this reason, PAW is often preferred for automated
applications.
GAS WELDING AND BRAZING

Fig. 13.3.9 EGW process.
Gas Tungsten Arc Welding (GTAW)

The gas tungsten arc welding process (Fig. 13.3.10), colloquially called
TIG welding, uses a nonconsumable tungsten electrode. An arc is established between the tungsten electrode and the workpiece, resulting in
heating of the base metal. If required, a filler metal is used. The weld
area is shielded with an inert gas, usually argon or helium. GTAW is
ideally suited to weld nonferrous materials such as stainless steel and
aluminum, and is very effective for joining thin sections.

The heat for gas welding is supplied by burning a mixture of oxygen and
a suitable combustible gas. The gases are mixed in a torch which controls the welding flame.
Acetylene is almost universally used as the combustible gas because
of its high flame temperature. This temperature, about 6,000%F
(3,315%C), is so far above the melting point of all commercial metals
that it provides a means for the rapid localized melting essential in
welding. The oxyacetylene flame is also used in cutting ferrous metals.
A neutral flame is one in which the fuel gas and oxygen combine completely, leaving no excess of either fuel gas or oxygen. The neutral
flame has an inside portion, consisting of a brilliant cone 1⁄16 to 3⁄4 in
(1.6 to 19.1 mm) long, surrounded by a faintly luminous envelope
flame. When fuel gas is in excess, the flame consists of three easily recognizable zones: a sharply defined inner cone, an intermediate cone of
whitish color, and the bluish outer envelope. The length of the intermediate cone is a measure of the amount of excess fuel gas. This flame is
reducing, or carburizing.
When oxygen is in excess in the mixture, the flame resembles the
neutral flame, but the inner cone is shorter, is “necked in” on the sides,
is not so sharply defined, and acquires a purplish tinge. A slightly
oxidizing flame may be used in braze welding and bronze surfacing, and
a more strongly oxidizing flame is sometimes used in gas-welding
brass, bronze, and copper. A disadvantage of a strongly oxidizing flame
is that it can oxidize the surface of the base metal and thereby prevent
fusion of the filler metal to the base metal.
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In braze welding, coalescence is produced by heating above 840%F
(450%C) and by using a nonferrous filler metal having a melting point
below that of the base metals. Braze welding with brass (bronze) rods is
used extensively on cast iron, steel, copper, brass, etc. Since it operates
at temperatures lower than base metal melting points, it is used where
control of distortion is necessary or lower base metal temperatures during welding are desired. Braze-welded joints on mild steel, made with
rods of classifications RCuZn-B and RBCuZn-D, will show transverse
tensile values of 60,000 to 70,000 lb/in2 (414 to 483 MPa). Joint designs
for braze welding are similar to those used for gas and arc welding.
In braze welding it is necessary to remove rust, grease, scale, etc., and
to use a suitable flux to dissolve oxides and clean the metal. Sometimes
rods are used with a flux coating applied to the outside. Additional flux
may or may not be required, notwithstanding the flux coating on the
rods. The parts are heated to red heat [1,150 to 1,350%F (621 to 732%C)],
and the rod is introduced into the heated zone. The rod melts first and
“tins” the surfaces, following which additional filler metal is added.
Welding rods for oxyacetylene braze welding are usually of the copperzinc (60 Cu-40 Zn) analysis. Additions of tin, manganese, iron, nickel,
and silicon are made to improve the mechanical properties and usability
of the rods.
Brazing is another one of the general groups of welding processes,
consisting of the torch, furnace, induction, dip, and resistance brazing.
Brazing may be used to join almost all metals and combinations of dissimilar metals, but some combinations of dissimilar metals are not compatible (e.g., aluminum or magnesium to other metals). In brazing,
coalescence is produced by heating above 840%F (450%C) but below the
melting point of the metals being joined. The nonferrous filler metal
used has a melting point below that of the base metal, and the filler
metal is distributed in the closely fitted lap or butt joints by capillary
attraction. Clean joints are essential for satisfactory brazing. The use of
a flux or controlled atmosphere to ensure surface cleanliness is necessary. Filler metal may be hand-held and fed into the joint (face feeding),
or preplaced as rings, washers, shims, slugs, etc.
Brazing with the silver-alloy filler metals previously was known as
silver soldering and hard soldering. Braze welding should not be confused
with brazing. Braze welding is a method of welding employing a filler
metal which melts below the welding points of the base metals joined,
but the filler metal is not distributed in the joint by capillary attraction.
(See also Sec. 6.)
Torch brazing uses acetylene, propane, or other fuel gas, burned with
oxygen or air. The combination employed is governed by the brazing
temperature range of the filler metal, which is usually above its liquidus. Flux with a melting point appropriate to the brazing temperature
range and the filler metal is essential.
Furnace brazing employs the heat of a gas-fired, electric, or other type
of furnace to raise the parts to brazing temperature. Fluxes may be used,
although reducing or inert atmospheres are more common since they
eliminate postbraze cleaning necessary with fluxes.
Induction brazing utilizes a high-frequency current to generate the
necessary heat in the part by induction. Distortion in the brazed joint
can be controlled by current frequency and other factors. Fluxes or
gaseous atmospheres must be used in induction bearing.
Dip brazing involves the immersion of the parts in a molten bath. The
bath may be either molten brazing filler metal or molten salts, which
most often are brazing flux. The former is limited to small parts such as
electrical connections; the latter is capable of handling assemblies
weighing several hundred pounds. The particular merit of dip brazing is
that the entire joint is completed all at one time.
Resistance brazing utilizes standard resistance-welding machines to
supply the heat. Fluxes or atmospheres must be used, with flux predominating. Standard spot or projection welders may be used. Pressures
are lower than those for conventional resistance welding.
RESISTANCE WELDING

In resistance welding, coalescence is produced by the heat obtained from
the electric resistance of the workpiece to the flow of electric current in a
circuit of which the workpiece is a part, and by the application of pressure.

The specific processes include resistance spot welding, resistance seam welding, and projection welding. Figure 13.3.11 shows diagrammatic outlines of
the processes.
The resistance of the welding circuit should be a maximum at the
interface of the parts to be joined, and the heat generated there must
reach a value high enough to cause localized fusion under pressure.
Electrodes are of copper alloyed with such metals as molybdenum
and tungsten, with high electrical conductivity, good thermal conductivity, and sufficient mechanical strength to withstand the high pressures to which they are subjected. The electrodes are water-cooled. The
resistance at the surfaces of contact between the work and the electrodes must be kept low. This may be accomplished by using smooth,
clean work surfaces and a high electrode pressure.
In resistance spot welding (Fig. 13.3.11), the parts are lapped and held
in place under pressure. The size and shape of the electrodes control the
size and shape of the welds, which are usually circular.
Designing for spot welding involves six elements: tip size, edge distance, contacting overlap, spot spacing, spot weld shear strength, and
electrode clearance. For mild steel, the diameter of the tip face, in terms
of sheet thickness t, may be taken as 0.1 * 2t for thin material, and as 2t
for thicker material; all dimensions in inches. Edge distance should be
sufficient to provide enough metal around the weld to retain it when in
the molten condition. Contacting overlap is generally taken as the diameter of the weld nugget plus twice the minimum edge distance. Spot
spacing must be sufficient to ensure that the welding current will not
shunt through the previously made weld.
Resistance spot welding machines vary from small, manually operated
units to large, elaborately instrumented units designed to produce highquality welds, as on aircraft parts. Portable gun-type machines are
available for use where the assemblies are too large to be transported to
a fixed machine. Spot welds may be made singly or in multiples, the latter generally made on special purpose machines. Spacing of electrodes
is important to avoid excessive shunting of welding current.

Fig. 13.3.11 (a) Resistance spot; (b) resistance seam; (c) projection welding.

The resistance seam welding process (Fig. 13.3.11) produces a series of
spot welds made by circular or wheel type electrodes. The weld may be
a series of closely spaced individual spot welds, overlapping spot welds,
or a continuous weld nugget. The weld shape for individual welds is
rectangular, continuous welds are about 80 percent of the width of the
roll electrode face.
A mash weld is a seam weld in which the finished weld is only slightly
thicker than the sheets, and the lap disappears. It is limited to thicknesses of about 16 gage and an overlap of 11⁄2 times the sheet thickness.
Operating the machine at reduced speed, with increased pressure and
noninterrupted current, a strong quality weld may be secured that will
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be 10 to 25 percent thicker than the sheets. The process is applicable to
mild steel but has limited use on stainless steel; it cannot be used on
nonferrous metals. A modification of this technique employs a straight
butt joint. This produces a slight depression at the weld, but the strength
is satisfactory on some applications, e.g., for the production of some
electric-welded pipe and tubing.
Cleanliness of sheets is of even more importance in seam welding
than in spot welding. Best results are secured with cold-rolled steel,
wiped clean of oil; the next best with pickled hot-rolled steel. Grinding
or polishing is sometimes performed, but not sand- or shot-blasting.
In projection welding (Fig. 13.3.11), the heat for welding is derived
from the localization of resistance at predetermined points by means of
projections, embossments, or the intersections of elements of the
assembly. The projections may be made by stamping or machining. The
process is essentially the same as spot welding, and the projections
seem to concentrate the current and pressure. Welds may be made
singly or in multiple with somewhat less difficulty than is encountered
in spot welding. When made in multiple, all welds may be made simultaneously. The advantages of projection welding are (1) the heat balance for difficult assemblies is readily secured, (2) the results are
generally more uniform, (3) a closer spacing of welds is possible, and
(4) electrode life is increased. Sometimes it is possible to projectionweld joints that could not be welded by other means.
OTHER WELDING PROCESSES
Electron Beam Welding (EBW)

In electron beam welding, coalescence of metals is achieved by heat generated by a concentrated beam of high-velocity electrons impinging on
the surfaces to be joined. Electrons have a very small mass and carry a
negative charge. An electron beam gun, consisting of an emitter, a bias
electrode, and an anode, is used to create and accelerate the beam of
electrons. Auxiliary components such as beam alignment, focus, and
deflection coils may be used with the electron beam gun; the entire
assembly is referred to as the electron beam gun column.
The advantages of the process arise from the extremely high energy
density in the focused beam which produces deep, narrow welds at high
speed, with minimum distortion and other deleterious heat effects.
These welds show superior strength compared with those made utilizing other welding processes for a given material. Major applications are
with metals and alloys highly reactive to gases in the atmosphere or
those volatilized from the base metal being welded.
A disadvantage of the process lies in the necessity for providing precision parts and fixtures so that the beam can be precisely aligned with
the joint to ensure complete fusion. Gapped joints are not normally
welded because of fixture complexity and the extreme difficulty of
manipulating filler metal into the tiny, rapidly moving, weld puddle
under high vacuum. When no filler metal is employed, it is common to
use the keyhole technique. Here, the electron beam makes a hole
entirely through the base metal, which is subsequently filled with
melted base metal as the beam leaves the area. Other disadvantages of
the process arise from the cost, complexity, and skills required to operate and maintain the equipment, and the safety precautions necessary
to protect operating personnel from the X-rays generated during the
operation.
Laser Beam Welding and Cutting

By using a laser, energy from a primary source (electrical, chemical,
thermal, optical, or nuclear) is converted to a beam of coherent electromagnetic radiation at ultraviolet, visible, or infrared frequency. Because
high-energy laser beams are coherent, they can be highly concentrated
to provide the high energy density needed for welding, cutting, and
heat-treating metals.
As applied to welding, pulsed and continuously operating solid-state
lasers and lasers that produce continuous-wave (cw) energy have been
developed to the point that multikilowatt laser beam equipment based
on CO2 is capable of full-penetration, single-pass welding of steel to
3
⁄4-in thickness.
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Lasers do not require a vacuum in which to operate, so that they offer
many of the advantages of electron beam welding but at considerably
lower equipment cost and higher production rates. Deep, narrow welds
are produced at high speeds and low total heat input, thus duplicating
the excellent weld properties and minimal heat effects obtained from
electron beam welding in some applications. The application of lasers
to metals—for cutting or welding—coupled with computerized control
systems, allows their use for complex shapes and contours.
Solid-State Welding
Solid-state welding encompasses a group of processes in which the weld

is effected by bringing clean metal surfaces into intimate contact under
certain specific conditions. In friction welding, one part is rotated at high
speed with respect to the other, under pressure. The parts are heated, but
not to the melting point of the metal. Rotation is stopped at the critical
moment of welding. Base metal properties across the joint show little
change because the process is so rapid.
Friction stir welding (FSW) is a recently developed solid-state welding
process that utilizes a cylindrical, shouldered tool that is mounted in a
machine having the appearance of a vertical mill. The tool is rotated at a
high speed and pressed into the joint (Fig. 13.3.12). Friction causes the
material to heat and soften, but not melt. The plasticized material is
moved from the leading edge of the tool to the trailing edge, leaving
behind a solid-state bond. The low temperatures involved make FSW
ideal for many aluminum alloys where arc welding processes result in
softened regions adjacent to the weld.
Ultrasonic welding employs mechanical vibrations at ultrasonic frequencies plus pressure to effect the intimate contact between faying surfaces needed to produce a weld. (See also Sec. 12.) The welding tool is
essentially a transducer that converts electric frequencies to ultra-highfrequency mechanical vibrations. By applying the tip of the tool, or
anvil, to a small area in the external surface of two lapped parts, the
vibrations and pressure are transmitted to the faying surfaces. Foils,
thin-gage sheets, or fine wires can be spot- or seam-welded to each
other or to heavier parts. Many plastics lend themselves to being joined
by ultrasonic welding. Also see Secs. 6 and 12.
Explosion Welding
Explosion welding utilizes extremely high pressures to join metals, often
with significantly different properties. For example, it may be used to clad
a metal substrate, such as steel, with a protective layer of a dissimilar
metal, such as aluminum. Since the materials do not melt, two metals
with significantly different melting points can be successfully welded
by explosion welding. The force and speed of the explosion are directed
to cause a series of progressive shock waves that deform the faying
surfaces at the moment of impact. A magnified section of the joint
reveals a true weld with an interlocking waveshape and, usually, some
alloying.

THERMAL CUTTING PROCESSES
Oxyfuel Cutting (OFC) Oxyfuel cutting (Fig. 13.3.13) is used to cut
steels and to prepare bevel and vee grooves. In this process, the metal is
heated to its ignition temperature, or kindling point, by a series of preheat flames. After this temperature is attained, a high-velocity stream of
pure oxygen is introduced, which causes oxidation or “burning” to
occur. The force of the oxygen steam blows the oxides out of the joint,
resulting in a clean cut. The oxidation process also generates additional
thermal energy, which is radially conducted into the surrounding steel,
increasing the temperature of the steel ahead of the cut. The next
portion of the steel is raised to the kindling temperature, and the cut
proceeds.
Carbon and low-alloy steels are easily cut by the oxyfuel process.
Alloy steels can be cut, but with greater difficulty than mild steel. The
level of difficulty is a function of the alloy content. When the alloy content reaches the levels found in stainless steels, oxyfuel cutting cannot
be used unless the process is modified by injecting flux or iron-rich powders into the oxygen stream. Aluminum cannot be cut with the oxyfuel
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Fig. 13.3.12 (1) Schematic of friction stir welding; (2) detail of probe.

process. Oxyfuel cutting is commonly regarded as the most economical
way to cut steel plates greater than 1⁄2 in thick.
A variety of fuel gases may be used for oxyfuel cutting, with the
choice largely dependent on local economics; they include natural gas,
propane, acetylene, and a variety of proprietary gases offering unique
advantages. Because of its role in the primary cutting stream, oxygen is
always used as a second gas. In addition, some oxygen is mixed with
the fuel gas in proportions designed to ensure proper combustion.
Plasma Arc Cutting (PAC) The plasma arc cutting process (Fig.
13.3.14) was developed initially to cut materials that do not permit the
use of the oxyfuel process: stainless steel and aluminum. It was found,
however, that plasma arc cutting offered economic advantages when
applied to thinner sections of mild steel, especially those less than 1 in
thick. Higher travel speed is possible with plasma arc cutting, and the
volume of heated base material is reduced, minimizing metallurgical
changes as well as reducing distortion.
PAC is a thermal and mechanical process. To utilize PAC, the material
is heated until molten and expelled from the cut with a high-velocity
stream of compressed gas. Unlike oxyfuel cutting, the process does not
rely on oxidation. Because high amounts of energy are introduced
through the arc, PAC is capable of extremely high-speed cutting. The
thermal energy generated during the oxidation process with oxyfuel
cutting is not present in plasma; hence, for thicker sections, PAC is not
economically justified. The use of PAC to cut thick sections usually is
restricted to materials that do not oxidize readily with oxyfuel.
Air Arc Gouging (AAG) The air carbon arc gouging system (Fig.
13.3.15) utilizes an electric arc to melt the base material; a high-velocity
jet of compressed air subsequently blows the molten material away. The
air carbon gouging torch looks much like a manual electrode holder, but

Fig. 13.3.13 Oxyfuel cutting.

Fig. 13.3.14 Plasma arc cutting process.

it uses a carbon electrode instead of a metallic electrode. Current is
conducted through the base material to heat it. A valve in the torch handle permits compressed air to flow through two air ports. As the air hits
the molten material, a combination of oxidation and expulsion of metal
takes place, leaving a smooth cavity behind. The air carbon arc gouging
system is capable of removing metal at a much higher rate than can be
deposited by most welding processes. It is a powerful tool used to
remove metal at low cost.
Plasma Arc Gouging A newer development is the application of
plasma arc equipment for gouging. The process is identical to plasma
arc cutting, but the small-diameter orifice is replaced with a larger one,
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Fig. 13.3.15 Air arc gouging.

resulting in a broader arc. More metal is heated, and a larger, broader
stream of hot, high-velocity plasma gas is directed toward the workpiece. When the torch is inclined to the work surface, the metal can be
removed in a fashion similar to air carbon arc gouging. The applications
of the process are similar to those of air carbon arc gouging.
DESIGN OF WELDED CONNECTIONS
A welded connection consists of two or more pieces of base metal joined

by weld metal. Design engineers determine joint type and generally
specify weld type and the required throat dimension. Fabricators select
the specific joint details to be used.
Joint Types

When pieces of steel are brought together to form a joint, they will
assume one of the five configurations presented in Fig. 13.3.16. Joint
types are descriptions of the relative positions of the materials to be
joined and do not imply a specific type of weld.
Weld Types
Welds fall into three categories: fillet welds, groove welds, and plug and
slot welds (Fig. 13.3.17). Plug and slot welds are used for connections
that transfer small loads.
Many engineers will see or have occasion to use standard welding
symbols. A detailed discussion of their proper use is found in AWS documents. A few are shown in Fig. 13.3.18.
Fillet Welds Fillet welds have a triangular cross section and are
applied to the surface of the materials they join. By themselves, fillet
welds do not fully fuse the cross-sectional areas of parts they join,

Fig. 13.3.16 Joint types.

although it is still possible to develop full-strength connections with
fillet welds. The size of a fillet weld is usually determined by measuring the leg, even though the weld is designed by specifying the required
throat. For equal-legged, flat-faced fillet welds applied to plates that are
oriented 90% apart, the throat dimension is found by multiplying the leg
size by 0.707 (for example, sin 45%).
Groove Welds Groove welds comprise two subcategories: complete joint penetration (CJP) groove welds and partial joint penetration
(PJP) groove welds (Fig. 13.3.19). By definition, CJP groove welds
have a throat dimension equal to the thickness of the material they join;
a PJP groove weld is one with a throat dimension less than the thickness of the materials joined.
An effective throat is associated with a PJP groove weld. This term is
used to differentiate between the depth of groove preparation and the
probable depth of fusion that will be achieved. The effective throat on a
PJP groove weld is abbreviated by E. The required depth of groove
preparation is designated by a capital S. Since the designer may not
know which welding process a fabricator will select, it is necessary
only to specify the dimension for E. The fabricator then selects the
welding process, determines the position of welding, and applies the
appropriate S dimension, which will be shown on the shop drawings.
In most cases, both the S and E dimensions will appear on the welding
symbols of shop drawings, with the effective throat dimension shown
in parentheses.
Sizing of Welds
Overwelding is one of the major factors of welding cost. Specifying
the correct size of weld is the first step in obtaining low-cost welding. It is important, then, to have a simple method to figure the proper
amount of weld to provide adequate strength for all types of
connections.

Fig. 13.3.17 Major weld types.
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Fig. 13.3.18 Some welding symbols commonly used. (AWS.)

Fig. 13.3.19 Types of groove welds.

In terms of their application, welds fall into two general types:
primary and secondary. Primary welds are critical welds that directly
transfer the full applied load at the point at which they are located.
These welds must develop the full strength of the members they join.
Complete joint penetration groove welds are often used for these connections. Secondary welds are those that merely hold the parts together
to form a built-up member. The forces on these welds are relatively low,
and fillet welds are generally utilized in these connections.
Filler Metal Strength Filler metal strength may be classified as
matching, undermatching, or overmatching. Matching filler metal has the
same, or slightly higher, minimum specified yield and tensile strength
as the base metal. CJP groove welds in tension require the use of matching weld metal—otherwise, the strength of the welded connection will
be lower than that of the base metal. Undermatching filler metal deposits
welds of a strength lower than that of the base metal. Undermatching
filler metal may be deposited in fillet welds and PJP groove welds as
long as the designer specifies a throat size that will compensate for the
reduction in weld metal strength. An overmatching filler metal deposits
weld metal that is stronger than the base metal; this is undesirable
unless, for practical reasons, lower-strength filler metal is unavailable
for the application. When overmatching filler metal is used, if the weld
is stressed to its maximum allowable level, the base metal can be overstressed, resulting in failure in the fusion zone. Designers must ensure
that connection strength, including the fusion zone, meets the application requirements.
In welding high-strength steel, it is generally desirable to utilize
undermatching filler metal for secondary welds. High-strength steel
may require additional preheat and greater care in welding because
there is an increased tendency to crack, especially if the joint is
restrained. Undermatching filler metals such as E70 are the easiest to

use and are preferred, provided the weld is sized to impart sufficient
strength to the joint.
Allowable Strength of Welds under Steady Loads A structure, or
weldment, is as strong as its weakest point, and “allowable” weld
strengths are specified by the American Welding Society (AWS), the
American Institute of Steel Construction (AISC), and various other professional organizations to ensure that a weld will deliver the mechanical properties of the members being joined. Allowable weld strengths
are designated for various types of welds for steady and fatigue loads.
CJP groove welds are considered full-strength welds, since they are
capable of transferring the equivalent capacity of the members they
join. In calculations, such welds are allowed the same stress as the plate,
provided the proper strength level of weld metal is used (e.g., matching
filler metal). In such CJP welds, the mechanical properties of the weld
metal must at least match those of the base metal. If the plates joined
are of different strengths, the weld metal strength must at least match
the strength of the weaker plate.
Figure 13.3.20 illustrates representative applications of PJP groove
welds widely used in the economical welding of very heavy plates. PJP
groove welds in heavy material will usually result in savings in weld
metal and welding time, while providing the required joint strength.
The faster cooling and increased restraint, however, justify establishment of a minimum effective throat te (see Table 13.3.1).

Fig. 13.3.20 Applications of partial joint penetration (PJP) groove welds.
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and has proved it valid from a series of fillet weld tests conducted by a
special Task Committee of AISC and AWS.
Table 13.3.2 lists the allowable shear values for various weld metal
strength levels and the more common fillet weld sizes. These values are
for equal-leg fillet welds where the effective throat te equals 0.707 ( leg
size v. With the table, one can calculate the allowable unit force per lineal inch f for a weld size made with a particular electrode type. For
example, the allowable unit force per lineal inch f for a 1⁄2-in fillet weld
made with an E70 electrode is

Table 13.3.1 Minimum Fillet
Weld Size v or Minimum
Throat of PJP Groove Weld te
Material thickness of
thicker part joined, in

v or te ,
in

1

*To incl.
Over 1⁄4 to 1⁄2
Over 1⁄2 to 3⁄4
†Over 3⁄4 to 11⁄2
Over 11⁄2 to 21⁄4
Over 21⁄4 to 6
Over 6
1⁄4

⁄8
⁄16
⁄4
5
⁄16
3
⁄8
1⁄2
5
⁄8
3

1

f 5 0.707vt 5 0.707s 1⁄2 inds0.30ds70 ksid 5 7.42 kips/lin in

Not to exceed the thickness of the thinner part.
* Minimum size for bridge application does not
go below 3⁄16 in.
† For minimum fillet weld size, table does not
go above 5⁄16-in fillet weld for over 3⁄4-in material.

Other factors must be considered in determining the allowable stress
on the throat of a PJP groove weld. Joint configuration is one. If a V, J,
or U groove is specified, it is assumed that the welder can easily reach
the bottom of the joint, and the effective weld throat te equals the depth
of the groove. If a bevel groove with an included angle of 45% or less is
specified and SMAW is used, 1⁄8 in is deducted from the depth of the
prepared groove in defining the effective throat. This does not apply to
the SAW process because of its deeper penetration capabilities. In the
case of GMAW or FCAW, the 1⁄8-in reduction in throat only applies to
bevel grooves with an included angle of 45% or less in the vertical or
overhead position.
Weld metal subjected to compression in any direction or to tension
parallel to the axis of the weld should have the same allowable strength
as the base metal. Matching weld metal must be used for compression,
but is not necessary for tension parallel loading.
The existence of tension forces transverse to the axis of the weld or
shear in any direction requires the use of weld metal allowable strengths
that are the same as those used for fillet welds. The selected weld metal
may have mechanical properties higher or lower than those of the metal
being joined. If the weld metal has lower strength, however, its allowable
strength must be used to calculate the weld size or maximum allowable
weld stress. For higher-strength weld metal, the weld allowable strength
may not exceed the shear allowable strength of the base metal.
The AWS has established the allowable shear value for weld metal in
a fillet or PJP bevel groove weld as
t 5 0.30 3 electrode min. spec. tensile strength 5 0.30 3 EXX
Table 13.3.2
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The minimum allowable sizes for fillet welds are given in Table
13.3.1. When materials of different thickness are joined, the minimum
fillet weld size is governed by the thicker material; but this size need not
exceed the thickness of the thinner material unless it is required by the
calculated stress.
Connections under Simple Loads For a simple tensile, compressive,
or shear load, the imposed load is divided by weld length to obtain
applied force, f, in pounds per lineal inch of weld. From this force, the
proper leg size of the fillet weld or throat size of groove weld is found.
For primary welds in butt joints, groove welds must be made through
the entire plate, in other words, 100 percent penetration. Since a butt joint
with a properly made CJP groove has a strength equal to or greater than
that of the plate, there is no need to calculate the stress in the weld or to
attempt to determine its size. It is necessary only to utilize matching
filler metal.
With fillet welds, it is possible to have a weld that is either too large
or too small; therefore, it is necessary to be able to determine the proper
weld size.
Parallel fillet welds have forces applied parallel to their axis, and the
throat is stressed only in shear. For an equal-legged fillet, the maximum
shear stress occurs on the 45% throat.
Transverse fillet welds have forces applied transversely, or at right
angles to their axis, and the throat is stressed by combined shear and
normal (tensile or compressive) stresses. For an equal-legged fillet
weld, the maximum shear stress occurs on the 671⁄2% throat, and the
maximum normal stress occurs on the 221⁄2% throat.
Connections Subject to Horizontal Shear A weld joining the
flange of a beam to its web is stressed in horizontal shear (Fig. 13.3.21).
A designer may be accustomed to specifying a certain size fillet weld for
a given plate thickness (e.g., leg size about three-fourths of the plate
thickness) in order that the weld develop full plate strength. This

Allowable Loads for Various Size Fillet Welds
Strength level of weld metal (EXX)
60*

70*

80

90*

100

110*

120

30.0

33.0

36.0

21.21v

23.33v

25.45v

23.33
20.41
17.50
14.58
11.67
10.21
8.75
7.29
5.83
4.38
2.92
1.46

25.45
22.27
19.09
15.91
12.73
11.14
9.54
7.95
6.36
4.77
3.18
1.59

Allowable shear stress on throat, ksi (1,000 lb/in2), of fillet weld or PJP weld
t'

18.0

21.0

24.0

27.0

Allowable unit force on fillet weld, kips/lin in
f'

12.73v

14.85v

Leg size +, in
1
7⁄8
3

⁄4
⁄8
1
⁄2
7⁄16
3
⁄8
5
⁄16
1
⁄4
3
⁄16
1
⁄8
1
⁄16
5

16.97v

19.09v

Allowable unit force for various sizes of fillet welds, kips/lin in
12.73
11.14
9.55
7.96
6.37
5.57
4.77
3.98
3.18
2.39
1.59
0.795

14.85
12.99
11.14
9.28
7.42
6.50
5.57
4.64
3.71
2.78
1.86
0.930

*Fillet welds actually tested by the joint AISC-AWS Task Committee.

16.97
14.85
12.73
10.61
8.48
7.42
6.36
5.30
4.24
3.18
2.12
1.06

19.09
16.70
14.32
11.93
9.54
8.35
7.16
5.97
4.77
3.58
2.39
1.19

21.21
18.57
15.92
13.27
10.61
9.28
7.95
6.63
5.30
3.98
2.65
1.33
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shear—i.e., the middle portions of the beams 1 and 2, within which the
bending moment is constant. (3) When there is a difference in shear
along the length of the beam, the shear forces are usually greatest at the
ends of the beam (see beam 3), so that when web stiffeners are used, they
are welded continuously when placed at the ends and welded intermittently when placed elsewhere along the length of the beam. (4) Fixing
beam ends will alter the moment diagram to reduce the maximum
moment; i.e., the bending moment is lower in the middle, but is now
introduced at the ends. For the uniform loading configuration in beam 3,
irrespective of the end conditions and their effect on bending moments
and their location, the shear diagram will remain unchanged, and the
amount of welding between flange and web will remain the same.
Application of Rules to Find Weld Size Horizontal shear forces
acting on the weld joining flange and web (Fig. 13.3.23) may be found
from the following formula:
f5
Fig. 13.3.21 Examples of welds stressed in horizontal shear.

particular joint between flange and web is an exception to this rule. In
order to prevent web buckling, a lower allowable shear stress is usually
used, which results in the requirement for a thicker web. The welds are in
an area next to the flange where there is no buckling problem, and no
reduction in allowable load is applied to them. From a design standpoint,
these welds may be very small; their actual size sometimes is determined
by the minimum size allowed by the thickness of the flange plate, in order
to ensure the proper slow cooling rate of the weld on the heavier plate.
General Rules about Horizontal Shear Aside from joining the
flanges and web of a beam, or transmitting any unusually high force
between the flange and web at right angles to the assembly (e.g., bearing supports, lifting lugs), the weld between flange and web serves to
transmit the horizontal shear forces; the weld size is determined by the
magnitude of the shear forces. In the analysis of a beam, a shear diagram is useful to depict the amount and location of welding required
between the flange and web (Fig. 13.3.22).
Figure 13.3.22 shows that (1) members with applied transverse loads
are subject to bending moments; (2) changes in bending moments cause
horizontal shear forces; and (3) horizontal shear forces require welds to
transmit them between the flange and web of the beam.
NOTE: (1) Shear forces occur only when the bending moment is changing. (2) It is quite possible for portions of a beam to have little or no

Vay
In

lb/lin in

where f ' force on weld, lb/lin in; V ' total shear on section at a given
position along beam, lb; a ' area of flange held by weld, in2; y '
distance between center of gravity of flange area and neutral axis of
whole section, in; I ' moment of inertia of whole section, in4; and n '
number of welds joining flange to web.
Locate Welds at Point of Minimum Stress In Fig. 13.3.24a, shear
force is high because the weld lies on the neutral axis of the section,
where the horizontal shear force is maximum. In Fig. 3.3.24b, the shear
force is resisted by the channel webs, not the welds. In this last case, the
shear formula above does not enter into consideration; for the configuration in Fig. 13.3.24b, full-penetration welds are not required.
Determine Length and Spacing of Intermittent Welds If intermittent fillet welds are used, read the weld size as a decimal and divide this
by the actual size used. Expressed as a percentage, this will give the

Fig. 13.3.23 Area of flange held by weld.

Fig. 13.3.22 Shear and moment diagrams.

Fig. 13.3.24 Design options for placement of welds. (a) Welds at neutral axis;
(b) welds at outer fibers.
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Table 13.3.3 Length and Spacing of
Intermittent Welds
Continuous
weld, %
75
66
60
57
50
44
43
40
37
33
30
25
20
16

Length of intermittent welds and
distance between centers, in
—
—
—
—
2–4
—
—
2–5
—
2–6
—
2–8
2–10
2–12

3–4
—
3–5
—
3–6
—
3–7
—
3–8
3–9
3–10
3–12
—
—

—
4–6
—
4–7
4–8
4–9
—
4–10
—
4–12
—
—
—
—

length of weld to be used per unit length. For convenience, Table 13.3.3
lists various intermittent weld lengths and distances between centers for
given percentages of continuous welds; or
%5

calculated leg size scontinuousd
actual leg size used sintermittentd

Connections Subject to Bending or Twisting The problem here is
to determine the properties of the welded connection in order to check
the stress in the weld without first knowing its leg size. One approach
suggests assuming a certain weld leg size and then calculating the stress
in the weld to see if it is over- or understressed. If the result is too far
off, the assumed weld leg size is adjusted, and the calculations repeated.
This iterative method has the following disadvantages:
1. A decision must be made as to throat section size to be used to
determine the property of the weld. Usually some objection can be
raised to any throat section chosen.
2. The resulting stresses must be combined, and for several types of
loading, this can become rather complicated.
Proposed Method The following is a simple method used to determine the correct amount of welding required to provide adequate
strength for either a bending or a torsion load. In this method, the weld
is treated as a line, having no area but having a definite length and cross
section. This method offers the following advantages:
1. It is not necessary to consider throat areas.
2. Properties of the weld are easily found from a table without
knowledge of weld leg size.
3. Forces are considered per unit length of weld, rather than converted
to stresses. This facilitates dealing with combined-stress problems.
4. Actual values of welds are given as force per unit length of weld
instead of unit stress on throat of weld.
Visualize the welded connection as a line (or lines), following the
same outline as the connection but having no cross-sectional area. In
Fig. 13.3.25, the desired area of the welded connection Aw can be represented by just the length of the weld. The stress on the weld cannot be
determined unless the weld size is assumed; but by following the proposed procedure which treats the weld as a line, the solution is more
direct, is much simpler, and becomes basically one of determining the
force on the weld(s).
Use Standard Formulas to Find Force on Weld Treat the weld as a
line. By inserting this property of the welded connection into the standard
design formula used for a particular type of load (Table 13.3.4a), the unit
force on the weld is found in terms of pounds per lineal inch of weld.
Normally, use of these standard design formulas results in a unit
stress, lb/in2, but with the weld treated as a line, these formulas result in
a unit force on the weld, in lb/lin in.
For problems involving bending or twisting loads, Table 13.3.4c is
used. It contains the section modulus Sw and polar moment of inertia Jw
of some 13 typical welded connections with the weld treated as a line.

Fig. 13.3.25 Treating the weld as a line.

For any given connection, two dimensions are needed: width b and
depth d. Section modulus Sw is used for welds subjected to bending;
polar moment of inertia Jw for welds subjected to twisting. Section
modulus Sw in Table 13.3.4c is shown for symmetric and unsymmetric
connections. For unsymmetric connections, Sw values listed differentiate between top and bottom, and the forces derived therefrom are specific to location, depending on the value of Sw used.
When one is applying more than one load to a welded connection,
they are combined vectorially, but must occur at the same location on
the welded joint.
Use Allowable Strength of Weld to Find Weld Size Weld size is
obtained by dividing the resulting unit force on the weld by the allowable strength of the particular type of weld used, obtained from Table
13.3.5 (steady loads) or Table 13.3.6 (fatigue loads). For a joint which
has only a transverse load applied to the weld (either fillet or butt weld),
the allowable transverse load may be used from the applicable table. If
part of the load is applied parallel (even if there are transverse loads in
addition), the allowable parallel load must be used.
Applying the System to Any Welded Connection

1. Find the position on the welded connection where the combination of forces will be maximum. There may be more than one which
must be considered.
2. Find the value of each of the forces on the welded connection at
this point. Use Table 13.3.4a for the standard design formula to find the
force on the weld. Use Table 13.3.4c to find the property of the weld
treated as a line.
3. Combine (vectorially) all the forces on the weld at this point.
4. Determine the required weld size by dividing this value (step 3)
by the allowable force in Table 13.3.5 or 13.3.6.
Sample Calculations Using This System The example in Fig.
13.3.26 illustrates the application of this procedure.
Summary

The application of the following guidelines will ensure effective welded
connections:
1. Properly select weld type.
2. Use CJP groove welds only where loading criteria mandate.
3. Consider the cost of joint preparation vs. welding time when you
select groove weld details.
4. Double-sided joints reduce the amount of weld metal required.
Verify welder access to both sides and that the double-sided welds will
not require overhead welding.
5. Use intermittent fillet welds where continuous welds are not
required.
6. On corner joints, prepare the thinner member.
7. Strive to obtain good fit-up and do not overweld.
8. Orient welds and joints to facilitate flat and horizontal welding
wherever possible.
9. Use the minimum amount of filler metal possible in a given joint.
10. Always ensure adequate access for the welder, welding apparatus, and inspector.
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Allowable Fatigue Strength of Welds

The performance of a weld under cyclic stress is an important consideration, and applicable specifications have been developed following
extensive research by the American Institute of Steel Construction
(AISC). Although sound weld metal has about the same fatigue strength
as unwelded metal, the change in section induced by the weld may
lower the fatigue strength of the welded joint. In the case of a CJP
groove weld, reinforcement, any undercut, incomplete penetration, or a
crack will act as a notch; the notch, in turn, is a stress raiser which
results in reduced fatigue strength. A fillet weld used in lap or tee joints
provides an abrupt change in section; that geometry introduces a stress
raiser and results in reduced fatigue strength.
The initial AISC research was directed toward bridge structure components; Table 13.3.6 illustrates a few such combinations. Similar
details arise with other classes of fabricated metal products subjected to
repeated loading, such as presses, transportation equipment, and material handling devices. The principles underlying fatigue performance
are relatively independent of a particular application, and the data
Table 13.3.4

shown can be applied to the design of weldments other than for bridge
construction.
Table 13.3.6 is abstracted from an extensive tabulation in the AISC
“Manual of Steel Construction,” 9th ed. The table also lists the variation
of allowable range of stress vs. number of stress cycles for cyclic loading. A detailed discussion of the solution of fatigue-loaded welded
joints is beyond the scope of this section. The reader is referred to the
basic reference cited above and to the references at the head of this section in pursuing the procedures recommended to solve problems involving welded assemblies subjected to fatigue loads.
Figure 13.3.27 is a modified Goodman diagram for a CJP groove butt
weld with weld reinforcement left on. The category is C, and the life is
500,000 to 2 million cycles (see Table 13.3.6). The vertical axis shows
maximum stress smax , and the horizontal axis shows minimum stress
smin , either positive or negative. A steady load is represented by the 45%
line to the right, and a complete reversal by the 45% line to the left. The
region to the right of the vertical line (K ' 0) represents tensile loading. The fatigue formulas apply to welded butt joints in plates or other

Treating a Weld as a Line
Type of loading

Standard
design formula

Treating the
weld as a line

Stress lb/in2

Force, lb/in

Primary welds transmit entire load at this point
Tension or compression

s5

P
A

f5

P
Aw

Vertical shear

s5

V
A

f5

V
Aw

Bending

s5

M
S

f5

M
Sw

Twisting

s5

TC
J

f5

TC
Jw

Secondary welds hold section together—low stress
Horizontal shear

t5

Torsion horizontal shear*

t5

VAy
It

T
2At

f5

f5

VAy
In

T
2A

A ' area contained within median line.
* Applies to closed tubular section only.
(a) Design formulas used to determine forces on a weld
b ' width of connection, in
d ' depth of connection, in
A ' area of flange material held by welds in
horizontal shear, in2
y ' distance between center of gravity of flange
material and N.A. of whole section, in
I ' moment of inertia of whole section, in.4
C ' distance of outer fiber, in
t ' thickness of plate, in
J ' polar moment of inertia of section, in.4
P ' tensile or compressive load, lb
V ' vertical shear load, lb

M ' bending moment, in ? lb
T ' twisting moment, in ? lb
Aw ' length of weld, in
Sw ' section modulus of weld, in2
Jw ' polar moment of inertia of weld, in3
Nx ' distance from x axis to face
Ny ' distance from y axis to face
S ' stress in standard design formula, lb/in2
f ' force in standard design formula when weld is
treated as a line, lb/in
n ' number of welds
(b) Definition of terms
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Table 13.3.4

Treating a Weld as a Line (Continued)

Outline of welded joint
b ' width
d ' depth

Bending
(about horizontal axis x
2

Twisting

x)
3

Jw 5

d
12

d2
3

Jw 5

ds3b 2 1 d 2d
6

Sw ' bd

Jw 5

b 3 1 3bd 2
6

Sw 5

d
6

Sw 5

Sw 5

in2

d 2 s4b 1 d d
4bd 1 d 2
5
6
6s2b 1 d d
top
bottom

Sw 5 bd 1

Sw 5

d2
6

d 2 s2b 1 dd
2bd 1 d 2
5
3
3sb 1 dd
top
bottom

Sw 5 bd 1

d2
3

Jw 5

Jw 5

sb 1 2dd3
d 2 sb 1 dd2
2
12
b 1 2d

Jw 5

sb 1 dd3
6

sb 1 2dd3
d 2 sb 1 dd2
2
12
b 1 2d

Jw 5

Sw 5

4bd 1 d 2
4bd 2 1 d 3
5
3
6b 1 3d

Jw 5

Sw 5

d2
3

pd 2
4

Iw 5

pd
2

¢D 2 1

d2
≤
2

Iw
Sw 5 c
where c 5

d 3 s4b 1 dd
6sb 1 dd

1

b3
6

bottom

d2
3

Sw 5 2bd 1

12sb 1 dd

s2b 1 dd3
b 2 sb 1 dd2
2
12
2b 1 d

d 2 s2b 1 d d
2bd 1 d 2
5
3
3sb 1 d d
top
bottom

Sw 5 bd 1

sb 1 dd4 2 6b 2d 2

Jw 5

Sw 5

top

in3

2D 2 1 d 2
2

(c) Properties of welded connections

Jw 5

b 3 1 3bd 2 1 d 3
6

Jw 5

2b 3 1 6bd 2 1 d 3
6

Jw 5

pd 3
4
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Table 13.3.5a

Allowable Stresses on Weld Metal

Type of weld stress

Permissible stress*

Required strength level†‡

Complete penetration groove welds
Tension normal to effective throat

Same as base metal

Matching weld metal must be used. See table
below.

Compression normal to effective throat

Same as base metal

Weld metal with a strength level equal to or one
classification (10 ksi) less than matching weld
metal may be used.

Tension or compression parallel to axis of weld

Same as base metal

Shear on effective throat

0.30 ( nominal tensile strength of weld metal
(ksi) except stress on base metal shall not exceed
0.40 ( yield stress of base metal

Compression normal to effective throat

Designed not to bear—0.50 ( nominal tensile
strength of weld metal (ksi) except stress on base
metal shall not exceed 0.60 ( yield stress of
base metal

Tension or compression parallel to axis of weld§

Same as base metal

Shear parallel to axis of weld

0.30 ( nominal tensile strength of weld metal
(ksi) except stress on base metal shall not exceed
0.40 ( yield stress of base metal

Tension normal to effective throat¶

0.30 ( nominal tensile strength of weld metal
(ksi) except stress on base metal shall not exceed
0.60 ( yield stress of base metal

Stress on effective throat, regardless of direction
of application of load

0.30 ( nominal tensile strength of weld metal
(ksi) except stress on base metal shall not exceed
0.40 ( yield stress of base metal

Tension or compression parallel to axis of weld

Same as base metal

Shear parallel to faying surfaces

0.30 ( nominal tensile strength of weld metal
(ksi) except stress on base metal shall not exceed
0.40 ( yield stress of base metal

Weld metal with a strength level equal to or less
than matching weld metal may be used.

Partial penetration groove welds

Designed to bear. Same as base metal
Weld metal with a strength level equal to or less
than matching weld metal may be used.

Fillet welds§
Weld metal with a strength level equal to or less
than matching weld metal may be used

Plug and slot welds
Weld metal with a strength level equal to or less
than matching weld metal may be used

* For matching weld metal, see AISC Table 1.17.2 or AWS Table 4.1.1 or table below.
† Weld metal, one strength level (10 ksi) stronger than matching weld metal may be used when using alloy weld metal on A242 or A588 steel to match corrosion resistance or coloring characteristics (Note 3 of Table 4.1.4 or AWS D1.1).
‡ Fillet welds and partial penetration groove welds joining the component elements of built-up members (ex. flange to web welds) may be designed without regard to the axial tensile or compressive stress applied to them.
§ Cannot be used in tension normal to their axis under fatigue loading (AWS 2.5). AWS Bridge prohibits their use on any butt joint (9.12.1.1), or any splice in a tension or compression member
(9.17), or splice in beams or girders (9.21), however, are allowed on corner joints parallel to axial force of components of built-up members (9.12.1.2 (2). Cannot be used in girder splices (AISC
1.10.8).
¶ AWS D1.1 Section 9 Bridges–reduce above permissible stress allowables of weld by 10%.
SOURCE: Abstracted from AISC and AWS data, by permission. Footnotes refer to basic AWS documents as indicated.

Table 13.3.5b
Weld metal
Type of steel

Matching Filler and Base Metals*
60 or 70
A36; A53, Gr. B; A106, Gr. B; A131,
Gr. A, B, C, CS, D, E; A139, Gr.
B; A381, Gr. Y35; A500, Gr. A, B;
A501; A516, Gr. 55, 60; A524, Gr.
I, II; A529; A570, Gr. D.E; A573,
Gr. 65; A709, Gr. 36; API 5L, Gr.
B; API 5LX Gr. 42; ABS, Gr. A,
B, D, CS, DS, E

70
A131, Gr. AH32, DH32, EH32,
AH36, DH36, EH36; A242; A441;
A516, Gr. 65; 70; A537, Class 17;
A572, Gr. 42, 45, 50, 55; A588 (4 in
and under); A595, Gr. A, B, C;
A606; A607, Gr. 45, 50, 55; A618;
A633, Gr. A, B, C, D (21⁄2 in and
under); A709, Gr. 50, 50W; API 2H;
ABS Gr. AH32, DH32, EH32,
AH36, DH36, EH36.

80

100

110

A572, Gr. 60, 65;
A537, Class 2;
A63, Gr. E

A514 [over 21⁄2
in (63 mm)];
A709, Gr. 100,
100W [21⁄2 to
4 in (63 to 102
mm)]

A514 [21⁄2 in (63
mm) and
under]; A517;
A709, Gr. 100,
100W [21⁄2 in
(63 mm) and
under]

* Abstracted from AISC and AWS data, by permission

joined members. The region to the left of this line represents cycles
going into compressive loading.
The fatigue formulas are meant to reduce the allowable stress as
cyclic loads are encountered. The resulting allowable fatigue stress
should not exceed the usual steady load allowable stress. For this reason, these fatigue curves are cut off with horizontal lines representing

the steady load allowable stress for the particular type of steel used. In
Fig. 13.3.27, A36 steel with E60 or E70 weld metal is cut off at 22 ksi;
A441 steel with E70 weld metal at 30 ksi; and A514 with E110 weld
metal at either 54 or 60 ksi, depending on plate thickness.
Figure 13.3.28 is a modification of Fig. 13.3.27, where the horizontal
axis represents the range K of the cyclic stress. Here, two additional
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Table 13.3.6
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AISC Fatigue Allowable Stresses for Cyclic Loading

Base metal–no attachments–rolled or clean
surfaces
(A)

Base metal–built-up plates or shapes–connected
by continuous complete penetration groove welds
or fillet welds–without attachments. Note: don’t
use this as a fatigue allowable for the fillet weld
to transfer a load. See (F) for that case.

Base metal and weld metal at full penetration
groove welds–changes thickness or width not to
exceed a slope of 1 in 21⁄2 (22%). Ground flush and
inspected by radiography or ultrasound (B).
For 514 steel (B,)

(B)

Base metal and weld metal at full penetration
groove welds–changes in thickness or width not
to exceed a slope of 1 in 21⁄2 (22%). Weld reinforcement not removed inspected by radiography or
ultrasound.

2 " a " 12b or 4 in
a # 12b or 4 in when b ! 1 in
a # 12b or 4 in when b # 1 in

(C)

Weld metal of continuous or intermittent longitudinal or transverse fillet welds

Longitudinal loading
Base metal–full penetration groove weld
Weld termination ground smooth
Weld reinforcement not removed
Not necessarily equal thickness

(F)
(D)
(E)
(E,)

Allowable Stress Range, ssr ksi
Category

20,000 to
100,000 ,

100,000 to
500,000 ,

500,000 to
2 ( 106 ,

Over
2 ( 106 ,

A
B
B,
C
D
E
E,
F

63
49
39
35
28
22
16
15

37
29
23
21
16
13
9
12

24
18
15
13
10
8
6
9

24
16
12
10 (Note 1)
7
5
3
8

NOTE 1: Flexural stress range of 12 ksi permitted at toe of stiffener welds on flanges.
Allowable fatigue stress:
ssr
for normal stress s
smax 5
12K

tmax 5

tsr
12K

for shear stress t

but shall not exceed steady allowables
smax or tmax 5 maximum allowable fatigue stress
ssr or tsr 5 allowable range of stress from table above
smin
Fmin
tmin
M min
Vmin
K5s
5
5t
5
5
M max
Fmax
Vmax
max
max
where S ' shear, T ' tension, R ' reversal, M ' stress in metal, and W ' stress in weld.
SOURCE: Abstracted from AISC “Manual of Steel Construction,” 9th ed., by permission.

strength levels of weld metal have been added—E80 and E90—along with
equivalent strength levels of steel. Note that for a small range in stress of
K ' 0.6 to 1.0, higher-strength welds and steels show increased allowable
fatigue stress. However, as the stress range increases—lower values of
K—the increase is not as great, and below K ' * 0.35 all combinations
of weld and steel strengths exhibit the same allowable fatigue stress.

Figure 13.3.29 represents the same welded joint as in Fig. 13.3.28, but
with a lower life of 20,000 to 100,000 cycles. Here, the higher-strength
welds and steels have higher allowable fatigue stresses and over a wider
range. A conclusion can be drawn that the wider the range of cycling, the
less useful the application of a high-strength steel. When there is a complete
stress reversal, there is not much advantage in using a high-strength steel.
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Fig. 13.3.26 Sample problem: Find the fillet weld size required for the connection shown.

Fig. 13.3.27 Modified Goodman diagram for butt weld. [Butt weld and plate, weld reinforcement left on. Category C;
500,000 to 2,000,000 cycles (see Table 13.3.6).]

BASE METALS FOR WELDING
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Fig. 13.3.28 Fatigue allowable for groove weld. [Butt weld and plate, weld reinforcement left on. Category C; 500,000
to 2,000,000 cycles (see Table 13.3.6).]

Fig. 13.3.29 Fatigue allowable for groove weld. [Butt weld and plate, weld reinforcement left on. Category C; 20,000
to 100,000 cycles (see Table 13.3.6).]
BASE METALS FOR WELDING
Introduction

When one is considering welding them, the nature of the base metals
must be understood and recognized, i.e., their chemical composition,
mechanical properties, and metallurgical structure. Cognizance of the
mechanical properties of the base metal will guide the designer to ensure

that the weld metal deposited will have properties equal to those of the
base metal; knowledge of the chemical composition of the base metal
will affect the selection of the filler metal and/or electrode; finally, the
metallurgical structure of the base metal as it comes to the welding operation (hot-worked, cold-worked, quenched, tempered, annealed, etc.)
will affect the weldability of the metal and, if it is weldable, the degree
to which the final properties are as dictated by design requirements.
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Welding specifications may address these matters, and base metal suppliers can provide additional data as to the weldability of the metal.
In some cases, the identity of the base metal is absolutely not known.
To proceed to weld such metal may prove disastrous. Identification may
be aided by some general characteristics which may be self-evident:
carbon steel (oxide coating) vs. stainless steel (unoxidized); brush-finished
aluminum (lightweight) vs. brush-finished Monel metal (heavy); etc.
Ultimately, it may become necessary to subject the unknown metal to
chemical, mechanical, and other types of laboratory tests to ascertain its
exact nature.
Steel
Low-Carbon Steels (Carbon up to 0.30 percent) Steels in this class
are readily welded by most arc and gas processes. Preheating is unnecessary unless parts are very heavy or welding is performed below 32%F
(0%C). Torch-heating steel in the vicinity of welding to 70%F (21%C) offsets
low temperatures. Postheating is necessary only for important structures
such as boilers, pressure vessels, and piping. GTAW is usable only on
killed steels; rimmed steels produce porous, weak welds. Resistance
welding is readily accomplished if carbon is below 0.20 percent; higher
carbon requires heat-treatment to slow the cooling rate and avoid hardness. Brazing with BAg, BCu, and BCuZn filler metals is very successful.
Medium-Carbon Steels (Carbon from 0.30 to 0.45 percent) This
class of steel may be welded by the arc, resistance, and gas processes.
As the rapid cooling of the metal in the welded zone produces a harder
structure, it is desirable to hold the carbon as near 0.30 percent as possible. These hard areas are proportionately more brittle and difficult to
machine. The cooling rate may be diminished and hardness decreased
by preheating the metal to be welded above 300%F (149%C) and preferably to 500%F (260%C). The degree of preheating depends on the thickness of the section. Subsequent heating of the welded zone to 1,100 to
1,200%F (593 to 649%C) will restore ductility and relieve thermal strains.
Brazing may also be used, as noted for low-carbon steels above.
High-Carbon Steels (Carbon from 0.45 to 0.80 percent) These
steels are rarely welded except in special cases. The tendency for the
metal heated above the critical range to become brittle is more pronounced than with lower- or medium-carbon steels. Thorough preheating of metal, in and near the welded zone, to a minimum of 500%F is
essential. Subsequent annealing at 1,350 to 1,450%F (732 to 788%C) is
also desirable. Brazing is often used with these steels, and is combined
with the heat treatment cycle.
Low-Alloy Steels The weldability of low-alloy steels is dependent
upon the analysis and the hardenability, those exhibiting low hardenability being welded with relative ease, whereas those of high hardenability
requiring preheating and postheating. Sections of 1⁄4 in (6.4 mm) or less
may be welded with mild-steel filler metal and may provide joint strength
approximating base metal strength by virtue of alloy pickup in the weld
metal and weld reinforcement. Higher-strength alloys require filler metals with mechanical properties matching the base metal. Special alloys
with creep-resistant or corrosion-resistant properties must be welded with
filler metals of the same chemical analysis. Low-hydrogen-type electrodes
(either mild- or alloy-steel analyses) permit the welding of alloy steels,
minimizing the occurrence of underhead cracking.
Stainless Steel
Stainless steel is an iron-base alloy containing upward of 11 percent

chromium. A thin, dense surface film of chromium oxide which forms
on stainless steel imparts superior corrosion resistance; its passivated
nature inhibits scaling and prevents further oxidation, hence the appellation “stainless.” (See Sec. 6.2.)
There are five types of stainless steels, and depending on the amount
and kind of alloying additions present, they range from fully austenitic
to fully ferritic. Most stainless steels have good weldability and may be
welded by many processes, including arc welding, resistance welding,
electron and laser beam welding, and brazing. With any of these, the
joint surfaces and any filler metal must be clean.
The coefficient of thermal expansion for the austenitic stainless steels
is 50 percent greater than that of carbon steel; this must be taken into

account to minimize distortion. The low thermal and electrical
conductivity of austenitic stainless steel is generally helpful. Low welding heat is required because the heat is conducted more slowly from the
joint, but low thermal conductivity results in a steeper thermal gradient
and increases distortion. In resistance welding, lower current is used
because electric resistivity is higher.
Ferritic Stainless Steels Ferritic stainless steels contain 11.5 to
30 percent Cr, up to 0.20 percent C, and small amounts of ferrite stabilizers, such as Al, Nb, Ti, and Mo. They are ferritic at all temperatures,
do not transform to austenite, and are not hardenable by heat treatment.
This group includes types 405, 409, 430, 442, and 446. To weld ferritic
stainless steels, filler metals should match or exceed the Cr level of the
base metal.
Martensitic Stainless Steels Martensitic stainless steels contain
11.4 to 18 percent Cr, up to 1.2 percent C, and small amounts of Mn and
Ni. They will transform to austenite on heating and, therefore, can be
hardened by formation of martensite on cooling. This group includes
types 403, 410, 414, 416, 420, 422, 431, and 440. Weld cracks may
appear on cooled welds as a result of martensite formation. The Cr and
C content of the filler metal should generally match these elements in
the base metal. Preheating and interpass temperature in the 400 to
600%F range is recommended for welding most martensitic stainless
steels. Steels with over 0.20 percent C often require a postweld heat
treatment to avoid weld cracking.
Austenitic Stainless Steels Austenitic stainless steels contain 16 to
26 percent Cr, 10 to 24 percent Ni and Mn, up to 0.40 percent C, and small
amounts of Mo, Ti, Nb, and Ta. The balance between Cr and Ni * Mn is
normally adjusted to provide a microstructure of 90 to 100 percent austenite. These alloys have good strength and high toughness over a wide temperature range, and they resist oxidation to over 1,000%F. This group
includes types 302, 304, 310, 316, 321, and 347. Filler metals for these
alloys should generally match the base metal, but for most alloys should
also provide a microstructure with some ferrite to avoid hot cracking. Two
problems are associated with welding austenitic stainless steels: sensitization of the weld-heat-affected zone and hot cracking of weld metal.
Sensitization is caused by chromium carbide precipitation at the
austenitic grain boundaries in the heat-affected zone when the base
metal is heated to 800 to 1,600%F. Chromium carbide precipitates
remove chromium from solution in the vicinity of the grain boundaries,
and this condition leads to intergranular corrosion. The problem can be
alleviated by using low-carbon stainless-steel base metal (types 302L,
316L, etc.) and low-carbon filler metal. Alternately, there are stabilized
stainless-steel base metals and filler metals available which contain
alloying elements that react preferentially with carbon, thereby not
depleting the chromium content in solid solution and keeping it available for corrosion resistance. Type 321 contains titanium and type 347
contains niobium and tantalum, all of which are stronger carbide formers than chromium.
Hot cracking is caused by low-melting-point metallic compounds of
sulfur and phosphorus which penetrate grain boundaries. When present
in the weld metal or heat-affected zone, they will penetrate grain boundaries and cause cracks to appear as the weld cools and shrinkage stresses
develop. Hot cracking can be prevented by adjusting the composition of
the base metal and filler metal to obtain a microstructure with a small
amount of ferrite in the austenite matrix. The ferrite provides ferriteaustenite boundaries which control the sulfur and phosphorus compounds and thereby prevent hot cracking.
Precipitation-Hardening Stainless Steels Precipitation-hardening
(PH) stainless steels contain alloying elements such as aluminum which
permit hardening by a solution and aging heat treatment. There are three
categories of PH stainless steels: martensitic, semiaustenitic, and
austenitic. Martensitic PH stainless steels are hardened by quenching from
the austenitizing temperature (around 1,900%F) and then aging between
900 and 1,150%F. Semiaustenitic PH stainless steels do not transform to
martensite when cooled from the austenitizing temperature because the
martensite transformation temperature is below room temperature.
Austenitic PH stainless steels remain austenitic after quenching from the
solution temperature, even after substantial amounts of cold work.

SAFETY

If maximum strength is required of martensitic PH and semiaustenitic
PH stainless steels, matching, or nearly matching, filler metal should be
used, and before welding, the work pieces should be in the annealed or
solution-annealed condition. After welding, a complete solution heat
treatment plus an aging treatment is preferred. If postweld solution treatment is not feasible, the components should be solution-treated before
welding and then aged after welding. Thick sections of highly restrained
parts are sometimes welded in the overaged condition. These require a
full heat treatment after welding to attain maximum strength properties.
Austenitic PH stainless steels are the most difficult to weld because
of hot cracking. Welding is preferably done with the parts in solutiontreated condition, under minimum restraint and with minimum heat
input. Filler metals of the Ni-Cr-Fe type, or of conventional austenitic
stainless steel, are preferred.
Duplex Stainless Steels Duplex stainless steels are the most recently
developed type of stainless steel, and they have a microstructure of
approximately equal amounts of ferrite and austenite. They have advantages over conventional austenitic and ferritic stainless steels in that they
possess higher yield strength and greater stress corrosion cracking resistance. The duplex microstructure is attained in steels containing 21 to
25 percent Cr and 5 to 7 percent Ni by hot-working at 1,832 to 1,922%F,
followed by water quenching. Weld metal of this composition will be
mainly ferritic because the deposit will solidify as ferrite and will transform only partly to austenite without hot working or annealing. Since hotworking or annealing most weld deposits is not feasible, the metal composition filler is generally modified by adding Ni (to 8 to 10 percent); this
results in increased amounts of austenite in the as-welded microstructure.
Cast Iron

Even though cast iron has a high carbon content and is a relatively brittle and rigid material, welding can be performed successfully if proper
precautions are taken. Optimum conditions for welding include the following: (1) A weld groove large enough to permit manipulation of the
electrode or the welding torch and rod. The groove must be clean and
free of oil, grease, and any foreign material. (2) Adequate preheat,
depending on the welding process used, the type of cast iron, and the
size and shape of the casting. Preheat temperature must be maintained
throughout the welding operation. (3) Welding heat input sufficient for
a good weld but not enough to superheat the weld metal; i.e., welding
temperature should be kept as low as practicable. (4) Slow cooling after
welding. Gray iron may be enclosed in insulation, lime, or vermiculite.
Other irons may require postheat treatment immediately after welding
to restore mechanical properties. ESt and ENiFe identify electrodes of
steel and of a nickel-iron alloy. Many different welding processes have
been used to weld cast iron, the most common being manual shielded
metal-arc welding, gas welding, and braze welding.
Aluminum and Aluminum Alloys
(See Sec. 6.4.)

The properties that distinguish the aluminum alloys from other metals
determine which welding processes can be used and which particular
procedures must be followed for best results. Among the welding
processes that can be used, choice is further dictated by the requirements of the end product and by economic considerations.
Physical properties of aluminum alloys that most significantly affect
all welding procedures include low-melting-point range, approx 900 to
1,215%F (482 to 657%C), high thermal conductivity (about two to four
times that of mild steel), high rate of thermal expansion (about twice
that of mild steel), and high electrical conductivity (about 3 to 5 times
that of mild steel). Interpreted in terms of welding, this means that,
when compared with mild steel, much higher welding speeds are
demanded, greater care must be exercised to avoid distortion, and for
arc and resistance welding, much higher current densities are required.
Aluminum alloys are not quench-hardenable. However, weld cracking may result from excessive shrinkage stresses due to the high rate of
thermal contraction. To offset this tendency, welding procedures, where
possible, require a fast weld cycle and a narrow-weld zone, e.g., a highly
concentrated heat source with deep penetration, moving at a high rate
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of speed. Shrinkage stresses can also be reduced by using a filler metal
of lower melting point than the base metal. The filler metal ER4043
is often used for this purpose.
Welding procedures also call for the removal of the thin, tough, transparent film of aluminum oxide that forms on and protects the surface of
these alloys. The oxide has a melting point of about 3,700%F (2,038%C)
and can therefore exist as a solid in the molten weld. Removal may be
by chemical reduction or by mechanical means such as machining,
filing, rubbing with steel wool, or brushing with a stainless-steel wire
brush. Most aluminum is welded with GTAW or GMAW. GTAW usually uses alternating current, with argon as the shielding gas. The power
supply must deliver high current with balanced wave characteristics, or
deliver high-frequency current. With helium, weld penetration is deeper,
and higher welding speeds are possible. Most welding, however, is done
using argon because it allows for better control and permits the welder
to see the weld pool more easily.
GMAW employs direct current, electrode positive in a shielding gas
that may be argon, helium, or a mixture of the two. In this process, the
welding arc is formed by the filler metal, which serves as the electrode.
Since the filler metal is fed from a coil as it melts in the arc, some arc
instability may arise. For this reason, the process does not have the
same precision as the GTAW process for welding very thin gages.
However, it is more economical for welding thicker sections because of
its higher deposition rates.
Copper and Copper Alloys

In welding commercially pure copper, it is important to select the correct
type. Electrolytic, or “tough-pitch,” copper contains a small percentage
of copper oxide, which at welding heat leads to oxide embrittlement. For
welded assemblies it is recommended that deoxidized, or oxygen-free,
copper be used and that welding rods, when needed, be of the same
analysis. The preferred processes for welding copper are GTAW and
GMAW; manual SMAW can also be used. It is also welded by oxyacetylene method and braze-welded; brazing with brazing filler metals
conforming to BAg, BCuP, and RBCuZn-A classifications is also
employed. The high heat conductivity of copper requires special consideration in welding; generally higher welding heats are necessary together
with concurrent supplementary heating. (See also Sec. 6.4.)
Copper alloys are extensively welded in industry. The specific procedures employed are dependent upon the analysis, and reference should
be made to the AWS Welding Handbook. Filler metals for welding copper and its alloys are covered in AWS specifications.
SAFETY

Welding is safe when sufficient measures are taken to protect the welder
from potential hazards. When these measures are overlooked or
ignored, welders can be subject to electric shock; overexposure to radiation, fumes, and gases; and fires and explosion. Any of these can be
fatal. Everyone associated with welding operations should be aware of
the potential hazards and help ensure that safe practices are employed.
Infractions must be reported to the appropriate responsible authority.
ANSI Z49.1:2005, “Safety in Welding, Cutting, and Allied Process,”
available as a free download from AWS (http://www.aws.org/technical/
facts), should be consulted for information on welding safety. A printed copy is also available for purchase from Global Engineering
Documents (www.global.ihs.com, telephone 1-800-854-7179). From the
same website, a variety of AWS Safety & Health Fact Sheets also can
be downloaded.
NOTE: Oxygen is incorrectly called air in some fabricating shops. Air
from the atmosphere contains only 21 percent oxygen and obviously is different from the 100 percent pure oxygen used for cutting. The unintentional
confusion of oxygen with air has resulted in fatal accidents. When compressed oxygen is inadvertently used to power air tools, e.g., an explosion
can result. While most people recognize that fuel gases are dangerous, the
case can be made that oxygen requires even more careful handling.
Information about welding safety is available from American Welding
Society, P.O. Box 351040, Miami, FL 33135.
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certain rake angle a (positive as shown) and relief angle moves along the
surface of the workpiece at a depth t1. The material ahead of the tool is
sheared continuously along the shear plane, which makes an angle of f
with the surface of the workpiece. This angle is called the shear angle
and, together with the rake angle, determines the chip thickness t2. The
ratio of t1 to t2 is called the cutting ratio r. The relationship between the
shear angle, the rake angle, and the cutting ratio is given by the equation tan f ' r cos a/(1 r sin a). It can readily be seen that the shear
angle is important in that it controls the thickness of the chip. This, in
turn, has great influence on cutting performance. The shear strain that
the material undergoes is given by the equation g ' cot f * tan (f a).
Shear strains in metal cutting are usually less than 5.

INTRODUCTION

Machining processes, which include cutting, grinding, and various nonmechanical chipless processes, are desirable or even necessary for the
following basic reasons: (1) Closer dimensional tolerances, surface
roughness, or surface-finish characteristics may be required than are
available by casting, forming, powder metallurgy, and other shaping
processes; and (2) part geometries may be too complex or too expensive
to be manufactured by other processes. However, machining processes
inevitably waste material in the form of chips, production rates may be
low, and unless carried out properly, the processes can have detrimental
effects on the surface properties and performance of parts.
Traditional machining processes consist of turning, boring, drilling,
reaming, threading, milling, shaping, planing, and broaching, as well as
abrasive processes such as grinding, ultrasonic machining, lapping, and
honing. Advanced processes include electrical and chemical means of
material removal, as well as the use of abrasive jets, water jets, laser
beams, and electron beams. This section describes the principles of
these operations, the processing parameters involved, and the characteristics of the machine tools employed.
BASIC MECHANICS OF METAL CUTTING

The basic mechanics of chip-type machining processes (Fig. 13.4.1) are
shown, in simplest two-dimensional form, in Fig. 13.4.2. A tool with a

Fig. 13.4.2 Basic mechanics of metal cutting process.

Investigations have shown that the shear plane may be neither a plane
nor a narrow zone, as assumed in simple analysis. Various formulas
have been developed which define the shear angle in terms of such factors as the rake angle and the friction angle b. (See Fig. 13.4.3.)
Because of the large shear strains that the chip undergoes, it becomes
hard and brittle. In most cases, the chip curls away from the tool. Among
possible factors contributing to chip curl are nonuniform normal stress
distribution on the shear plane, strain hardening, and thermal effects.
Regardless of the type of machining operation, some basic types of
chips or combinations of these are found in practice (Fig. 13.4.4).
Continuous chips are formed by continuous deformation of the workpiece material ahead of the tool, followed by smooth flow of the chip
along the tool face. These chips ordinarily are obtained in cutting ductile materials at high speeds.
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Fig. 13.4.1 Examples of chip-type machining operations.
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Fig. 13.4.4 Basic types of chips produced in metal cutting: (a) continuous chip with narrow, straight primary shear
zone; (b) secondary shear zone at the tool-chip interface; (c) continuous chip with large primary shear zone; (d) continuous chip with built-up edge; (e) segmented or nonhomogeneous chip, ( f ) discontinuous chip. (Source: After M. C. Shaw.)
Discontinuous chips consist of segments which are produced by fracture of the metal ahead of the tool. The segments may be either loosely
connected to each other or unconnected. Such chips are most often
found in the machining of brittle materials or in cutting ductile materials at very low speeds or low or negative rake angles.
Inhomogeneous (serrated) chips consist of regions of large and small
strain. Such chips are characteristic of metals with low thermal conductivity or metals whose yield strength decreases sharply with temperature. Chips from titanium alloys frequently are of this type.
Built-up edge chips consist of a mass of metal which adheres to the
tool tip while the chip itself flows continuously along the rake face. This
type of chip is often encountered in machining operations at low speeds
and is associated with high adhesion between chip and tool and causes
poor surface finish.
The forces acting on the cutting tool are shown in Fig. 13.4.3. The
resultant force R has two components, Fc and Ft . The cutting force Fc in
the direction of tool travel determines the amount of work done in cutting.
The thrust force Ft does no work but, together with Fc, produces deflections of the tool. The resultant force also has two components on the shear
plane: Fs is the force required to shear the metal along the shear plane,
and Fn is the normal force on this plane. Two other force components also
exist on the face of the tool: the friction force F and the normal force N.
Whereas the cutting force Fc is always in the direction shown in Fig.
13.4.3, the thrust force Ft may be in the opposite direction to that shown
in the figure. This occurs when both the rake angle and the depth of cut
are large, and friction is low.
From the geometry of Fig. 13.4.3, the following relationships can be
derived: The coefficient of friction at the tool-chip interface is given by
m ' (Ft * Fc tan a)/(Fc Ft tan a). The friction force along the tool is
F ' Ft cos a * Fc sin a. The shear stress in the shear plane is
t ' (Fc sin f cos f Ft sin2 f) /A0, where A0 is the cross-sectional area
that is being cut from the workpiece.
The coefficient of friction on the tool face is a complex but important
factor in cutting performance; it can be reduced by such means as the use
of an effective cutting fluid, higher cutting speed, improved tool material
and condition, or chemical additives in the workpiece material.
The net power consumed at the tool is P ' FcV. Since Fc is a function of tool geometry, workpiece material, and process variables, it is
difficult reliably to calculate its value in a particular machining operation. Depending on workpiece material and the condition of the tool,
unit power requirements in machining range between 0.2 hp&min/in3
(0.55 W & s/mm3) of metal removal for aluminum and magnesium
alloys, to 3.5 for high-strength alloys. The power consumed is the product of unit power and rate of metal removal: P ' (unit power)(vol/min).

The power consumed in cutting is transformed mostly to heat. Most
of the heat is carried away by the chip, and the remainder is divided
between the tool and the workpiece. An increase in cutting speed or feed
will increase the proportion of the heat transferred to the chip. It has been
observed that, in turning, the average interface temperature between the
tool and the chip increases with cutting speed and feed, while the influence of the depth of cut on temperature has been found to be limited.
Interface temperatures to the range of 1,500 to 2,000%F (800 to 1,100%C)
have been measured in metal cutting. Generally the use of a cutting fluid
removes heat and thus avoids temperature buildup on the cutting edge.
In cutting metal at high speeds, the chips may become very hot and
cause safety hazards because of long spirals which whirl around and
become entangled with the tooling. In such cases, chip breakers are
introduced on the tool geometry, which curl the chips and cause them
to break into short sections. Chip breakers can be produced on the face
of the cutting tool or insert, or are separate pieces clamped on top of the
tool or insert.
A phenomenon of great significance in metal cutting is tool wear.
Many factors determine the type and rate at which wear occurs on the
tool. The major critical variables that affect wear are tool temperature,
type and hardness of tool material, grade and condition of workpiece,
abrasiveness of the microconstituents in the workpiece material, tool
geometry, feed, speed, and cutting fluid. The type of wear pattern that
develops depends on the relative role of these variables.
Tool wear can be classified as (1) flank wear (Fig. 13.4.5); (2) crater
wear on the tool face; (3) localized wear, such as the rounding of
the cutting edge; (4) chipping or thermal softening and plastic flow of
the cutting edge; (5) concentrated wear resulting in a deep groove at the
edge of a turning tool, known as wear notch.
In general, the wear on the flank or relief side of the tool is the most
dependable guide for tool life. A wear land of 0.060 in (1.5 mm) on highspeed steel tools and 0.015 in (0.4 mm) for carbide tools is usually used as the endpoint. The
cutting speed is the variable which has the
greatest influence on tool life. The relationship
between tool life and cutting speed is given by
the Taylor equation VTn ' C, where V is the
cutting speed; T is the actual cutting time to
develop a certain wear land, min; C is a constant whose value depends on workpiece material and process variables, numerically equal to
the cutting speed that gives a tool life of 1 min;
and n is the exponent whose value depends on
Fig. 13.4.5 Types of
tool wear in cutting.
workpiece material and other process variables.
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The recommended cutting speed for a high-speed steel tool is generally
the one which produces a 60- to 120-min tool life. With carbide tools, a
30- to 60-min tool life may be satisfactory. Values of n typically range
from 0.08 to 0.2 for high-speed steels, 0.1 to 0.15 for cast alloys, 0.2 to
0.5 for uncoated carbides, 0.4 to 0.6 for coated carbides, and 0.5 to 0.7
for ceramics.
When tool-life equations are used, caution should be exercised in
extrapolation of the curves beyond the operating region for which
they are derived. In a log-log plot, tool life curves may be linear over
a short cutting-speed range but are rarely linear over a wide range of
cutting speeds. In spite of the considerable data obtained to date, no
simple formulas can be given for quantitative relationships between
tool life and various process variables for a wide range of materials
and conditions.
An important aspect of machining on computer-controlled equipment is tool-condition monitoring while the machine is in operation with
little or no supervision by an operator. Most state-of-the-art machine
controls are now equipped with tool-condition monitoring systems.
Two common techniques involve the use of (1) transducers that are
installed on the tool holder and continually monitor torque and forces
and (2) acoustic emission through a piezoelectric transducer. In both
methods the signals are analyzed and interpreted automatically for tool
wear or chipping, and corrective actions are taken before any significant
damage is done to the workpiece.
A term commonly used in machining and comprising most of the
items discussed above is machinability. This is best defined in terms of
(1) tool life, (2) power requirement, and (3) surface integrity. Thus, a
good machinability rating would indicate a combination of long tool
life, low power requirement, and a good surface. However, it is difficult to develop quantitative relationships between these variables.
Tool life is considered as the important factor and, in production, is
usually expressed as the number of pieces machined between tool
changes. Various tables are available in the literature that show the
machinability rating for different materials; however, these ratings are
relative. To determine the proper machining conditions for a given
material, refer to the machining recommendations given later in this
section.
The major factors influencing surface finish in machining are (1) the
profile of the cutting tool in contact with the workpiece, (2) fragments
of built-up edge left on the workpiece during cutting, and (3) vibration
and chatter. Improvement in surface finish may be obtained to various
degrees by increasing the cutting speed and decreasing the feed and
depth of cut. Changes in cutting fluid, tool geometry, and tool material
are also important; the microstructure and chemical composition of the
material have great influence on surface finish.
As a result of mechanical working and thermal effects, residual stresses
are generally developed on the surfaces of metals that have been
machined or ground. These stresses may cause warping of the workpiece
as well as affect the resistance to fatigue and stress corrosion. To minimize residual stresses, sharp tools, medium feeds, and medium depths of
cut are recommended.

Table 13.4.1

Because of plastic deformation, thermal effects, and chemical reactions during machining processes, alterations of machined surfaces may
take place which can seriously affect the surface integrity of a part.
Typical detrimental effects may be lowering of the fatigue strength of the
part, distortion, changes in stress-corrosion properties, burns, cracks, and
residual stresses. Improvements in surface integrity may be obtained by
post-processing techniques such as polishing, sanding, peening, finish
machining, and fine grinding.
Vibration in machine tools, a very complex behavior, is often the
cause of premature tool failure or short tool life, poor surface finish,
damage to the workpiece, and even damage to the machine itself.
Vibration may be forced or self-excited. The term chatter is commonly
used to designate self-excited vibrations in machine tools. The excited
amplitudes are usually very high and may cause damage to the
machine. Although there is no complete solution to all types of vibration problems, certain measures may be taken. If the vibration is being
forced, it may be possible to remove or isolate the forcing element
from the machine. In cases where the forcing frequency is near a natural frequency, either the forcing frequency or the natural frequency
may be raised or lowered. Damping will also greatly reduce the
amplitude. Self-excited vibrations are generally controlled by increasing the stiffness and damping of the machine tool. (See also Secs. 3
and 5.)
Good machining practice requires a rigid setup. The machine tool
must be capable of providing the stiffness required for the machining
conditions used. If a rigid setup is not available, the depth of cut must
be reduced. Excessive tool overhang should be avoided, and in milling,
cutters should be mounted as close to the spindle as possible. The length
of end mills and drills should be kept to a minimum. Tools with large
nose radius or with a long, straight cutting edge increase the possibility
of chatter.

CUTTING-TOOL MATERIALS

A wide variety of cutting-tool materials are available. The selection of a
proper material depends on such factors as the cutting operation
involved, the machine to be used, the workpiece material, production
requirements, cost, and surface finish and accuracy desired. The major
qualities required in a cutting tool are (1) hot hardness, (2) resistance
to mechanical impact and thermal shock, (3) wear resistance, and
(4) chemical stability and inertness to the workpiece material being
machined. (See Table 13.4.1 and Figs. 13.4.6 and 13.4.7.)
Materials for cutting tools include high-speed steels, cast alloys,
carbides, ceramics or oxides, cubic boron nitride, and diamond.
Understanding the different types of tool steels (see Sec. 6.2) requires
knowledge of the role of different alloying elements. These elements
are added to (1) obtain greater hardness and wear resistance, (2) obtain
greater impact toughness, (3) impart hot hardness to the steel such that
its hardness is maintained at high cutting temperatures, and (4) decrease
distortion and warpage during heat treating.

Characteristics of Cutting-Tool Materials
Highspeed
steels

Hot hardness
Toughness
Impact strength
Wear resistance
Chipping resistance
Cutting speed
Thermal shock
resistance
Tool material cost

Cast
cobalt
alloys

Carbides

Coated
carbides

Ceramics

increasing
increasing
increasing
increasing
increasing
increasing
increasing
increasing

NOTE: These tool materials have a wide range of compositions and properties; thus overlapping characteristics exist in many categories of tool materials.
SOURCE: After R Komanduri.

Polycrystalline
cubic boron
nitride

Diamond

CUTTING-TOOL MATERIALS
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Carbides have metal carbides as key ingredients and are manufactured by powder-metallurgy techniques. They have the following properties which make them very effective cutting-tool materials: (1) high
hardness over a wide range of temperatures; (2) high elastic modulus,
2 to 3 times that of steel; (3) no plastic flow even at very high stresses;
(4) low thermal expansion; and (5) high thermal conductivity. Carbides
are used in the form of inserts or tips which are clamped or brazed to a
steel shank. Because of the difference in coefficients of expansion,
brazing should be done carefully. The mechanically fastened tool tips
are called inserts (Fig. 13.4.8); they are available in different shapes,
such as square, triangular, circular, and various special shapes.
There are three general groups of carbides in use: (1) tungsten
carbide with cobalt as a binder, used in machining cast irons and nonferrous abrasive metals; (2) tungsten carbide with cobalt as a binder,
plus a solid solution of WC-TiC-TaC-NbC, for use in machining steels;

Shank

Insert

Fig. 13.4.6 Hardness of tool materials as a function of temperature.

Lockpin
Seat

(a)

(b)

Fig. 13.4.8 (a) Insert clamped to shank of a toolholder; (b) insert clamped with
wing lockpins.

Fig. 13.4.7 Ranges of properties of various groups of tool materials.
Carbon forms a carbide with iron, making it respond to hardening and
thus increasing the hardness, strength, and wear resistance. The carbon
content of tool steels ranges from 0.6 to 1.4 percent. Chromium is added to
increase wear resistance and toughness; the content ranges from 0.25 to
4.5 percent. Cobalt is commonly used in high-speed steels to increase hot
hardness so that tools may be used at higher cutting speeds and still
maintain hardness and sharp cutting edges; the content ranges from 5 to
12 percent. Molybdenum is a strong carbide-forming element and increases
strength, wear resistance, and hot hardness. It is always used in conjunction with other alloying elements, and its content ranges to 10 percent.
Tungsten promotes hot hardness and strength; content ranges from 1.25 to
20 percent. Vanadium increases hot hardness and abrasion resistance; in
high-speed steels, it ranges from 1 to 5 percent.
High-speed steels are the most highly alloyed group among tool steels
and maintain their hardness, strength, and cutting edge. With suitable
procedures and equipment, they can be fully hardened with little danger of distortion or cracking. High-speed steel tools are widely used in
operations using form tools, drilling, reaming, end-milling, broaching,
tapping, and tooling for screw machines.
Cast alloys maintain high hardness at high temperatures and have
good wear resistance. Cast-alloy tools, which are cast and ground into
any desired shape, are composed of cobalt (38 to 53 percent), chromium
(30 to 33 percent), and tungsten (10 to 20 percent). These alloys are recommended for deep roughing operations at relatively high speeds and
feeds. Cutting fluids are not necessary and are usually used only to
obtain a special surface finish.

and (3) titanium carbide with nickel and molybdenum as a binder, for
use where cutting temperatures are high because of high cutting speeds
or the high strength of the workpiece material. Carbides are classified
by ISO and ANSI, as shown in Table 13.4.2 which includes recommendations for a variety of workpiece materials and cutting conditions. (See
also Sec. 6.4.)
Coated carbides consist of conventional carbide inserts that are coated
with a thin layer of titanium nitride, titanium carbide, titanium carbonitride, ceramic, polycrystalline diamond, or diamondlike carbon. The
coating provides additional wear resistance while maintaining the
strength and toughness of the carbide tool. Coatings are also applied to
high-speed steel tools, particularly drills and taps. The desirable properties of individual coatings can be combined and optimized by using
multiphase coatings. Carbide tools are now available with, e.g., a layer of
titanium carbide over the carbide substrate, followed by aluminum
oxide and then titanium nitride. Various alternating layers of coatings
are also used, each layer being on the order of 80 to 400 min (2 to 10 mm)
thick.
Stiffness is of great importance when using carbide tools. Light
feeds, low speeds, and chatter are deleterious. No cutting fluid is needed,
but if one is used for cooling, it should be applied in large quantities and
continuously to prevent heating and quenching.
Ceramic, or oxide, inserts consist primarily of fine aluminum oxide
grains which have been bonded together. Minor additions of other elements help to obtain optimum properties.
Other ceramics include silicon nitride, with various additives such as
aluminum oxide, yttrium oxide, and titanium carbide. Silicon-nitridebased ceramics include sialon (from silicon, aluminum, oxygen, and
nitrogen) which has toughness, hot hardness, and good thermal-shock
resistance. More recent developments include whisker-reinforced cutting
tools, with enhanced toughness, cutting-edge strength, and thermalshock resistance. A common whisker material is silicon carbide. Ceramic
tools have very high abrasion resistance, are harder than carbides, and
have less tendency to weld to metals during cutting. However, they generally lack impact toughness, and premature tool failure can result by
chipping or general breakage. Ceramic tools have been found to be
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Table 13.4.2

Classification of Tungsten Carbides According to Machining Applications

ISO
standard

ANSI
classification
no.
(grade)

K30–K40

C1

K20

C2

K10

C3

K01

C4

P30–P50

C5

P20

C6

P10

C7

Light finishing

P01

C8

Precision finishing

Materials
to be
machined
Cast iron, nonferrous
metals, and nonmetallic materials
requiring abrasion
resistance

Machining
operation

Type of
carbide
Wear-resistant grades;
generally straight
WC-Co with varying
grain sizes

Roughing
General purpose

Increasing
cutting speed

Carbide
Increasing
hardness and
wear resistance

Light finishing
Increasing
feed rate

Precision finishing
Steels and steel
alloys requiring
crater and deformation resistance

Characteristics of
Cut

Crater-resistant
grades; various
WC-Co compositions with TiC and/
or TaC alloys

Roughing
General purpose

Increasing
cutting speed

Increasing
feed rate

Increasing
strength and
binder content
Increasing
hardness and
wear resistance

Increasing
strength and
binder content

NOTE: The ISO and ANSI comparisons are approximate.

effective for high-speed, uninterrupted turning operations. Tool and
setup geometry is important. Tool failures can be reduced by the use of
rigid tool mountings and rigid machine tools. Included in oxide cuttingtool materials are cermets (such as 70 percent aluminum oxide and 30
percent titanium carbide), combining the advantages of ceramics and
metals.
Polycrystalline diamond is used where good surface finish and dimensional accuracy are desired, particularly on soft nonferrous materials that
are difficult to machine. The general properties of diamonds are extreme
hardness, low thermal expansion, high heat conductivity, and a very low
coefficient of friction. The polycrystalline diamond is bonded to a carbide substrate. Single-crystal diamond is also used as a cutting tool to produce extremely fine surface finish on nonferrous alloys, such as
copper-base mirrors.
Next to diamond, cubic boron nitride (cBN) is the hardest material
presently available. Polycrystalline cBN is bonded to a carbide substrate and used as a cutting tool. The cBN layer provides very high wear
resistance and edge strength. It is chemically inert to iron and nickel at
elevated temperatures; thus it is particularly suitable for machining
high-temperature alloys and various ferrous alloys. Both diamond and
cBN are also used as abrasives in grinding operations.
CUTTING FLUIDS

Cutting fluids, frequently referred to as lubricants or coolants, comprise
those liquids and gases which are applied to the cutting zone in order to
facilitate the cutting operation. A cutting fluid is used (1) to keep the
tool cool and prevent it from being heated to a temperature at which the
hardness and resistance to abrasion are reduced; (2) to keep the workpiece cool, thus preventing it from being machined in a warped shape
to inaccurate final dimensions; (3) through lubrication to reduce friction
and power consumption, wear on the tool, and generation of heat; (4) to
provide a good finish on the workpiece; (5) to aid in providing a satisfactory chip formation; (6) to wash away the chips (this is particularly
desirable in deep-hole drilling, hacksawing, milling, and grinding); and
(7) to prevent corrosion of the workpiece and machine tool.
Classification Cutting fluids may be classified as follows: (1) emulsions, (2) oils, and (3) solutions (semisynthetics and synthetics). Cutting
fluids are also classified as light-, medium-, and heavy-duty; light-duty
fluids are for general-purpose machining. Induced air blast may be used
with internal and surface grinding and polishing operations. Its main
purpose is to remove the small chips or dust, although some cooling is
also obtained, especially in machining of plastics.

Emulsions consist of a soluble oil emulsified with water in the ratio of
1 part oil to 10 to 100 parts water, depending upon the type of product
and the operation. Emulsions have surface-active or extreme-pressure
additives to reduce friction and provide an effective lubricant film under
high pressure at the tool-chip interface during machining. Emulsions
are low-cost cutting fluids and are used for practically all types of cutting and grinding when machining all types of metals. The more concentrated mixtures of oil and water, such as 1 : 10, are used for
broaching, threading, and gear cutting. For most operations, a solution
of 1 part soluble oil to 20 parts water is satisfactory.
A variety of oils are used in machining. They are used where lubrication rather than cooling is essential or on high-grade finishing cuts,
although sometimes superior finishes are obtained with emulsions.
Oils generally used in machining are mineral oils with the following
compositions: (1) straight mineral oil, (2) with fat, (3) with fat and sulfur,
(4) with fat and chlorine, and (5) with fat, sulfur, and chlorine. The more
severe the machining operation, the higher the composition of the oil.
Broaching and tapping of refractory alloys and high-temperature alloys,
for instance, require highly compounded oils. In order to avoid staining
of the metal, aluminum and copper, for example, inhibited sulfur and
chlorine are used.
Solutions are a family of cutting fluids that blend water and various
chemical agents such as amines, nitrites, nitrates, phosphates, chlorine,
and sulfur compounds. These agents are added for purposes of rust prevention, water softening, lubrication, and reduction of surface tension.
Most of these chemical fluids are coolants but some are lubricants.
The selection of a cutting fluid for a particular operation requires consideration of several factors: cost, the workpiece material, the difficulty
of the machining operation, the compatibility of the fluid with the
workpiece material and the machine tool components, surface preparation, method of application and removal of the fluid, contamination of
the cutting fluid with machine lubricants, and the treatment of the fluid
after use. Also important are the biological and ecological aspects of the
cutting fluid used. There may be potential health hazards to operating
personnel from contact with or inhalation of mist or fumes from some
fluids. Recycling and waste disposal are also important problems to be
considered.
Methods of Application The most common method is flood cooling
in quantities such as 3 to 5 gal/min (about 10 to 20 L/min) for singlepoint tools and up to 60 gal/min (230 L/min) per cutter for multipletooth cutters. Whenever possible, multiple nozzles should be used. In
mist cooling a small jet equipment is used to disperse water-base fluids
as very fine droplets in a carrier that is generally air at pressures 10 to
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80 lb/in2 (70 to 550 kPa). Mist cooling has a number of advantages,
such as providing high-velocity fluids to the working areas, better visibility, and improving tool life in certain instances. The disadvantages
are that venting is required and also the cooling capability is rather
limited.
High-pressure refrigerated coolant systems are very effective in removing heat at high rates, particularly in computer-controlled machine tools.
The fluid is directed generally at the relief angle of the cutting tools and
at pressures as high as 5,000 lb/in2 (35,000 kPa). Continuous filtering
of the fluid is essential to eliminate any damage to workpiece surfaces
due to the impact of any contaminants that may be present in the coolant
system. More recent methods of application include delivering the coolant
to the cutting zone through the tool and the machine spindle.
For economic as well as environmental reasons, an important trend is
near-dry and dry machining. In near-dry machining, the cutting fluid typically consists of a fine mist of air containing a very small amount of
cutting fluid (including vegetable oil) and is delivered through the
machine spindle. Dry machining is carried out without any fluids but
using appropriate cutting tools and processing parameters. Unlike other
methods, however, dry machining cannot flush away the chips being
produced; an effective means to do so is to use pressurized air.
MACHINE TOOLS

The general types of machine tools are lathes; turret lathes; screw, boring,
drilling, reaming, threading, milling, and gear-cutting machines; planers
and shapers; broaching, cutting-off, grinding, and polishing machines.
Each of these is subdivided into many types and sizes. General items
common to all machine tools are discussed first, and individual machining processes and equipment are treated later in this section.
Automation is the application of special equipment to control and perform manufacturing processes with little or no manual effort. It is
applied to the manufacturing of all types of goods and processes, from
the raw material to the finished product. Automation involves many
activities, such as handling, processing, assembly, inspecting, and packaging. Its primary objective is to lower manufacturing cost through controlled production and quality, lower labor cost, reduced damage to
work by handling, higher degree of safety for personnel, and economy
of floor space. Automation may be partial, such as gaging in cylindrical
grinding, or it may be total.
The conditions which play a role in decisions concerning automation
are rising production costs, high percentage of rejects, lagging output,
scarcity of skilled labor, hazardous working conditions, and work
requiring repetitive operation. Factors which must be carefully studied
before deciding on automation are high initial cost of equipment, maintenance problems, and type of product. (See also Sec. 16.)
Mass production with modern machine tools has been achieved
through the development of self-contained power-head production
units and the development of transfer mechanisms. Power-head units,
consisting of a frame, electric driving motor, gearbox, tool spindles,
etc., are available for many types of machining operations. Transfer
mechanisms move the workpieces from station to station by various
methods. Transfer-type machines can be arranged in several configurations, such as a straight line or a U pattern. Various types of
machine tools for mass production can be built from components;
this is known as the building-block principle. Such a system combines
flexibility and adaptability with high productivity. (See machining
centers.)
Numerical control (NC), which is a method of controlling the

motions of machine components by numbers, was first applied to
machine tools in the 1950s. Numerically controlled machine tools are
classified according to the type of cutting operation. For instance, in
drilling and boring machines, the positioning and the cutting take
place sequentially (point to point), whereas in die-sinking machines,
positioning and cutting take place simultaneously. The latter are often
described as continuous-path machines, and since they require more
exacting specifications, they give rise to more complex problems.
Machines now perform over a very wide range of cutting conditions
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without requiring adjustment to eliminate chatter, and to improve
accuracy. Complex contours can be machined which would be almost
impossible by any other method. A large variety of programming systems has been developed.
The control system in NC machines has been converted to computer
control with various software. In computer numerical control (CNC), a
microcomputer is a part of the control panel of the machine tool. The
advantages of computer numerical control are ease of operation, simpler programming, greater accuracy, versatility, and lower maintenance
costs.
Further developments in machine tools are machining centers. This is
a machine equipped with as many as 200 tools and with an automatic
tool changer (Fig. 13.4.9). It is designed to perform various operations
on different surfaces of the workpiece, which is placed on a pallet capable of as much as five-axis movement (three linear and two rotational).
Machining centers, which may be vertical or horizontal spindle, have
flexibility and versatility that other machine tools do not have, and thus
they have become the first choice in machine selection in modern manufacturing plants and shops. They have the capability of tool and part
checking, tool-condition monitoring, in-process and postprocess gaging, and inspection of machined surfaces. Universal machining centers
are the latest development, and they have both vertical and horizontal
spindles. Turning centers are a further development of computercontrolled lathes and have great flexibility. Many centers are now constructed on a modular basis, so that various accessories and peripheral
equipment can be installed and modified depending on the type of product to be machined.

Fig. 13.4.9 Schematic of a horizontal spindle machining center, equipped with
an automatic tool changer. Tool magazines can store 200 different cutting tools.

An approach to optimize machining operations is adaptive control.
While the material is being machined, the system senses operating conditions such as forces, tool-tip temperature, rate of tool wear, and surface finish, and converts these data into feed and speed control that
enables the machine to cut under optimum conditions for maximum
productivity. Combined with numerical controls and computers, adaptive controls are expected to result in increased efficiency of metalworking operations.
With the advent of sophisticated computers and various software, modern manufacturing has evolved into computer-integrated manufacturing
(CIM). This system involves the coordinated participation of computers
in all phases of manufacturing. Computer-aided design combined with
computer-aided manufacturing (CAD/CAM) results in a much higher productivity, better accuracy and efficiency, and reduction in design effort
and prototype development. CIM also involves the management of the
factory, inventory, and labor, and it integrates all these activities, eventually leading to untended factories.
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The highest level of sophistication is reached with a flexible manufacturing system (FMS). Such a system is made of manufacturing cells and an
automatic materials-handling system interfaced with a central computer.
The manufacturing cell is a system in which CNC machines are used to
make a specific part or parts with similar shape. The workstations, i.e.,
several machine tools, are placed around an industrial robot which automatically loads, unloads, and transfers the parts. FMS has the capability
to optimize each step of the total manufacturing operation, resulting in
the highest possible level of efficiency and productivity.
The proper design of machine-tool structures requires analysis of such
factors as form and materials of structures, stresses, weight, and manufacturing and performance considerations. The best approach to obtain
the ultimate in machine-tool accuracy is to employ both improvements
in structural stiffness and compensation of deflections by use of special
controls. The C-frame structure has been used extensively in the past
because it provides ready accessibility to the working area of the
machine. With the advent of computer control, the box-type frame with
its considerably improved static stiffness becomes practical since the
need for manual access to the working area is greatly reduced. The use
of a box-type structure with thin walls can provide low weight for a
given stiffness. The light-weight-design principle offers high dynamic
stiffness by providing a high natural frequency of the structure through
combining high static stiffness with low weight rather than through
the use of large mass. (Dynamic stiffness is the stiffness exhibited by the
system when subjected to dynamic excitation where the elastic, the
damping, and the inertia properties of the structure are involved; it is a
frequency-dependent quantity.)
TURNING
Turning is a machining operation for all types of metallic and nonmetallic materials and is capable of producing circular parts with
straight or various profiles. The cutting tools may be single-point or
form tools. The most common machine tool used is a lathe; modern
lathes are computer-controlled and can achieve high production rates
with little labor. The basic operation is shown in Fig. 13.4.10, where the
workpiece is held in a chuck and rotates at N r/min; a cutting tool moves
along the length of the piece at a feed f (in/r or mm/r) and removes
material at a radial depth d, reducing the diameter from D0 to D f .

is flush with the end of the bed. The maximum swing over the ways is
usually greater than the nominal swing. The length of the bed is given
frequently to specify the overall length of the bed. A lathe size is indicated thus: 14 in (356 mm) (swing) by 30 in (762 mm) (between centers) by 6 ft (1,830 mm) (length of bed). Lathes are made for light-,
medium-, or heavy-duty work.
All geared-head lathes, which are single-pulley (belt-driven or arranged
for direct-motor drive through short, flat, or V belts, gears, or silent chain),
increase the power of the drive and provide a means for obtaining 8, 12,
16, or 24 spindle speeds. The teeth may be of the spur, helical, or herringbone type and may be ground or lapped after hardening.
Variable speeds are obtained by driving with adjustable-speed dc
shunt-wound motors with stepped field-resistance control or by electronics
or motor-generator system to give speed variation in infinite steps. AC
motors driving through infinitely variable speed transmissions of the
mechanical or hydraulic type are also in general use.
Modern lathes, most of which are now computer-controlled (turning
centers), are built with the speed capacity, stiffness, and strength capable of taking full advantage of new and stronger tool materials. The
main drive-motor capacity of lathes ranges from fractional to more than
200 hp (150 kW). Speed preselectors, which give speed as a function of
work diameter, are introduced, and variable-speed drives using dc
motors with panel control are standard on many lathes. Lathes with
contour facing, turning, and boring attachments are also available.
Tool Shapes for Turning

The standard nomenclature for single-point tools, such as those used on
lathes, planers, and shapers, is shown in Fig. 13.4.11. Each tool consists
of a shank and point. The point of a single-point tool may be formed by
grinding on the end of the shank; it may be forged on the end of the
shank and subsequently ground; a tip or insert may be clamped or
brazed to the end of the shank (see Fig. 13.4.8). The best tool shape for
each material and each operation depends on many factors. For specific
information and recommendations, the various sources listed in the
References should be consulted. See also Table 13.4.3.

Fig. 13.4.10 A turning operation on a round workpiece held in a three-jaw
chuck.

Lathes generally are considered to be the oldest member of machine
tools, having been first developed in the late eighteenth century. The most
common lathe is called an engine lathe because it was one of the first
machines driven by Watt’s steam engine. The basic lathe has the following main parts: bed, headstock, tailstock, and carriage. The types of lathes
available for a variety of applications may be listed as follows: engine
lathes, bench lathes, horizontal turret lathes, vertical lathes, and
automatics. A great variety of lathes and attachments are available within
each category, also depending on the production rate required.
It is common practice to specify the size of an engine lathe by giving
the swing (diameter) and the distance between centers when the tailstock

Fig. 13.4.11 Standard nomenclature for single-point cutting tools.

TURNING
Table 13.4.3
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Recommend Tool Geometry for Turning, deg
High-speed steel and cast-alloy tools

Carbide tools (inserts)

Material

Back
rake

Side
rake

End
relief

Side
relief

Side and
end cutting
edge

Aluminum alloys
Magnesium alloys
Copper alloys
Steels
Stainless steels, ferritic
Stainless steels, austenitic
Stainless steels, martensitic
High-temperature alloys
Refractory alloys
Titanium alloys
Cast irons
Thermoplastics
Thermosetting plastics

20
20
5
10
5
0
0
0
0
0
5
0
0

15
15
10
12
8
10
10
10
20
5
10
0
0

12
12
8
5
5
5
5
5
5
5
5
20 30
20 30

10
10
8
5
5
5
5
5
5
5
5
15 20
15 20

5
5
5
15
15
15
15
15
5
15
15
10
10

Back
rake
0
0
0
5
0
0
5
5
0
5
5
0
0

Side
rake

End
relief

Side
relief

5
5
5
5
5
5
5
0
0
5
5
0
15

5
5
5
5
5
5
5
5
5
5
5

5
5
5
5
5
5
5
5
5
5
5

20 30
5

15 20
5

Side and
end cutting
edge
15
15
15
15
15
15
15
45
15
5
15
10
15

SOURCE: “Matchining Data Handbook,” published by the Machinability Data Center, Metcut Research Associates, Inc.

Positive rake angles improve the cutting operation with regard to
forces and deflection; however, a high positive rake angle may result in
early failure of the cutting edge. Positive rake angles are generally used
in lower-strength materials. For higher-strength materials, negative rake
angles may be used. Back rake usually controls the direction of chip
flow and is of less importance than the side rake. The purpose of relief
angles is to avoid interference and rubbing between the workpiece and
tool flank surfaces. In general, they should be small for high-strength
materials and larger for softer materials. Excessive relief angles may
weaken the tool. The side cutting-edge angle influences the length of chip
contact and the true feed. This angle is often limited by the workpiece
geometry, e.g., the shoulder contour. Large angles are apt to cause tool
chatter. Small end cutting-edge angles may create excessive force normal
to the workpiece, and large angles may weaken the tool point. The purpose of the nose radius is to give a smooth surface finish and to obtain
longer tool life by increasing the strength of the cutting edge. The nose
radius should be tangent to the cutting-edge angles. A large nose radius
gives a stronger tool and may be used for roughing cuts; however, large
radii may lead to tool chatter. A small nose radius reduces forces and is
therefore preferred on thin or slender workpieces.
Turning Recommendations Recommendations for tool materials,
depth of cut, feed, and cutting speed for turning a variety of materials
are given in Table 13.4.4. The cutting speeds for high-speed steels for
turning, which are generally M2 and M3, are about one-half those for
uncoated carbides. A general troubleshooting guide for turning operations is given in Table 13.4.5. The range of applicable cutting speeds
and feeds for a variety of tool materials is shown in Fig. 13.4.12.
High-Speed Machining To increase productivity and reduce
machining costs, there is a continuing trend to increase cutting speeds,
especially in turning, milling, boring, and drilling. High-speed machining is a general term used to describe this trend, where speeds typically
range as follows: High speed: up 6,000 ft/min (1,800 m/min): very high
speed: up to 60,000 ft/min (18,000 m/min); and ultrahigh-speed, higher
than this range. Because of the high speeds involved, important considerations in these operations include inertia effects, spindle design, bearings, and power; stiffness and accuracy of the machine tools; selection
of appropriate cutting tools; and chip removal systems.
Hard Turning and Machining As workpiece hardness increases, its
machinability decreases and there may be difficulties with traditional
machining operations regarding surface finish, surface integrity, and
tool life. With advances in cutting tools and the availability of rigid and
powerful machine tools and work-holding devices, however, it is now
possible to machine hard materials, including heat-treated steels, with
high dimensional accuracy. Hard machining can compete well with
grinding processes and has been shown to be economical for parts such
as shafts, gears, pinions, and various automotive components.

Ultraprecision Machining To respond to increasing demands for
special parts with surface finish and dimensional accuracies on the
order of a nanometre (10 9 m), several important developments have
been taking place in advanced machining. A common example of ultraprecision machining is diamond turning, typically using a single-crystal
diamond cutting tool and rigid machine tools. Applications for such
parts and components are in the computer, electronic, nuclear, and
defense industries.
Turret Lathes

Turret lathes are used for the production of parts in moderate quantities
and produce interchangeable parts at low production cost. Turret lathes
may be chucking, screw machine, or universal. The universal machine
may be set up to machine bar stock as a screw machine or have the work
held in a chuck. These machines may be semiautomatic, i.e., so
arranged that after a piece is chucked and the machine started, it will
complete the machining cycle automatically and come to a stop. They
may be horizontal or vertical and single- or multiple-spindle; many of
these lathes are now computer-controlled and have a variety of features.
The basic principle of the turret lathe is that, with standard tools, setups
can be made quickly so that combined, multiple, and successive cuts can
be made on a part. By combined cuts, tools on the cross slide operate
simultaneously with those on the turret, e.g., facing from the cross slide
and boring from the turret. Multiple cuts permit two or more tools to operate from either or both the cross slide or turret. By successive cuts, one tool
may follow another to rough or finish a surface; e.g., a hole may be
drilled, bored, and reamed at one chucking. In the tool-slide machine only
roughing cuts, such as turn and face, can be made in one machine.
Ram-type turret lathes have the turret mounted on a ram which slides
in a separate base. The base is clamped at a position along the bed to
suit a long or short workpiece. A cross slide can be used so that combined cuts can be taken from the turret and the cross slide at the same
time. Turret and cross slide can be equipped with manual or power
feed. The short stroke of the turret slide limits this machine to comparatively short light work, in both small and quantity-lot production.
Saddle-type turret lathes have the turret mounted on a saddle which
slides directly on the bed. Hence, the length of stroke is limited only by
the length of bed. A separate square-turret carriage with longitudinal
and transverse movement can be mounted between the head and the
hex-turret saddle so that combined cuts from both stations at one time
are possible. The saddle type of turret lathe generally has a large hollow
vertically faced turret for accurate alignment of the tools.
Screw Machines

When turret lathes are set up for bar stock, they are often called screw
machines. Turret lathes that are adaptable only to bar-stock work are
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Table 13.4.4

General Recommendations for Turning Operations
General-purpose starting conditions

Workpiece
material
Low-C and free-machining
steels

Cutting tool
Uncoated carbide
Ceramic-coated carbide
Triple-coated carbide
TiN-coated carbide
A12O3 ceramic
Cermet

Medium- and high-C steels

Uncoated carbide
Ceramic-coated carbide
Triple-coated carbide
TiN-coated carbide
A12O3 ceramic
Cermet

Cast iron, gray

Uncoated carbide
Ceramic-coated carbide
TiN-coated carbide
A12O3 ceramic
SiN ceramic

Stainless steel, austenitic

Triple-coated carbide
TiN-coated carbide
Cermet

High-temperature alloys,
nickel base

Uncoated carbide
Ceramic-coated carbide
TiN-coated carbide
Al2O3 ceramic
SiN ceramic
Polycrystalline cBN

Titanium alloys

Uncoated carbide
TiN-coated carbide

Aluminum alloys,
free-machining

Uncoated carbide
TiN-coated carbide
Cermet
Polycrystalline diamond

High-silicon
copper alloys

Polycrystalline diamond
Uncoated carbide

Range for roughing and finishing

Depth
of cut,
mm
(in)

Feed,
mm/r
(in/r)

Cutting
speed,
m/min
(ft/min)

Depth
of cut,
mm
(in)

Feed,
mm/r
(in/r)

Cutting
speed,
m/min
(ft/min)

1.5–6.3
(0.06–0.25)
1.5–6.3
(0.06–0.25)
1.5–6.3
(0.06–0.25)
1.5–6.3
(0.06–0.25)
1.5–6.3
(0.06–0.25)
1.5–6.3
(0.06–0.25)
1.2–4.0
(0.05–0.20)
1.2–4.0
(0.05–0.20)
1.2–4.0
(0.050–0.20)
1.2–4.0
(0.05–0.20)
1.2–4.0
(0.05–0.20)
1.2–4.0
(0.05–0.20)
1.25–6.3
(0.05–0.25)
1.25–6.3
(0.05–0.25)
1.25–6.3
(0.05–0.25)
1.25–6.3
(0.05–0.25)
1.25–6.3
(0.05–0.25)
1.5–4.4
(0.06–0.175)
1.5–4.4
(0.06–0.175)
1.5–4.4
(0.06–0.175)
2.5
(0.10)
2.5
(0.10)
2.5
(0.10)
2.5
(0.10)
2.5
(0.10)
2.5
(0.10)
1.0–3.8
(0.04–0.15)
1.0–3.8
(0.04–0.15)
1.5–5.0
(0.06–0.20)
1.5–5.0
(0.06–0.20)
1.5–5.0
(0.06–0.20)
1.5–5.0
(0.06–0.20)
1.5–5.0
(0.06–0.20)
1.5–5.0
(0.06–0.20)

0.35
(0.014)
0.35
(0.014)
0.35
(0.014)
0.35
(0.014)
0.25
(0.010)
0.30
(0.012)
0.30
(0.012)
0.30
(0.012)
0.30
(0.012)
0.30
(0.012)
0.25
(0.010)
0.25
(0.010)
0.32
(0.013)
0.32
(0.013)
0.32
(0.013)
0.25
(0.010)
0.32
(0.013)
0.35
(0.014)
0.35
(0.014)
0.30
(0.012)
0.15
(0.006)
0.15
(0.006)
0.15
(0.006)
0.15
(0.006)
0.15
(0.006)
0.15
(0.006)
0.15
(0.006)
0.15
(0.006)
0.45
(0.018)
0.45
(0.018)
0.45
(0.018)
0.45
(0.018)
0.45
(0.018)
0.25
(0.010)

90
(300)
245–275
(800–900)
185–200
(600–650)
105–150
(350–500)
395–440
(1,300–1,450)
215–290
(700–950)
75
(250)
185–230
(600–750)
120–150
(400–500)
90–200
(300–650)
335
(1,100)
170–245
(550–800)
90
(300)
200
(650)
90–135
(300–450)
455–490
(1,500–1,600)
730
(2,400)
150
(500)
85–160
(275–525)
185–215
(600–700)
25–45
(75–150)
45
(150)
30–55
(95–175)
260
(850)
215
(700)
150
(500)
35–60
(120–200)
30–60
(100–200)
490
(1,600)
550
(1,800)
490
(1,600)
760
(2,500)
530
(1,700)
260
(850)

0.5–7.6
(0.02–0.30)
0.5–7.6
(0.02–0.30)
0.5–7.6
(0.02–0.30)
0.5–7.6
(0.02–0.30)
0.5–7.6
(0.02–0.30)
0.5–7.6
(0.02–0.30)
2.5–7.6
(0.10–0.30)
2.5–7.6
(0.10–0.30)
2.5–7.6
(0.10–0.30)
2.5–7.6
(0.10–0.30)
2.5–7.6
(0.10–0.30)
2.5–7.6
(0.10–0.30)
0.4–12.7
(0.015–0.5)
0.4–12.7
(0.015–0.5)
0.4–12.7
(0.015–0.5)
0.4–12.7
(0.015–0.5)
0.4–12.7
(0.015–0.5)
0.5–12.7
(0.02–0.5)
0.5–12.7
(0.02–0.5)
0.5–12.7
(0.02–0.5)
0.25–6.3
(0.01–0.25)
0.25–6.3
(0.01–0.25)
0.25–6.3
(0.01–0.25)
0.25–6.3
(0.01–0.25)
0.25–6.3
(0.01–0.25)
0.25–6.3
(0.01–0.25)
0.25–6.3
(0.01–0.25)
0.25–6.3
(0.01–0.25)
0.25–8.8
(0.01–0.35)
0.25–8.8
(0.01–0.35)
0.25–8.8
(0.01–0.35)
0.25–8.8
(0.01–0.35)
0.25–8.8
(0.01–0.35)
0.4–7.5
(0.015–0.3)

0.15–1.1
(0.006–0.045)
0.15–1.1
(0.006–0.045)
0.15–1.1
(006–045)
0.15–1.1
(0.006–0.045)
0.15–1.1
(0.006–0.045)
0.15–1.1
(0.006–0.045)
0.15–0.75
(0.006–0.03)
0.15–0.75
(0.006–0.03)
0.15–0.75
(0.006–0.03)
0.15–0.75
(0.006–0.03)
0.15–0.75
(0.006–0.03)
0.15–0.75
(0.006–0.03)
0.1–0.75
(0.004–0.03)
0.1–0.75
(0.004–0.03)
0.1–0.75
(0.004–0.03)
0.1–0.75
(0.004–0.03)
0.1–0.75
(0.004–0.03)
0.08–0.75
(0.003–0.03)
0.08–0.75
(0.003–0.03)
0.08–0.75
(0.003–0.03)
0.1–0.3
(0.004–0.012)
0.1–0.3
(0.004–0.012)
0.1–0.3
(0.004–0.012)
0.1–0.3
(0.004–0.012)
0.1–0.3
(0.004–0.012)
0.1–0.3
(0.004–0.012)
0.1–0.4
(0.004–0.015)
0.1–0.4
(0.004–0.015)
0.08–0.62
(0.003–0.025)
0.08–0.62
(0.003–0.025)
0.08–0.62
(0.003–0.025)
0.08–0.62
(0.003–0.025)
0.08–0.62
(0.003–0.025)
0.15–0.75
(0.006–0.03)

60–135
(200–450)
120–425
(400–1,400)
90–245
(300–800)
60–230
(200–750)
365–550
(1,200–1,800)
105–455
(350–1,500)
45–120
(150–400)
120–410
(400–1,350)
75–215
(250–700)
45–215
(150–700)
245–455
(800–1,500)
105–305
(350–1,000)
75–185
(250–600)
120–365
(400–1,200)
60–215
(200–700)
365–855
(1,200–2,800)
200–990
(650–3,250)
75–230
(250–750)
55–200
(175–650)
105–290
(350–950)
15–30
(50–100)
20–60
(65–200)
20–85
(60–275)
185–395
(600–1,300)
90–215
(300–700)
120–185
(400–600)
10–75
(30–250)
(10–100)
(30–325)
200–670
(650–2,000)
60–915
(200–3,000)
215–795
(700–2,600)
305–3,050
(1,000–10,000)
365–915
(1,200–3,000)
105–535
(350–1,750)

BORING
Table 13.4.4
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General Recommendations for Turning Operations (Continued )
General-purpose starting conditions

Workpiece
material
High-silicon
copper alloys (cont.)

Cutting tool
Ceramic-coated carbide
Triple-coated carbide
TiN-coated carbide
Cermet
Polycrystalline diamond

Tungsten alloys

Uncoated carbide
TiN-coated carbide

Thermoplastics and
thermosets

TiN-coated carbide
Polycrystalline diamond

Composites, graphitereinforced

TiN-coated carbide
Polycrystalline diamond

Depth
of cut,
mm
(in)

Feed,
mm/r
(in/r)

1.5–5.0
(0.06–0.20)
1.5–5.0
(0.06–0.20)
1.5–5.0
(0.06–0.20)
1.5–5.0
(0.06–0.20)
1.5–5.0
(0.06–0.20)
2.5
(0.10)
2.5
(0.10)
1.2
(0.05)
1.2
(0.05)
1.9
(0.075)
1.9
(0.075)

0.25
(0.010)
0.25
(0.010)
0.25
(0.010)
0.25
(0.010)
0.25
(0.010)
0.2
(0.008)
0.2
(0.008)
0.12
(0.005)
0.12
(0.005)
0.2
(0.008)
0.2
(0.008)

Cutting
speed,
m/min
(ft/min)
365
(1,200)
215
(700)
90–275
(300–900)
245–425
(800–1,400)
520
(1,700)
75
(250)
85
(275)
170
(550)
395
(1,300)
200
(650)
760
(2,500)

Range for roughing and finishing
Depth
of cut,
mm
(in)

Feed,
mm/r
(in/r)

Cutting
speed,
m/min
(ft/min)

0.4–7.5
(0.015–0.3)
0.4–7.5
(0.015–0.3)
0.4–7.5
(0.015–0.3)
0.4–7.5
(0.015–0.3)
0.4–7.5
(0.015–0.3)
0.25–5.0
(0.01–0.2)
0.25–5.0
(0.01–0.2)
0.12–5.0
(0.005–0.20)
0.12–5.0
(0.005–0.20)
0.12–6.3
(0.005–0.25)
0.12–6.3
(0.005–0.25)

0.15–0.75
(0.006–0.03)
0.15–0.75
(0.006–0.03)
0.15–0.75
(0.006–0.03)
0.15–0.75
(0.006–0.03)
0.15–0.75
(0.006–0.03)
0.12–0.45
(0.005–0.018)
0.12–0.45
(0.005–0.018)
0.08–0.35
(0.003–0.015)
0.08–1.35
(0.003–0.015)
0.12–1.5
(0.005–0.06)
0.12–1.5
(0.005–0.06)

215–670
(700–2,200)
90–305
(300–1,000)
45–455
(150–1,500)
200–610
(650–2,000)
275–915
(900–3,000)
55–120
(175–400)
60–150
(200–500)
90–230
(300–750)
150–730
(500–2,400)
105–290
(350–950)
550–1,310
(1,800–4,300)

NOTE: Cutting speeds for high-speed-steel tools are about one-half those for uncoated carbides.
SOURCE: Based on data from Kennametal Inc.

Table 13.4.5 General Troubleshooting Guide
for Turning Operations
Problem

Probable causes

Tool breakage

Tool material lacks toughness; improper tool
angles; machine tool lacks stiffness; worn bearings and machine components; cutting parameters too high

Excessive tool wear

Cutting parameters too high; improper tool material; ineffective cutting fluid; improper tool
angles

Rough surface finish

Built-up edge on tool; feed too high; tool too
sharp, chipped, or worn; vibration and chatter

Dimensional variability

Lack of stiffness of machine tool and work-holding
devices; excessive temperature rise; tool wear

Tool chatter

Lack of stiffness of machine tool and work-holding
devices; excessive tool overhang; machining
parameters not set properly

constructed for light work. As with turret lathes, they have spring collets for holding the bars during machining and friction fingers or rolls
to feed the bar stock forward. Some bar-feeding devices are operated by
hand and others semiautomatically.
Automatic screw machines may be classified as single-spindle or multiple-spindle. Single-spindle machines rotate the bar stock from which
the part is to be made. The tools are carried on a turret and on cross
slides or on a circular drum and on cross slides. Multiple-spindle
machines have four, five, six, or eight spindles, each carrying a bar of
the material from which the piece is to be made. Capacities range from
1⁄8 to 6 in (3 to 150 mm) diam of bar stock.
Feeds of forming tools vary with the width of the cut. The wider the
forming tool and the smaller the diameter of stock, the smaller the feed.
On multiple-spindle machines, where many tools are working simultaneously, the feeds should be such as to reduce the actual cutting time to
a minimum. Often only one or two tools in a set are working up to
capacity, as far as actual speed and feed are concerned.

Fig. 13.4.12 Range of applicable cutting speeds and feeds for various tool
materials.

BORING
Boring is a machining process for producing internal straight cylindrical

surfaces or profiles, with process characteristics and tooling similar to
those for turning operations.
Boring machines are of two general types, horizontal and vertical, and
are frequently referred to as horizontal boring machines and vertical
boring and turning mills. A classification of boring machines comprises
horizontal boring, drilling, and milling machines; vertical boring and
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turning mills; vertical multispindle cylinder boring mills; vertical cylinder boring mills; vertical turret boring mills (vertical turret lathes); carwheel boring mills; diamond or precision boring machines (vertical and
horizontal); and jig borers.
The horizontal type is made for both precision work and general manufacturing. It is particularly adapted for work not conveniently
revolved, for milling, slotting, drilling, tapping, boring, and reaming
long holes, and for making interchangeable parts that must be produced
without jigs and fixtures. The machine is universal and has a wide range
of speeds and feeds, for a face-mill operation may be followed by one
with a small-diameter drill or end mill.
Vertical boring mills are adapted to a wide range of faceplate work that
can be revolved. The advantage lies in the ease of fastening a workpiece
to the horizontal table, which resembles a four-jaw independent chuck
with extra radial T slots, and in the lessened effect of centrifugal forces
arising from unsymmetrically balanced workpieces.
A jig-boring machine has a single-spindle sliding head mounted over a
table adjustable longitudinally and transversely by lead screws which
roughly locate the work under the spindle. Precision setting of the table
may be obtained with end measuring rods, or it may depend only on
the accuracy of the lead screw. These machines, made in various sizes, are
used for accurately finishing holes and surfaces in definite relation to one
another. They may use drills, rose or fluted reamers, or single-point boring tools. The latter are held in an adjustable boring head by which the tool
can be moved eccentrically to change the diameter of the hole.
Precision-boring machines may have one or more spindles operating at
high speeds for the purpose of boring to accurate dimensions such surfaces as wrist-pin holes in pistons and connecting-rod bushings.
Boring Recommendations Boring recommendations for tool
materials, depth of cut, feed, and cutting speed are generally the same
as those for turning operations (see Table 13.4.4). However, tool deflections, chatter, and dimensional accuracy can be significant problems
because the boring bar has to reach the full length to be machined and
space within the workpiece may be limited. Boring bars have been
designed to dampen vibrations and reduce chatter during machining.
DRILLING
Drilling is a commonly employed hole-making process that uses a drill

as a cutting tool for producing round holes of various sizes and depths.
Drilled holes may be subjected to additional operations for better surface finish and dimensional accuracy, such as reaming and honing,
described later in this section.
Drilling machines are intended for drilling holes, tapping, counterboring, reaming, and general boring operations. They may be classified
into a large variety of types.
Vertical drilling machines are usually designated by a dimension which
roughly indicates the diameter of the largest circle that can be drilled at
its center under the machine. This dimensioning, however, does not
hold for all makes of machines. The sizes begin with about 6 and

Fig. 13.4.13 Straight shank twist drill.

continue to 50 in. Heavy-duty drill presses of the vertical type, with allgeared speed and feed drive, are constructed with a box-type column
instead of the older cylindrical column.
The size of a radial drill is designated by the length of the arm. This
represents the radius of a piece which can be drilled in the center.
Twist drills (Fig. 13.4.13) are the most common tools used in drilling and
are made in many sizes and lengths. For years they have been grouped
according to numbered sizes, 1 to 80, inclusive, corresponding approximately to Stub’s steel wire gage; some by lettered sizes A to Z, inclusive;
some by fractional inches from 1⁄64 up, and the group of millimetre sizes.
Straight-shank twist drills of fractional size and various lengths range
from 1⁄64 in diam to 11⁄4 in by 1⁄64 in increments; to 11⁄2 in by 1⁄32 in; and
to 2 in by 1⁄16 in. Taper-shank drills range from 1⁄8 in diam to 13⁄4 in
by 1⁄64 increments; to 21⁄4 in by 1⁄32 in; and to 31⁄2 in by 1⁄16 in. Larger
drills are made by various drill manufacturers. Drills are also available
in metric dimensions.
Tolerances have been set on the various features of all drills so that
the products of different manufacturers will be interchangeable in the
user’s plants.
Twist drills are decreased in diameter from point to shank (back
taper) to prevent binding. If the web is increased gradually in thickness
from point to shank to increase the strength, it is customary to reduce
the helix angle as it approaches the shank. The shape of the groove is
important, the one that gives a straight cutting edge and allows a full
curl to the chip being the best. The helix angles of the flutes vary from
10 to 45%. The standard point angle is 118%. There are a number of drill
grinders on the market designed to give the proper angles. The point
may be ground either in the standard or the crankshaft geometry. The
drill geometry for high-speed steel twist drills for a variety of workpiece materials is given in Table 13.4.6.
Among the common types of drills (Fig. 13.4.14) are the combined
drill and countersink or center drill, a short drill used to center shafts
before squaring and turning: the step drill, with two or more diameters;
the spade drill which has a removable tip or bit clamped in a holder on
the drill shank, used for large and deep holes; the trepanning tool used
to cut a core from a piece of metal instead of reducing all the metal

Table 13.4.6 Recommended Drill Geometry for High-Speed Steel Twist Drillls
Material

Point
angle, deg

Lip relief
angle, deg

Chisel edge
angle, deg

Helix
angle, deg

Point grind

Aluminum alloys
Magnesium alloys
Copper alloys
Steels
High-strength steels
Stainless steels, low-strength
Stainless steels, high-strength
High-temperature alloys
Refractory alloys
Titanium alloys
Cast irons
Plastics

90–118
70–118
118
118
118–135
118
118–135
118–135
118
118–135
118
60–90

12–15
12–15
12–15
10–15
7–10
10–12
7–10
9–12
7–10
7–10
8–12
7

125–135
120–135
125–135
125–135
125–135
125–135
120–130
125–135
125–135
125–135
125–135
120–135

24–48
30–45
10–30
24–32
24–32
24–32
24–32
15–30
24–32
15–32
24–32
29

Standard
Standard
Standard
Standard
Crankshaft
Standard
Crankshaft
Crankshaft
Standard
Crankshaft
Standard
Standard

SOURCE: “Machining Data Handbook,” published by the Machinability Data Center, Metcut Research Associates Inc.
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Table 13.4.8 General Troubleshooting Guide
for Drilling Operations
Problem

Probable causes

Drill breakage

Dull drill; drill seizing in hole because of chips
clogging flutes; feed too high; lip relief angle
too small

Excessive drill wear

Cutting speed too high; ineffective cutting fluid;
rake angle too high; drill burned and strength
lost when sharpened

Tapered hole

Drill misaligned or bent; lips not equal; web not
central

Oversize hole

Same as above; machine spindle loose; chisel
edge not central; side pressure on workpiece

Poor hole surface finish

Dull drill; ineffective cutting fluid; welding of
workpiece material on drill margin; improperly
ground drill; improper alignment

Shank
Cutting
tool
inserts

REAMING

(c)

(b)

Fig. 13.4.14 (a) Various types of drills and drilling and reaming operations;
(b) spade drill; (c) trepanning tool with four cutting-tool inserts.

removed to chips; the gun drill, run at a high speed under a light feed,
and used to drill small long holes; the core drill used to bore out cored
holes; the oil-hole drill, having holes or tubes in its body through which
oil is forced to the cutting lips; three- and four-fluted drills, used to
enlarge holes after a leader hole has been cored, punched, or drilled
with a two-fluted drill; twist drills made from flat high-speed steel or
drop-forged to desired shape and then twisted. Drills are also made of
solid carbide or of high-speed steel with an insert of carbide to form the
chisel edge and both cutting edges. They are used primarily for drilling
abrasive or very hard materials.
Drilling Recommendations The most common tool material for
drills is high-speed steel M1, M7, and M10. General recommendations
for speeds and feeds in drilling a variety of materials are given in
Table 13.4.7. Hole depth is also a factor in selecting drilling parameters.
A general troubleshooting guide for drilling is given in Table 13.4.8.
Table 13.4.7

A reamer is a multiple-cutting edge tool used to enlarge or finish holes,
and to provide accurate dimensions as well as good finish. Reamers are
of two types: (1) rose and (2) fluted.
The rose reamer is a heavy-bodied tool with end cutting edges. It is
used to remove considerable metal and to true up a hole preparatory to
flute reaming. It is similar to the three- and four-fluted drills. Wide
cylindrical lands are provided back of the flute edges.
Fluted reamers cut principally on the periphery and remove only 0.004
to 0.008 in (0.1 to 0.2 mm) on the bore. Very narrow cylindrical margins
are provided back of the flute edges, 0.012 to 0.015 in (0.3 to 0.4 mm)
wide for machine-finish reaming and 0.004 to 0.006 in (0.1 to 0.15 mm)
for hand reaming, to provide free cutting of the edges due to the slight
body taper and also to pilot the reamer in the hole. The hole to be flute- or
finish-reamed should be true. A rake of 5% is recommended for most reaming operations. A reamer may be straight or helically fluted. The latter provides much smoother cutting and gives a better finish.
Expansion reamers permit a slight expansion by a wedge so that the
reamer may be resharpened to its normal size or for job shop use; they provide slight variations in size. Adjustable reamers have means of adjusting
inserted blades so that a definite size can be maintained through numerous
grindings and fully worn blades can be replaced with new ones. Shell reamers constitute the cutting portion of the tool which fits interchangeably on
arbors to make many sizes available or to make replacement of worn-out
shells less costly. Reamers float in their holding fixtures to ensure alignment, or they should be piloted in guide bushings above and below the
work. They may also be held rigidly, such as in the tailstock of a lathe.
The speed of high-speed steel reamers should be two-thirds to threequarters and feeds usually are two or three times that of the corresponding drill size. The most common tool materials for reamers are M1, M2,
and M7 high-speed steels and C2 carbide.

General Recommendations for Drilling
Feed, mm/r (in/r)
Surface speed

Drill diameter

r/min

Workpiece
material

m/min

ft/min

1.5 mm (0.060 in)

12.5 mm (0.5 in)

1.5 mm

12.5 mm

Aluminum alloys
Magnesium alloys
Copper alloys
Steels
Stainless steels
Titanium alloys
Cast irons
Thermoplastics
Thermosets

30–120
45–120
15–60
20–30
10–20
6–20
20–60
30–60
20–60

100–400
150–400
50–200
60–100
40–60
20–60
60–200
100–200
60–200

0.025 (0.001)
0.025 (0.001)
0.025 (0.001)
0.025 (0.001)
0.025 (0.001)
0.010 (0.0004)
0.025 (0.001)
0.025 (0.001)
0.025 (0.001)

0.30 (0.012)
0.30 (0.012)
0.25 (0.010)
0.30 (0.012)
0.18 (0.007)
0.15 (0.006)
0.30 (0.012)
0.13 (0.005)
0.10 (0.004)

6,400–25,000
9,600–25,000
3,200–12,000
4,300–6,400
2,100–4,300
1,300–4,300
4,300–12,000
6,400–12,000
4,300–12,000

800–3,000
1,100–3,000
400–1,500
500–800
250–500
150–500
500–1,500
800–1,500
500–1,500

NOTE: As hole depth increases, speeds and feeds should be reduced. Selection of speeds and feeds also depends on the specific surface finish required.
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THREADING

Milling Cutters

Threads may be formed on the outside or inside of a cylinder or cone
(1) with single-point threading tools (see Fig. 13.4.1), (2) with threading chasers, (3) with taps, (4) with dies, (5) by thread milling, (6) by
thread rolling, and (7) by grinding. There are numerous types of taps,
such as hand, machine screw, pipe, and combined pipe tap and drill.
Small taps usually have no radial relief. They may be made in two,
three, or four flutes. Large taps may have still more flutes.
The feed of a tap depends upon the lead of the screw thread. The
cutting speed depends upon numerous factors: Hard tough materials,
great length of hole, taper taps, and full-depth thread reduce the speed;
long chamfer, fine pitches, and a cutting fluid applied in quantity
increase the speed. Taps are cut or formed by grinding. The groundthread taps may operate at much higher speeds than the cut taps. Speeds
may range from 3 ft/min (1 m/min) for high-strength steels to 150
ft/min (45 m/min) for aluminum and magnesium alloys. Common highspeed steel tool materials for taps are M1, M7, and M10.
Threading dies, used to produce external threads, may be solid,
adjustable, spring-adjustable, or self-opening die heads. Replacement
chasers are used in die heads and may be of the fixed or self-opening
type. These chasers may be of the radial type, hobbed or milled; of the
tangenital type; or of the circular type. Emulsions and oils are satisfactory for most threading operations.
For thread rolling, see Sec. 13.2.

Milling cutters are made in a wide variety of shapes and sizes. The

nomenclature of tooth parts and angles is standardized as in Fig.
13.4.16. Milling cutters may be classified in various ways, such as purpose or use of the cutters (Woodruff keyseat cutters, T-slot cutters, gear
cutters, etc.); construction characteristics (solid cutters, carbide-tipped
cutters, etc.); method of mounting (arbor type, shank type, etc.); and
relief of teeth. The latter has two categories: profile cutters which produce flat, curved, or irregular surfaces, with the cutter teeth sharpened
on the land; and formed cutters which are sharpened on the face to
retain true cross-sectional form of the cutter.

MILLING
Milling is one of the most versatile machining processes and is capable

of producing a variety of shapes involving flat surfaces, slots, and contours (Fig. 13.4.15). Milling machines use cutters with multiple teeth in
contrast with the single-point tools of the lathe and planer.
Milling-machine classification is based on design, operation, or purpose. Knee-and-column type milling machines have the table and saddle
supported on the vertically adjustable knee gibbed to the face of the column. The table is fed longitudinally on the saddle, and the latter transversely on the knee to give three feeding motions.
Knee-type machines are made with horizontal or vertical spindles.
The horizontal universal machines have a swiveling table for cutting
helices. The plain machines are used for jobbing or production work,
the universal for toolroom work. Vertical milling machines with fixed or
sliding heads are otherwise similar to the horizontal type. They are used
for face or end milling and are frequently provided with a rotary table
for making cylindrical surfaces.
The fixed-bed machines have a spindle mounted in a head dovetailed to
and sliding on the face of the column. The table rests directly on the bed.
They are simple and rigidly built and are used primarily for high-production
work. These machines are usually provided with work-holding fixtures
and may be constructed as plain or multiple-spindle machines, simple
or duplex.
Planer-type millers are used only on the heaviest work. They are used
to machine a number of surfaces on a particular part or group of parts
arranged in series in fixtures on the table.

Fig. 13.4.16 (a) Plain milling cutter teeth; (b) face milling cutter.

Two kinds of milling are generally considered to represent all forms
of milling processes: peripheral (slab) and face milling. In the peripheralmilling process the axis of the cutter is parallel to the surface milled,
whereas in face milling, the cutter axis is generally at a right angle to
the surface. The peripheral-milling process is also divided into two
types: conventional (up) milling and climb (down) milling. Each has its
advantages, and the choice depends on a number of factors such as the
type and condition of the equipment, tool life, surface finish, and
machining parameters.
Milling Recommendations Recommendations for tool materials,
feed per tooth, and cutting speed for milling a variety of materials are

Fig. 13.4.15 Basic types of milling cutters and operations. (a) Peripheral milling; (b) face milling; (c) end milling.

GEAR MANUFACTURING
Table 13.4.9
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General Recommendations for Milling Operations
General-purpose starting
conditions

Workpiece material

Cutting tool

Range of conditions

Feed,
mm/tooth
(in/tooth)

Speed,
m/min
(ft/min)

Feed,
mm/tooth
(in/tooth)

Speed,
m/min
(ft/min)

Low-C and free-machining
steels

Uncoated carbide, coated
carbide, cermets

0.13–0.20
(0.005–0.008)

120–180
(400–600)

0.085–0.38
(0.003–0.015)

90–425
(300–1,400)

Alloy steels
Soft

Uncoated, coated, cermets

0.10–0.18
(0.004–0.007)
0.10–0.15
(0.004–0.006)

90–170
(300–550)
180–210
(600–700)

0.08–0.30
(0.003–0.012)
0.08–0.25
(0.003–0.010)

60–370
(200–1,200)
75–460
(250–1,500)

Uncoated, coated,
cermets, SiN
Cermets, SiN, PcBN

0.10–0.20
(0.004–0.008)
0.10–0.20
(0.004–0.008)

120–760
(400–2,500)
120–210
(400–700)

0.08–0.38
(0.003–0.015)
0.08–0.38
(0.003–0.015)

90–1,370
(300–4,500)
90–460
(300–1,500)

Stainless steel, austenitic

Uncoated, coated, cermets

0.13–0.18
(0.005–0.007)

120–370
(400–1,200)

0.08–0.38
(0.003–0.015)

90–500
(300–1,800)

High-temperature alloys,
nickel base

Uncoated, coated, cermets,
SiN, PcBN

0.10–0.18
(0.004–0.007)

30–370
(100–1,200)

0.08–0.38
(0.003–0.015)

30–550
(90–1,800)

Titanium alloys

Uncoated, coated, cermets

0.13–0.15
(0.005–0.006)

50–60
(175–200)

0.08–0.38
(0.003–0.015)

Aluminum alloys
Free-machining

Uncoated, coated, PCD

0.13–0.23
(0.005–0.009)

610–900
(2,000–3,000)

0.08–0.46
(0.003–0.018)

300–3,000
(1,000–10,000)

0.13
(0.005)

610
(2,000)

0.08–0.38
(0.003–0.015)

370–910
(1,200–3,000)

Hard

Cermets, PcBN

Cast iron, gray
Soft
Hard

High-silicon

PCD

40–140
(125–450)

Copper alloys

Uncoated, coated, PCD

0.13–0.23
(0.005–0.009)

300–760
(1,000–2,500)

0.08–0.46
(0.003–0.018)

90–1,070
(300–3,500)

Thermoplastics and
thermosets

Uncoated, coated, PCD

0.13–0.23
(0.005–0.009)

270–460
(900–1,500)

0.08–0.46
(0.003–0.018)

90–1,370
(300–4,500)

NOTE: Depths of cut, d, usually are in the range of 1–8 mm (0.04–0.3 in). PcBN: polycrystalline cubic boron nitride; PCD: polycrystalline diamond.
SOURCE: Based on data from Kennametal Inc.

Table 13.4.10 General Troubleshooting Guide
for Milling Operations
Problem

given in Table 13.4.9. A general troubleshooting guide for milling operations is given in Table 13.4.10.

Probable causes

Tool breakage

Tool material lacks toughness; improper
tool angles; cutting parameters too high

Tool wear excessive

Cutting parameters too high; improper tool
material; improper tool angles; improper
cutting fluid

Rough surface finish

Feed too high; spindle speed too low; too
few teeth on cutter; tool chipped or worn;
built-up edge; vibration and chatter

Tolerances too broad

Lack of spindle stiffness; excessive temperature rise; dull tool; chips clogging cutter

Workpiece surface burnished

Dull tool; depth of cut too low; radial relief
angle too small

Back striking

Dull cutting tools; cutter spindle tilt; negative tool angles

Chatter marks

Insufficient stiffness of system; external
vibrations; feed, depth, and width of cut
too large

Burr formation

Dull cutting edges or too much honing;
incorrect angle of entry or exit; feed and
depth of cut too high; incorrect insert
geometry

Breakout

Lead angle too low; incorrect cutting edge
geometry; incorrect angle of entry or exit;
feed and depth of cut too high

GEAR MANUFACTURING
(See also Sec. 8.)

Gear Cutting Most gear-cutting processes can be classified as
either forming or generating. In a forming process, the shape of the tool
is reproduced on the workpiece; in a generating process, the shape produced on the workpiece depends on both the shape of the tool and the
relative motion between the tool and the workpiece during the cutting
operation. In general, a generating process is more accurate than a
forming process.
In the form cutting of gears, the tool has the shape of the space
between the teeth. For this reason, form cutting will produce precise
tooth profiles only when the cutter is accurately made and the tooth
space is of constant width, such as on spur and helical gears. A form cutter may cut or finish one of or all the spaces in one pass. Single-space
cutters may be disk-type or end-mill-type milling cutters. In all singlespace operations, the gear blank must be retracted and indexed, i.e.,
rotated one tooth space, between each pass.
Single-space form milling with disk-type cutters is particularly suitable for gears with large teeth, because, as far as metal removal is concerned, the cutting action of a milling cutter is more efficient than that
of the tools used for generating. Form milling of spur gears is done on
machines that retract and index the gear blank automatically.
For the same tooth size (pitch), the shape (profile) of the teeth on an
involute gear depends on the number of teeth on the gear. Most gears
have active profiles that are wholly, partially, or approximately involute,
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Table 13.4.11
No. of cutter
No. of teeth

1
135–-

2
55–134

3
35–54

4
27–34

5
21–26

6
17–20

7
14–16

8
12 and 13

2
55–79

21⁄2
42–54

3
35–41

31⁄2
30–34

4
26–29

41⁄2
23–25

For more accurate gears, 15 cutters are available
No. of cutter
No. of teeth

1
135–-

No. of cutter
No. of teeth

5
21 and 22

11⁄2
80–134
51⁄2
19 and 20

6
17 and 18

and, consequently, accurate form cutting would require a different cutter
for each number of teeth. In most cases, satisfactory results can be
obtained by using the eight cutters for each pitch that are commercially
available. Each cutter is designed to cut a range of tooth numbers; the
no. 1 cutter, for example, cuts from 135 teeth to a rack, and the no. 8
cuts 12 and 13 teeth. (See Table 13.4.11.)
In a gear generating machine, the generating tool can be considered as
one of the gears in a conjugate pair and the gear blank as the other gear.
The correct relative motion between the tool arbor and the blank arbor
is obtained by means of a train of indexing gears within the machine.
One of the most valuable properties of the involute as a gear-tooth
profile is that if a cutter is made in the form of an involute gear of a
given pitch and any number of teeth, it can generate all gears of all tooth
numbers of the same pitch and they will all be conjugate to one another.
The generating tool may be a pinion-shaped cutter, a rack-shaped
(straight) cutter, or a hob, which is essentially a series of racks wrapped
around a cylinder in a helical, screwlike form.
On a gear shaper, the generating tool is a pinion-shaped cutter that
rotates slowly at the proper speed as if in mesh with the blank; the cutting action is produced by a reciprocation of the cutter parallel to the
work axis. These machines can cut spur and helical gears, both internal
and external; they can also cut continuous-tooth helical (herringbone)
gears and are particularly suitable for cluster gears, or gears that are
close to a shoulder.
On a rack shaper the generating tool is a segment of a rack that moves
perpendicular to the axis of the blank while the blank rotates about a fixed
axis at the speed corresponding to conjugate action between the rack and
the blank; the cutting action is produced by a reciprocation of the cutter
parallel to the axis of the blank. Since it is impracticable to have more
than 6 to 12 teeth on a rack cutter, the cutter must be disengaged from the
blank at suitable intervals and returned to the starting point, the blank
meanwhile remaining fixed. These machines can cut both spur and helical external gears.
A gear-cutting hob (Fig. 13.4.17) is basically a worm, or screw, made
into a generating tool by cutting a series of longitudinal slots or “gashes”
to form teeth; to form cutting edges, the teeth are “backed off,” or
relieved, in a lathe equipped with a backing-off attachment. A hob may
have one, two, or three threads; on involute hobs with a single thread, the
generating portion of the hob-tooth profile usually has straight sides (like
an involute rack tooth) in a section taken at right angles to the thread.
In addition to the conjugate rotary motions of the hob and workpiece,
the hob must be fed parallel to the workpiece axis for a distance greater
than the face width of the gear. The feed, per revolution of the
workpiece, is produced by the feed gears, and its magnitude depends on
the material, pitch, and finish desired; the feed gears are independent of
the indexing gears. The hobbing process is continuous until all the teeth
are cut.
The same machines and the same hobs that are used for cutting spur
gears can be used for helical gears; it is only necessary to tip the hob
axis so that the hob and gear pitch helices are tangent to one another and
to correlate the indexing and feed gears so that the blank and the hob
are advanced or retarded with respect to each other by the amount
required to produce the helical teeth. Some hobbing machines have a
differential gear mechanism that permits the indexing gears to be selected
as for spur gears and the feed gearing to be chosen independently.
The threads of worms are usually cut with a disk-type milling cutter
on a thread-milling machine and finished, after hardening, by grinding.

61⁄2
15 and 16

7
14

71⁄2
13

8
12

Top view

Gear blank

Hob
(a)
Side views

Hob

Gear
blank

(b)
Fig. 13.4.17 A gear-cutting hob.

Worm gears are usually cut with a hob on the machines used for hobbing
spur and helical gears. Except for the gashes, the relief on the teeth,
and an allowance for grinding, the hob is a counterpart of the worm. The
hob and workpiece axes are inclined to one another at the shaft angle of
the worm and gear set, usually 90%. The hob may be fed in to full depth
in a radial (to the blank) direction or parallel to the hob axis.
Although it is possible to approximate the true shape of the teeth on
a straight bevel gear by taking two or three cuts with a form cutter on a
milling machine, this method, because of the taper of the teeth, is obviously unsuited for the rapid production of accurate teeth. Most straight
bevel gears are roughed out in one cut with a form cutter on machines
that index automatically and then finished to the proper shape on a
generator.
The generating method used for straight bevel gears is analogous to
the rack-generating method used for spur gears. Instead of using a rack
with several complete teeth, however, the cutter has only one straight
cutting edge that moves, during generation, in the plane of the tooth of
a basic crown gear conjugate to the gear being generated. A crown gear
is the rack among bevel gears; its pitch surface is a plane, and its teeth
have straight sides.
The generating cutter moves back and forth across the face of the
bevel gear like the tool on a shaper; the “generating roll” is obtained by
rotating the gear slowly relative to the tool. In practice two tools are
used, one for each side of a tooth; after each tooth has been generated,
the gear must be retracted and indexed to the next tooth.
The machines used for cutting spiral bevel gears operate on essentially the same principle as those used for straight bevel gears; only the
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cutter is different. The spiral cutter is basically a disk that has a number
of straight-sided cutting blades protruding from its periphery on one
side to form the rim of a cup. The machines have means for indexing,
retracting, and producing a generating roll; by disconnecting the roll
gears, spiral bevel gears can be form cut.
Gear Shaving For improving the surface finish and profile accuracy
of cut spur and helical gears (internal and external), gear shaving, a
free-cutting gear finishing operation that removes small amounts of
metal from the working surfaces of the teeth, is employed. The teeth on
the shaving cutter, which may be in the form of a pinion (spur or helical) or a rack, have a series of sharp-edged rectangular grooves running
from tip to root. The intersection of the grooves with the tooth profiles
creates cutting edges; when the cutter and the workpiece, in tight mesh,
are caused to move relative to one another along the teeth, the cutting
edges remove metal from the teeth of the work gear. Usually the cutter
drives the workpiece, which is free to rotate and is traversed past the
cutter parallel to the workpiece axis. Shaving requires less time than
grinding, but ordinarily it cannot be used on gears harder than approximately 400 HB (42 HRC).
Gear Grinding Machines for the grinding of spur and helical gears
utilize either a forming or a generating process. For form grinding, a
disk-type grinding wheel is dressed to the proper shape by a diamond
held on a special dressing attachment; for each number of teeth a special index plate, with V-type notches on its periphery, is required. When
grinding helical gears, means for producing a helical motion of the
blank must be provided.
For grinding-generating, the grinding wheel may be a disk-type, doubleconical wheel with an axial section equivalent to the basic rack of the
gear system. A master gear, similar to the gear being ground, is attached
to the workpiece arbor and meshes with a master rack; the generating
roll is created by rolling the master gear in the stationary rack.
Spiral bevel and hypoid gears can be ground on the machines on
which they are generated. The grinding wheel has the shape of a flaring
cup with a double-conical rim having a cross section equivalent to the
surface that is the envelope of the rotary cutter blades.
Gear Rolling The cold-rolling process is used for the finishing of
spur and helical gears for automatic transmissions and power tools; in
some cases it has replaced gear shaving. It differs from cutting in that
the metal is not removed in the form of chips but is displaced under
heavy pressure. (See Sec. 13.2.)
There are two main types of cold-rolling machines, namely, those
employing dies in the form of racks or gears that operate in a parallelaxis relationship with the blank and those employing worm-type dies
that operate on axes at approximately 90% to the workpiece axis. The
dies, under pressure, create the tooth profiles by the plastic deformation
of the blank.
When racks are used, the process resembles thread rolling; with geartype dies the blank can turn freely on a shaft between two dies, one
mounted on a fixed head and the other on a movable head. The dies
have the same number of teeth and are connected by gears to run in the
same direction at the same speed. In operation, the movable die presses
the blank into contact with the fixed die, and a conjugate profile is generated on the blank. On some of these machines the blank can be fed
axially, and gears can be rolled in bar form to any convenient length.
On machines employing worm-type dies, the two dies are diametrically opposed on the blank and rotate in opposite directions. The speeds
of the blank and the dies are synchronized by change gears, like the
blank and the hob on a hobbing machine; the blank is fed axially
between the dies.
PLANING AND SHAPING
Planers are used to rough and finish large flat surfaces, although arcs

and special forms can be made with proper tools and attachments.
Surfaces to be finished by scraping, such as ways and long dovetails
and, particularly, parts of machine tools, are, with few exceptions,
planed. With fixtures to arrange parts in parallel and series, quantities
of small parts can be produced economically on planers. Shapers are
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used for miscellaneous planing, surfacing, notching, key seating, and
production of flat surfaces on small parts. The tool is held in a holder
supported on a clapper on the end of a ram which is reciprocated
hydraulically or by crank and rocker arm, in a straight line.
BROACHING
Broaching is a production process whereby a cutter, called a broach, is

used to finish internal or external surfaces such as holes of circular,
square, or irregular section, keyways, the teeth of internal gears, multiple spline holes, and flat surfaces. Broaching round holes gives greater
accuracy and better finish than reaming, but since the broach may be
guided only by the workpiece it is cutting, the hole may not be accurate
with respect to previously machined surfaces. Where such accuracy is
required, it is better practice to broach first and then turn other surfaces
with the workpiece mounted on a mandrel. The broach is usually long
and is provided with many teeth so graded in size that each takes a small
chip when the tool is pulled or pushed through the previously prepared
leader hole or past the surface.
The main features of the broach are the pitch, degree of taper or
increase in height of each successive tooth, relief, tooth depth, and rake.
The pitch of the teeth, i.e., the distance from one tooth to the next,
depends upon tooth strength, length of cut, shape and size of chips, etc.
The pitch should be as coarse as possible to provide ample chip clearance, but at least two teeth should be in contact with the workpiece at
all times. The formula p ' 0.35 2l may be used, where p is pitch of
the roughing teeth and l the length of hole or surface, in. An average
pitch for small broaches is 1⁄8 to 1⁄4 in (3.175 to 6.35 mm) and for large
ones 1⁄2 to 1 in (12.7 to 25.4 mm). Where the hole or other surface to be
broached is short, the teeth are often cut on an angle or helix, so as to
give more continuous cutting action by having at least two teeth cutting
simultaneously.
The degree of taper, or increase in size per tooth, depends largely on
the hardness or toughness of the material to be broached and the finish
desired. The degree of taper or feed for broaching cast iron is approximately double that for steel. Usually the first few teeth coming in contact with the workpiece are undersize but of uniform taper to take the
greatest feeds per tooth, but as the finished size is approached, the teeth
take smaller and smaller feeds with several teeth at the finishing end of
nearly zero taper. In some cases, for soft metals and even cast iron, the
large end is left plain or with rounded lands a trifle larger than the last
cutting tooth so as to burnish the surface. For medium-sized broaches,
the taper per tooth is 0.001 to 0.003 in (0.025 to 0.076 mm). Large
broaches remove 0.005 to 0.010 in (0.127 to 0.254 mm) per tooth or
even more. The teeth are given a front rake angle of 5 to 15% to give a
curl to the chip, provide a cleaner cut surface, and reduce the power
consumption. The land back of the cutting edge, which may be 1⁄64 to 1⁄16
in (0.4 to 1.6 mm) wide, usually is provided with a land relief varying
from 1 to 3% with a clearance of 30 to 45%.
The heavier the feed per tooth or the longer the surface being broached,
the greater must be the chip clearance or space between successive teeth
for the chips to accumulate. The root should be a smooth curve.
Broaches are generally made of M2 or M7 high-speed steel; carbide
is also used for the teeth of large broaches. Broaches of complicated
shape are likely to warp during the heat-treating process. For this reason, in hardening, they are often heated in a vertical cylindrical furnace
and quenched by being hung in an air blast furnished from small holes
along the side of pipes placed vertically about the broach.
Push broaches are usually shorter than pull broaches, being 6 to 14 in
(150 to 350 mm) long, depending on their diameter and the amount of
metal to be removed. In many cases, for accuracy, four to six broaches
of the push type constitute a set used in sequence to finish the surface
being broached. Push broaches usually have a large cross-sectional area
so as to be sufficiently rigid. With pull broaches, pulling tends to
straighten the hole, whereas pushing permits the broaches to follow any
irregularity of the leader hole. Pull broaches are attached to the
crosshead of the broaching machine by means of a key slot and key, by
a threaded connection, or by a head that fits into an automatic broach
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puller. The threaded connection is used where the broach is not
removed from the drawing head while the workpiece is placed over the
cutter, as in cutting a keyway. In enlarging holes, however, the small end
of the pull broach must first be extended through the reamed, drilled, or
cored hole and then fixed in the drawing head before being pulled
through the workpiece.
Broaching Machines Push broaching is done on machines of the
press type with a sort of fixture for holding the workpiece and broach
or on presses operated by power. They are usually vertical and may be
driven hydraulically or by screw, rack, or crank. The pull type of broach
may be either vertical or horizontal. The ram may be driven hydraulically or by screw, rack, or crank. Both are made in the duplex- and
multiple-head type.
Processing Parameters for Broaching Cutting speeds for broaching may range from 5 ft/min (1.5 m/min) for high-strength materials to
as high as 30 to 50 ft/min (9 to 15 m/min) for aluminum and magnesium alloys. The most common tool materials are M2 and M7 highspeed steels and carbides. An emulsion is often used for broaching for
general work, but oils may also be used.
CUTTING OFF
Cutting off involves parting or slotting bars, tubes, plate, or sheet by var-

ious means. The machines come in various types such as a lathe (using
a single-point cutting tool), hacksaws, band saws, circular saws, friction
saws, and thin abrasive wheels. Cutting off may also be carried out by
shearing and cropping, as well as using flames and laser beams.
In power hacksaws, the frame in which the blade is strained is reciprocated above the workpiece which is held in a vise on the bed. The cutting
feed is effected by weighting the frame, with 12 to 50 lb (55 to 225 N) of
force from small to large machines; adding weights or spring tension
giving up to 180 lb (800 N); providing a positive screw feed or a friction
screw feed; and by a hydraulic feed mechanism giving forces up to 300
lb (1.34 kN) between the blade and workpiece. With highspeed steel
blades, cutting speeds range from about 30 strokes per minute for highstrength materials to 180 strokes per minute for carbon steels.
Hacksaw blades for hand frames are made 8,10, and 12 in long, 7⁄16 to
9
⁄16 in wide, and 0.025 in thick. Number of teeth per inch for cutting soft
steel or cast iron, 14; tool steel and angle iron, 18; brass, copper, and
heavy tubing, 24; sheet metal and thin tube, 32. Blades for power hacksaws are made of alloy steels and of high-speed steels. Each length is
made in two or more widths. The coarsest teeth should be used on large
workpieces and with heavy feeds.
Band saws, vertical, horizontal, and universal, are used for cutting off.
The kerf or width of cut is small with a consequently small loss in
expensive material. The teeth of band saws, like those of hacksaws, are
set with the regular alternate type, one bent to the right and the next to
the left; or with the alternate and center set, in which one tooth is bent to
the right, the second to the left, and the third straight in the center. With
high-speed steel saw blades, band speeds range from about 30 ft/min
(10 m/min) for high-temperature alloys to about 400 (120) for carbon
steels. For aluminum and magnesium alloys the speed ranges up to
about 1,300 ft/min (400 m/min) with high-carbon blades. The band
speed should be decreased as the workpiece thickness increases.
Circular saws are made in a wide variety of styles and sizes. Circular
saws may have teeth of several shapes, as radial face teeth for small
fine-tooth saws; radial face teeth with a land for fine-tooth saws; alternate bevel-edged teeth to break up the chips, with every other tooth
beveled 45% on each side with the next tooth plain; alternate side-beveled
teeth; and one tooth beveled on the right, the next on the left, and the
third beveled on both sides, each leaving slightly overlapping flats on
the periphery of the teeth. The most common high-speed steels for
circular saws are M2 and M7; saws also may have welded carbide teeth
for better performance.
Abrasive cutoff wheels are made of thin resinoid or rubber bonded
abrasives. The wheels operate at surface speeds of 12,000 to 16,000
ft/min (3,600 to 4,800 m/min). These wheels are used for cutting off
tubes, shapes, and hardened high-speed steel.

Friction sawing machines are used largely for cutting off structural
shapes. Peripheral speeds of about 20,000 ft/min (6,000 m/min) are
used. The wheels may be plain on the periphery, V-notched, or with
milled square notches.

ABRASIVE PROCESSES
(See also Sec. 6.)

Abrasive processes consist of a variety of operations in which the tool is

made of an abrasive material, the most common examples of which are
grinding (using wheels, known as bonded abrasives), honing, and lapping. An abrasive is a small, nonmetallic hard particle having sharp cutting edges and an irregular shape. Abrasive processes, which can be
performed on a wide variety of metallic and nonmetallic materials,
remove material in the form of tiny chips and produce surface finishes
and dimensional accuracies that are generally not obtainable through
other machining or manufacturing processes.
Grinding wheels have characteristics influenced by (1) type of abrasive; (2) grain size; (3) grade; (4) structure; and (5) type of bond. (See
Figs. 13.4.18 and 13.4.19.)
Selection of Abrasive Although a number of natural abrasives are
available, such as emery, corundum, quartz, garnet, and diamond, the most
commonly used abrasives in grinding wheels are aluminum oxide and
silicon carbide, the former being more commonly used than the latter.
Aluminum oxide is softer than silicon carbide, and because of its friability and low attritious wear it is suitable for most applications.
Silicon carbide is used for grinding aluminum, magnesium, titanium,
copper, tungsten, and rubber. It is also used for grinding very hard and
brittle materials such as carbides, ceramics, and stones. Diamond and
cubic boron nitride grains are used to grind very hard materials and are
known as superabrasives.
Selection of grain size depends on the rate of material removal desired
and the surface finish. Coarse grains are used for fast removal of stock;
fine grain for low removal rates and for fine finish. Coarse grains are
also used for ductile materials and a finer grain for hard and brittle
materials.
The grade of a grinding wheel is a measure of the strength of its bond.
The force that acts on the grain in grinding depends on process variables
(such as speeds, depth of cut, etc.) and the strength of the work material.
Thus a greater force on the grain will increase the possibility of dislodging the grain; if the bond is too strong, the grain will tend to get dull, and
if it is too weak then wheel wear will be high. If glazing occurs, the
wheel is acting hard; reducing the wheel speed or increasing the work
speed or the depth of cut causes the wheel to act softer. If the wheel
breaks down too rapidly, reversing this procedure will make the wheel
act harder. Harder wheels are generally recommended for soft work
materials, and vice versa.
A variety of bond types are used in grinding wheels; these are generally
categorized as organic and inorganic. Organic bonds are materials such as
resin, rubber, shellac, and other similar bonding agents. Inorganic materials are glass, clay, porcelain, sodium silicate, magnesium oxychloride,
and metal. The most common bond type is the vitrified bond which is
composed of clay, glass, porcelain, or related ceramic materials. This type
of bond is brittle and produces wheels that are rigid, porous, and resistant
to oil and water. The most flexible bond is rubber which is used in making very thin, flexible wheels. Wheels subjected to bending strains should
be made with organic bonds. In selecting a bonding agent, attention
should be paid to its sensitivity to temperature, stresses, and grinding fluids, particularly over a period of time. The term reinforced as applied to
grinding wheels indicates a class of organic wheels which contain one or
more layers of strengthening fabric or filament, such as fiberglass. This
term does not cover wheels with reinforcing elements such as steel rings,
steel cup backs, or wire or tape winding. Fiberglass and filament reinforcing increases the ability of wheels to withstand operational forces
when cracked.
The structure of a wheel is important in two aspects: It supplies a
clearance for the chip, and it determines the number of cutting points on
the wheel.

ABRASIVE PROCESSES
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Fig. 13.4.18 Standard marking system chart for aluminum oxide and silicon carbide bonded abrasives.

In addition to wheel characteristics, grinding wheels come in a very
large variety of shapes and dimensions. They are classified as types,
such as type 1: straight wheels, type 4: taper side wheels, type 12: dish
wheels, etc.
The grinding ratio is defined as the ratio of the volume of material
removed to the volume of wheel wear. The grinding ratio depends on
parameters such as the type of wheel, workpiece speed, wheel speed,
cross-feed, down-feed, and the grinding fluid used. Values ranging from
a low of 2 to over 200 have been observed in practice. A high grinding
ratio, however, may not necessarily result in the best surface integrity of
the part.
Wheel Speeds Depending on the type of wheel and the type and
strength of bond, wheel speeds for standard applications range between
4,500 and 16,000 surface ft/min (1,400 and 4,800 m/min). The lowest
speeds are for low-strength, inorganic bonds whereas the highest speeds
are for high-strength organic bonds. The majority of surface grinding
operations are carried out at speeds from 5,500 to 6,500 ft/min (1,750
to 2,000 m/min). The trend is toward high-efficiency grinding where

wheel speeds from 12,000 to 18,000 ft/min (3,600 to 5,500 m/min) are
employed.
It has been found that, by increasing the wheel speed, the rate
of material removal can be increased, thus making the process more
economical. This, of course, requires special grinding wheels to withstand the high stresses. Design changes or improvements involve items
such as a composite wheel with a vitrified bond on the outside and a
resinoid bond toward the center of the wheel; elimination of the central
hole of the wheel by providing small bolt holes; and clamping of wheel
segments instead of using a one-piece wheel. Grinding machines for
such high-speed applications have requirements such as rigidity, high
work and wheel speeds, high power, and special provisions for safety.
Workpiece speeds depend on the size and type of workpiece material
and on whether it is rigid enough to hold its shape. In surface grinding,
table speeds generally range from 50 to 100 ft/min (15 to 30 m/ min);
for cylindrical grinding, work speeds from 70 to 100 ft/min (20 to 30
m/min), and for internal grinding they generally range from 75 to 200
ft/min (20 to 60 m/min).

Fig. 13.4.19 Standard marking system chart for diamond tool and cubic boron nitride (cBN) bonded abrasives.
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Cross-feed depends on the width of the wheel. In roughing, the workpiece should travel past the wheel 3⁄4 to 7⁄8 of the width of the wheel for
each revolution of the work. As the workpiece travels past the wheel
with a helical motion, the preceding rule allows a slight overlap. In finishing, a finer feed is used, generally 1⁄10 to 1⁄4 of the width of the wheel
for each revolution of the workpiece.
Depth of Cut In the roughing operation, the depth of cut should be
all the wheel will stand. This varies with the hardness of the material
and the diameter of the workpiece. In the finishing operation, the depth
of cut is always small: 0.0005 to 0.001 in (0.013 to 0.025 mm). Good
results as regards finish are obtained by letting the wheel run over the
workpiece several times without cross-feeding.
Grinding Allowances From 0.005 to 0.040 in (0.13 to 1 mm) is
generally removed from the diameter in rough grinding in a cylindrical
machine. For finishing, 0.002 to 0.010 in (0.05 to 0.25 mm) is common.
Workpieces can be finished by grinding to a tolerance of 0.0002 in
(0.005 mm) and a surface roughness of 50* min Rq (1.2 mm).
In situations where grinding leaves unfavorable surface residual stresses,
the technique of gentle or low-stress grinding may be employed. This generally consists of removing a layer of about 0.010 in (0.25 mm) at depths
of cut of 0.0002 to 0.0005 in (0.005 to 0.013 mm) with wheel speeds that
are lower than the conventional 5,500 to 6,500 ft/min.
Truing and Dressing In truing, a diamond supported in the end of a
soft steel rod held rigidly in the machine is passed over the face of the
wheel two or three times to remove just enough material to give the wheel
its true geometric shape. Dressing is a more severe operation of removing
the dull or loaded surface of the wheel. Abrasive sticks or wheels or steel
star wheels are pressed against and moved over the wheel face.
Safety If not stored, handled, and used properly, a grinding wheel can
be a very dangerous tool. Because of its mass and high rotational speed, a
grinding wheel has considerable energy and, if it fractures, it can cause
serious injury and even death to the operator or to personnel nearby. A
safety code B7.1 entitled “The Use, Care, and Protection of Abrasive
Wheels” is available from ANSI; other safety literature is available from
the Grinding Wheel Institute and from the National Safety Council.
The salient features of safety in the use of grinding wheels may be
listed as follows: Wheels should be stored and handled carefully; a
wheel that has been dropped should not be used. Before it is mounted
on the machine, a wheel should be visually inspected for possible
cracks; a simple “ring” test may be employed whereby the wheel is
tapped gently with a light nonmetallic implement and if it sounds
cracked, it should not be used. The wheel should be mounted properly
with the required blotters and flanges, and the mounting nut tightened
not excessively. The label on the wheel should be read carefully for
maximum operating speed and other instructions. An appropriate guard
should always be used with the machine, whether portable or stationary.
Newly mounted wheels should be allowed to run idle at the operating
speed for at least 1 min before grinding. The operator should always wear
safety glasses and should not stand directly in front of a grinding wheel
when a grinder is started. If a grinding fluid is used, it should be turned
off first before stopping the wheel to avoid creating an out-of-balance
condition. Because for each type of operation and workpiece material
there usually is a specific type of wheel recommended, the operator
must make sure that the appropriate wheel has been selected.
Grinders
Grinding machines may be classified as to purpose and type as follows:
for rough removal of stock, the swinging-frame, portable, flexible shaft,
two-wheel stand, and disk; cutting off or parting, the cutting-off
machine; surface finishing, band polisher, two-wheel combination, twowheel polishing machine, two-wheel buffing machine, and semiautomatic polishing and buffing machine; precision grinding, tool post,
cylindrical (plain and universal), crankshaft, centerless, internal, and
surface (reciprocating table with horizontal or vertical wheel spindle,
and rotary table with horizontal or vertical wheel spindle); special form
grinders, gear or worm, ball-bearing balls, cams, and threads; and tool
and cutter grinders for single-point tools, drills, and milling cutters,
reamers, taps, dies, knives, etc.

Grinding equipment of all types (many with computer controls) has
been improved during the past few years so as to be more rigid, provide
more power to the grinding wheel, and provide automatic cycling, loading, clamping, wheel dressing, and automatic feedback.
Centerless grinders are used to good advantage where large numbers
of relatively small pieces must be ground and where the ground surface
has no exact relation to any other surface except as a whole; the work
is carried on a support between two abrasive wheels, one a normal
grinding wheel, the second a rubber-bonded wheel, rotating at about 1⁄20th
the grinding speed, and is tilted 3 to 8% to cause the work to rotate and
feed past the grinding wheel (see also Sec. 6).
The cylindrical grinder is a companion machine to the engine lathe;
shafts, cylinders, rods, studs, and a wide variety of other cylindrical
parts are first roughed out on the lathe, then finished accurately to size
by the cylindrical grinder. The work is carried on centers, rotated slowly,
and traversed past the face of a grinding wheel.
Universal grinders are cylindrical machines arranged with a swiveling
table so that both straight and taper internal and external work can be
ground. Drill grinders are provided with rests so mounted that by a simple
swinging motion, correct cutting angles are produced automatically on the
lips of drills; a cupped wheel is usually employed. Internal grinders are
used for finishing the holes in bushings, rolls, sleeves, cutters, and the like;
spindle speeds from 15,000 to 30,000 r/min are common.
Horizontal surface grinders range from small capacity, used mainly in
tool making or small production work, to large sizes used for production work.
Vertical surface grinders are used for producing flat surfaces on production work. Vertical and horizontal disk grinders are used for surfacing.
Grinding machines are used for cutting off steel, especially tubes, structural
shapes, and hard metals. A thin resinoid or rubber-bonded wheel is used,
with aluminum oxide abrasive for all types of steel, aluminum, brass,
bronze, nickel, Monel, and Stellite; silicon carbide for cast iron, copper,
carbon, glass, stone, plastics, and other nonmetallic materials; and diamond for cemented carbides and ceramics.
Belt grinders use a coated abrasive belt running between pulleys. Belt
grinding is generally considered to be a roughing process, but finer finishes may be obtained by using finer grain size. Belt speeds generally
range from 2,000 to 10,000 ft/min (600 to 3,000 m/min) with grain sizes
ranging between 24 and 320, depending on the workpiece material and
the surface finish desired. The process has the advantage of high-speed
material removal and is applied to flat as well as irregular surfaces.
Although grinding is generally regarded as a finishing operation, it is
possible to increase the rate of stock removal whereby the process
becomes, in certain instances, competitive with milling. This type of
grinding operation is usually called creep-feed grinding. It uses equipment such as reciprocating table or vertical-spindle rotary table surface
grinders with capacities up to 300 hp (220 kW). The normal stock
removal may range up to 1⁄4 in (6.4 mm) with wheel speeds between
3,400 and 5,000 surface ft/min (1,000 and 1,500 m/min).
Finishing Operations
Polishing is an operation by which scratches or tool marks or, in some

instances, rough surfaces left after forging, rolling, or similar operations
are removed. It is not a precision operation. The nature of the polishing
process has been debated for a long time. Two mechanisms appear to
play a role: One is fine-scale abrasion, and the other is softening of surface layers. In addition to removal of material by the abrasive particles,
the high temperatures generated because of friction soften the asperities
of the surface of the workpiece, resulting in a smeared surface layer.
Furthermore, chemical reactions may also take place in polishing
whereby surface irregularities are removed by chemical attack.
Polishing is usually done in stages. The first stage is rough polishing,
using abrasive grain sizes of about 36 to 80, followed by a second stage,
using an abrasive size range of 80 to 120, a third stage of size 150 and
finer, etc., with a final stage of buffing. For the first two steps the polishing wheels are used dry. For finishing, the wheels are first worn
down a little and then coated with tallow, oil, beeswax, or similar substances. This step is partly polishing and partly buffing, as additional
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abrasive is often added in cake form with the grease. The cutting action
is freer, and the life of the wheel is prolonged by making the wheel surface flexible. Buffing wheels are also used for the finishing step when
tallow, etc., containing coarse or fine abrasive grains is periodically
rubbed against the wheel.
Polishing wheels consisting of wooden disks faced with leather, turned
to fit the form of the piece to be polished, are used for flat surfaces or on
work where it is necessary to maintain square edges. A large variety of
other types of wheels are in common use. Compress wheels are used
extensively and are strong, durable, and easily kept in balance. They consist of a steel center the rim of which holds a laminated surface of leather,
canvas, linen, felt, rubber, etc., of various degrees of pliability. Wheels of
solid leather disks of walrus hide, buffalo hide, sheepskin, or bull’s neck
hide, or of soft materials such as felt, canvas, and muslin, built up of disks
either loose, stitched, or glued, depending on the resiliency or pliability
required, are used extensively for polishing as well as buffing. Belts of
cloth or leather are often charged with abrasive for polishing flat or other
workpieces. Wire brushes may be used with no abrasive for a final operation to give a satin finish to nonferrous metals.
For most polishing operations speeds range from 5,000 to 7,500 surface ft/min (1,500 to 2,250 m/min). The higher range is for highstrength steels and stainless steels. Excessively high speeds may cause
burning of the workpiece and glazing.
Mirrorlike finishes may be obtained by electropolishing, a process that
is the reverse of electroplating; it is particularly useful for polishing
irregularly shaped workpieces which otherwise would be difficult to
polish uniformly. A more recent specialized process is magnetic-field
polishing, in which fine abrasive polishing particles are suspended in a
magnetic fluid. This process is effective for polishing ceramic balls, such
as ball bearings. The chemical-mechanical polishing process combines the
actions of abrasive particles, suspended in a water-based solution, with a
chemistry selected to cause controlled corrosion. It produces exceptionally flat surfaces with very fine surface finish, particularly important in
polishing silicon wafers for the semiconductor industry.
Buffing is a form of finish polishing in which the surface finish is
improved; very little material is removed. The powdered abrasives are
applied to the surface of the wheel by pressing a mixture of abrasive and
tallow or wax against the face for a few seconds. The abrasive is replenished periodically. The wheels are made of a soft pliable material, such
as soft leather, felt, linen, or muslin, and rotated at high speed.
A variety of buffing compounds are available: aluminum oxide, chromium
oxide, soft silica, rouge (iron oxide), pumice, lime compounds, emery, and
crocus. In cutting down nonferrous metals, Tripoli is used; and for steels
and stainless steels, aluminum oxide is the common abrasive. For coloring, soft silica, rouge, and chromium oxide are the more common compounds used. Buffing speeds range from 6,000 to 10,000 surface ft/min
(1,800 to 3,000 m/min); the higher speeds are for steels, although the
speed may be as high at 12,000 surface ft/min (3,600 m/min) for coloring
brass and copper.
Lapping is a process of producing extremely smooth and accurate
surfaces by rubbing the surface which is to be lapped against a mating
form which is called a lap. The lap may either be charged with a fine
abrasive and moistened with oil or grease, or the fine abrasive may be
introduced with the oil. If a part is to be lapped to a final accurate
dimension, a mating form of a softer material such as soft close-grained
cast iron, copper, brass, or lead is made up. Aluminum oxide, silicon
carbide, and diamond grits are used for lapping. Lapping requires considerable time. No more than 0.0002 to 0.0005 in (0.005 to 0.013 mm)
should be left for removal by this method. Surface plates, rings, and
plugs are common forms of laps. For most applications grit sizes range
between 100 and 800, depending on the finish desired. For most efficient lapping, speeds generally range from 300 to 800 surface ft/min
(150 to 240 m/min) with pressures of 1 to 3 lb/in2 (7 to 21 kPa) for soft
materials and up to 10 lb/in2 (70 kPa) for harder materials.
Honing is an operation similar to lapping. Instead of a metal lap
charged with fine abrasive grains, a honing stone made of fine abrasives
is used. Small stones of various cross-sectional shapes and lengths are
manufactured for honing the edges of cutting tools. Automobile cylinders
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are honed for fine finish and accurate dimensions. This honing usually
follows a light-finish reaming operation or a precision-boring operation
using diamonds or carbide tools. The tool consists of several honing
stones adjustable at a given radius or forced outward by springs or a
wedge forced mechanically or hydraulically and is given a reciprocating (25 to 40 per min) and a rotating motion (about 300 r/min) in the
cylinder which is flooded with kerosine.
Hones operate at speeds of 50 to 200 surface ft/min (15 to 60 m/min)
and use universal joints to allow the tool to center itself in the workpiece. The automatic pressure-cycle control of hone expansion, in
which the pressure is reduced in steps as the final finish is reached,
removes metal 10 times as fast as with the spring-expanded hone.
Rotational and reciprocating movements are provided to give an uneven
ratio and thus prevent an abrasive grain from ever traversing its own
path twice.
Superfinishing is a honing process. Formed honing stones bear against
the workpiece previously finished to 0.0005 in (0.013 mm) or at the
most to 0.001 in (0.025 mm) by a very light pressure which gradually
increases to several pounds per square inch (1 lb/in2 ' 0.0069 MPa) of
stone area in proportion to the development of the increased area of
contact between the workpiece and stone. The workpiece or tool rotates
and where possible is reciprocated slowly over the surface which may be
finished in a matter of 20 s to a surface quality of 1 to 3 min (0.025 to
0.075 mm). Superfinishing is applied to many types of workpieces such
as crankshaft pins and bearings, cylinder bores, pistons, valve stems,
cams, and other metallic moving parts.
Deburring involves removing burrs (thin ridges, generally triangular,
resulting from operations such as punching and blanking of sheet metals,
and from machining and drilling) along the edges of a workpiece.
Several deburring operations are available, the most common ones
being manual filing, wire brushing, using abrasives (emery paper, belts,
abrasive blasting), and vibratory and barrel finishing. Deburring operations can also be carried out using programmable robots.
MACHINING AND GRINDING OF PLASTICS

The low strength of thermoplastics permits high cutting speeds and
feeds, but the low heat conductivity and greater resilience require
increased reliefs and less rake in order to avoid undersize cutting. Hard
and sharp tools should be used. Plastics are usually abrasive and cause
the tools to wear or become dull rapidly. Dull tools generate heat and
cause the tools to cut to shallow depths. The depth of cut should be
small. When high production justifies the cost, diamond turning and
boring tools are used. Diamond tools maintain sharp cutting edges and
produce an excellent machined surface. They are particularly advantageous when a more abrasive plastic such as reinforced plastic is
machined.
A cutting fluid, such as a small blast of air or a stream of water,
improves the turning and cutting of plastics as it prevents the heating of
the tool and causes the chips to remain brittle and to break rather than
become sticky and gummy. A zero or slightly negative back rake and a
relief angle of 8 to 12% should be used. For thermoplastics cutting
speeds generally range from 250 to 400 ft/min (75 to 120 m/min) and
for thermosetting plastics from 400 to 1,000 ft/min (120 to 300 m/min).
Recommended tool materials are M2 and T5 high-speed steels and
C2 carbide.
In milling plastics, speeds of 400 to 1,000 ft/min (120 to 300 m/min)
should be used, with angles similar to those on a single-point tool. From
0 to 10% negative rake may be used. Good results have been obtained by
hobbing plastic gears with carbide-tipped hobs. Recommended tool
materials are M2 and M7 high-speed steels and C2 carbide.
In drilling, speeds range from 150 to 400 ft/min (45 to 120 m/min),
and the recommended drill geometry is given in Table 13.4.6. Tool
materials are M1, M7, and M10 high-speed steel. Usually the drill cuts
undersize; drills 0.002 to 0.003 in (0.05 to 0.075 mm) oversize should
be used.
In sawing plastics, either precision or buttress tooth forms may be
used, with a pitch ranging from 3 to 14 teeth/in (1.2 to 5.5 teeth/cm),
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the thicker the material the lower the number of teeth per unit length of
saw. Cutting speeds for thermoplastics range from 1,000 to 4,000 ft/min
(300 to 1,200 m/min) and for thermosetting plastics from about 3,000
to 5,500 ft/min (900 to 1,700 m/min), with the higher speeds for thinner stock. High-carbon-steel blades are recommended. An air blast is
helpful in preventing the chips from sticking to the saw. Abrasive saws
operating at 3,500 to 6,000 ft/min (1,000 to 1,800 m/min) are also used
for cutting off bars and forms.
Plastics are tapped and threaded with standard tools. Ground M1,
M7, or M10 high-speed steel taps with large polished flutes are recommended. Tapping speeds are usually from 25 to 50 ft/min (8 to 15
m/min); water serves as a good cutting fluid as it keeps the material brittle and prevents sticking in the flutes. Thread cutting is generally accomplished with tools similar to those used on brass.
Reaming is best accomplished in production by using tools of the
expansion or adjustable type with relatively low speeds but high feeds.
Less material should be removed in reaming plastics than in reaming
other materials.
Polishing and buffing are done on many types of plastics. Polishing is
done with special compounds containing wax or a fine abrasive. Buffing
wheels for plastics should have loose stitching. Vinyl plastics can be
buffed and polished with fabric wheels of standard types, using light pressures.
Thermoplastics and thermosets can be ground with relative ease, usually by using silicon carbide wheels. As in machining, temperature rise
should be minimized.
MACHINING AND GRINDING OF CERAMICS

The technology of machining and grinding of ceramics, as well as composite materials, has advanced rapidly, resulting in good surface characteristics and product integrity. Ceramics can be machined with
carbide, high-speed steel, or diamond tools, although care should be
exercised because of the brittle nature of ceramics and the resulting possible surface damage. Machinable ceramics have been developed which
minimize machining problems. Grinding of ceramics is usually done
with diamond wheels.
ADVANCED MACHINING PROCESSES

In addition to the mechanical methods of material removal described
above, there are a number of other important processes which may be
preferred over conventional methods. Among the important factors to
be considered are the hardness of the workpiece material, the shape of
the part, its sensitivity to thermal damage, residual stresses, tolerances,
and economics. Some of these processes produce a heat-affected layer
on the surface; improvements in surface integrity may be obtained by
postprocessing techniques such as polishing or peening. Almost all
machines are now computer-controlled.
Electric-discharge machining (EDM) is based on the principle of erosion
of metals by spark discharges. Figure 13.4.20 gives a schematic diagram
of this process. The spark is a transient electric discharge through the
space between two charged electrodes, which are the tool and the workpiece. The discharge occurs when the potential difference between the
tool and the workpiece is large enough to cause a breakdown in the
medium (which is called the dielectric fluid and is usually a hydrocarbon)
and to procure an electrically conductive spark channel. The breakdown

potential is usually established by connecting the two electrodes to the
terminals of a capacitor charged from a power source. The spacing
between the tool and workpiece is critical; therefore, the feed is controlled by servomechanisms. The dielectric fluid has the additional functions of providing a cooling medium and carrying away particles
produced by the electric discharge. The discharge is repeated rapidly, and
each time a minute amount of workpiece material is removed.
The rate of metal removal depends mostly on the average current in
the discharge circuit; it is also a function of the electrode characteristics, the electrical parameters, and the nature of the dielectric fluid. In
practice, this rate is normally varied by changing the number of discharges per second or the energy per discharge. Rates of metal removal
may range from 0.01 to 25 in3/h (0.17 to 410 cm3/h), depending on surface finish and tolerance requirements. In general, higher rates produce
rougher surfaces. Surface finishes may range from 1,000 min Rq
(25 mm) in roughing cuts to less than 25 min (0.6 mm) in finishing cuts.
The response of materials to this process depends mostly on their
thermal properties. Thermal capacity and conductivity, latent heats of
melting and vaporization are important. Hardness and strength do not
necessarily have significant effect on metal removal rates. The process
is applicable to all materials which are sufficiently good conductors of
electricity. The tool has great influence on permissible removal rates. It
is usually made of graphite, copper-tungsten, or copper alloys. Tools
have been made by casting, extruding, machining, powder metallurgy,
and other techniques and are made in any desired shape. Tool wear is
an important consideration, and in order to control tolerances and minimize cost, the ratio of tool material removed to workpiece material
removed should be low. This ratio varies with different tool and workpiece material combinations and with operating conditions. Therefore,
a particular tool material may not be best for all workpieces. Tolerances
as low as 0.0001 to 0.0005 in (0.0025 to 0.0127 mm) can be held with
slow metal removal rates. In machining some steels, tool wear can be
minimized by reversing the polarity and using copper tools. This is
known as “no-wear EDM.”
The electric-discharge machining process has numerous applications,
such as machining cavities and dies, cutting small-diameter holes,
blanking parts from sheets, cutting off rods of materials with poor
machinability, and flat or form grinding. It is also applied to sharpening
tools, cutters, and broaches. The process can be used to generate almost
any geometry if a suitable tool can be fabricated and brought into close
proximity to the workpiece.
Thick plates may be cut with wire EDM (Fig. 13.4.21). A slowly
moving wire travels a prescribed path along the workpiece and cuts the
metal with the sparks acting like saw teeth. The wire, usually about 0.01
in (0.25 mm) in diameter, is made of brass, copper, or tungsten and is
generally used only once. The process is also used in making tools and
dies from hard materials, provided that they are electrically conducting.
Electric-discharge grinding (EDG) is similar to the electric-discharge
machining process with the exception that the electrode is in the form of
Wire
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Fig. 13.4.20 Schematic diagram of the electric-discharge machining process.

Reel

Fig. 13.4.21 Schematic diagram of the wire EDM process.
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Fig. 13.4.22 Schematic diagram of the electrochemical machining process.

a grinding wheel. Removal rates are up to 1.5 in3/h (25 cm3/h) with practical tolerances on the order of 0.001 in (0.025 mm). A graphite or brass
electrode wheel is operated around 100 to 600 surface ft/min
(30 to 180 m/min) to minimize splashing of the dielectric fluid. Typical
applications of this process are in grinding of carbide tools and dies, thin
slots in hard materials, and production grinding of intricate forms.
The electrochemical machining (ECM) process (Fig. 13.4.22) uses
electrolytes which dissolve the reaction products formed on the workpiece by electrochemical action; it is similar to a reverse electroplating
process. The electrolyte is pumped at high velocities through the tool.
A gap of 0.005 to 0.020 in (0.13 to 0.5 mm) is maintained. A dc power
supply maintains very high current densities between the tool and the
workpiece. In most applications, a current density of 1,000 to 5,000 A
is required per in2 of active cutting area. The rate of metal removal is
proportional to the amount of current passing between the tool and the
workpiece. Removal rates up to 1 in3/min (16 cm3/min) can be obtained
with a 10,000-A power supply. The penetration rate is proportional to
the current density for a given workpiece material.
The process leaves a burr-free surface. It is also a cold machining
process and does no thermal damage to the surface of the workpiece.
Electrodes are normally made of brass or copper; stainless steel, titanium,
sintered copper-tungsten, aluminum, and graphite have also been used.
The electrolyte is usually a sodium chloride solution up to 2.5 lb/gal
(300 g/L); other solutions and proprietary mixtures are also available.
The amount of overcut, defined as the difference between hole diameter and tool diameter, depends upon cutting conditions. For production
applications, the average overcut is around 0.015 in (0.4 mm). The rate
of penetration is up to 0.750 in/min (20 mm/min).
Very good surface finishes may be obtained with this process.
However, sharp square corners or sharp corners and flat bottoms cannot
be machined to high accuracies. The process is applied mainly to round
or odd-shaped holes with straight parallel sides. It is also applied to
cases where conventional methods produce burrs which are costly to
remove. The process is particularly economical for materials with a
hardness above 400 HB.
The electrochemical grinding (ECG) process (Fig. 13.4.23) is a combination of electrochemical machining and abrasive cutting where most
of the metal removal results from the electrolytic action. The process
consists of a rotating cathode, a neutral electrolyte, and abrasive particles in contact with the workpiece. The equipment is similar to a

Fig. 13.4.23 Schematic diagram of the electrochemical grinding process.
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conventional grinding machine except for the electrical accessories.
The cathode usually consists of a metal-bonded diamond or aluminum
oxide wheel. An important function of the abrasive grains is to maintain
a space for the electrolyte between the wheel and workpiece.
Surface finish, precision, and metal-removal rate are influenced by
the composition of the electrolyte. Aqueous solutions of sodium silicate, borax, sodium nitrate, and sodium nitrite are commonly used as
electrolytes. The process is primarily used for tool and cutter sharpening and for machining of high-strength materials.
A combination of the electric-discharge and electrochemical methods of material removal is known as electrochemical discharge grinding
(ECDG). The electrode is a pure graphite rotating wheel which electrochemically grinds the workpiece. The intermittent spark discharges
remove oxide films that form as a result of electrolytic action. The
equipment is similar to that for electrochemical grinding. Typical applications include machining of fragile parts and resharpening or form
grinding of carbides and tools such as milling cutters.
In chemical machining (CM) material is removed by chemical or electrochemical dissolution of preferentially exposed surfaces of the workpiece.
Selective attack on different areas is controlled by masking or by partial
immersion. There are two processes involved: chemical milling and chemical blanking. Milling applications produce shallow cavities for overall
weight reduction, and are also used to make tapered sheets, plates, or
extrusions. Masking with paint or tapes is common. Masking materials
may be elastomers (such as butyl rubber, neoprene, and styrene-butadiene)
or plastics (such as polyvinyl chloride, polystyrene, and polyethylene).
Typical blanking applications are decorative panels, printed-circuit etching, and thin stampings. Etchants are solutions of sodium hydroxide for
aluminum, and solutions of hydrochloric and nitric acids for steel.
Ultrasonic machining (USM) is a process in which a tool is given
a high-frequency, low-amplitude oscillation, which, in turn, transmits a
high velocity to fine abrasive particles that are present between the tool
and the workpiece. Minute particles of the workpiece are chipped away
on each stroke. Aluminum oxide, boron carbide, or silicone carbide
grains are used in a water slurry (usually 50 percent by volume), which
also carries away the debris. Grain size ranges from 200 to 1,000 (see
Sec. 6 and Figs. 13.4.18 and 13.4.19).
The equipment consists of an electronic oscillator, a transducer, a
connecting cone or toolholder, and the tool. The oscillatory motion is
obtained most conveniently by magnetostriction, at approximately
20,000 Hz and a stroke of 0.002 to 0.005 in (0.05 to 0.13 mm). The tool
material is normally cold-rolled steel or stainless steel and is brazed,
soldered, or fastened mechanically to the transducer through a toolholder. The tool is ordinarily 0.003 to 0.004 in (0.075 to 0.1 mm) smaller
than the cavity it produces. Tolerances of 0.0005 in (0.013 mm) or better can be obtained with fine abrasives. For best results, roughing cuts
should be followed with one or more finishing operations with finer
grits. The ultrasonic machining process is used in drilling holes, engraving, cavity sinking, slicing, broaching, etc. It is best suited to materials
which are hard and brittle, such as ceramics, carbides, borides, ferrites,
glass, precious stones, and hardened steels.
In water jet machining (WJM), water is ejected from a nozzle at pressures as high as 200,000 lb/in2 (1,400 MPa) and acts as a saw. The
process is suitable for cutting and deburring of a variety of materials
such as polymers, paper, and brick in thicknesses ranging from 0.03 to
1 in (0.8 to 25 mm) or more. The cut can be started at any location, wetting is minimal, and no deformation of the rest of the piece takes place.
Abrasives can be added to the water stream to increase material removal
rate, and this is known as abrasive water jet machining (AWJM).
In abrasive-jet machining (AJM), material is removed by fine abrasive
particles (aluminum oxide or silicon carbide) carried in a high-velocity
stream of air, nitrogen, or carbon dioxide. The gas pressure ranges up
to 120 lb/in2 (800 kPa), providing a nozzle velocity of up to 1,000 ft/s
(300 m/s). Nozzles are made of tungsten carbide or sapphire. Typical
applications are in drilling, sawing, slotting, and deburring of hard, brittle
materials such as glass.
In laser-beam machining (LBM), material is removed by converting
electric energy into a narrow beam of light and focusing it on the
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workpiece. The high energy density of the beam is capable of melting
and vaporizing all materials, and consequently, there is a thin heataffected zone. The most commonly used laser types are CO2 (pulsed
or continuous-wave) and Nd:YAG. Typical applications include cutting a variety of metallic and nonmetallic materials, drilling (as small
as 0.0002 in or 0.005 mm in diameter), and marking. The efficiency
of cutting increases with decreasing thermal conductivity and reflectivity of the material. Because of the inherent flexibility of the process,

programmable and computer-controlled laser cutting is now becoming important, particularly in cutting profiles and multiple holes of
various shapes and sizes on large sheets. Cutting speeds may range up
to 25 ft/ min (7.5 m/min).
The electron-beam machining (EBM) process removes material by
focusing high-velocity electrons on the workpiece. Unlike lasers, this
process is carried out in a vacuum chamber and is used for drilling small
holes, scribing, and cutting slots in all materials, including ceramics.

13.5 SURFACE TEXTURE DESIGNATION, PRODUCTION, AND QUALITY CONTROL
by Ali M. Sadegh
REFERENCES: American National Standards Institute, “Surface Texture,” ANSI/
ASME B 46.1-1985, and “Surface Texture Symbols,” ANSI Y 14.36-1978.
Broadston, “Control of Surface Quality,” Surface Checking Gage Co., Hollywood,
CA. ASME, “Metals Engineering Design Handbook,” McGraw-Hill SME,
“Tool and Manufacturing Engineers Handbook,” McGraw-Hill.

Rapid changes in the complexity and precision requirements of mechanical products since 1945 have created a need for improved methods of
determining, designating, producing, and controlling the surface texture
of manufactured parts. Although standards are aimed at standardizing
methods for measuring by using stylus probes and electronic transducers for surface quality control, other descriptive specifications are sometimes required, i.e., interferometric light bands, peak-to-valley by optical
sectioning, light reflectance by commercial glossmeters, etc. Other parameters are used by highly industrialized foreign countries to solve their
surface specification problems. These include the high-spot counter and
bearing area meter of England (Talysurf); the total peak-to-valley, or R1,
of Germany (Perthen); and the R or average amplitude of surface deviations of France. In the United States, peak counting is used in the sheetsteel industry, instrumentation is available (Bendix), and a standard for
specification, SAE J-911, exists.
Surface texture control should be considered for many reasons,
among them being the following:
1. Advancements in the technology of metal-cutting tools and
machinery have made the production of higher-quality surfaces possible.
2. Products are now being designed that depend upon proper quality
control of critical surfaces for their successful operation as well as for
long, troublefree performance in service.
3. Remote manufacture and the necessity for controlling costs have
made it preferable that finish requirements for all the critical surfaces of
a part be specified on the drawing.
4. The design engineer, who best understands the overall function of
a part and all its surfaces, should be able to determine the requirement
for surface texture control where applicable and to use a satisfactory
standardized method for providing this information on the drawing for
use by manufacturing departments.
5. Manufacturing personnel should know what processes are able to
produce surfaces within specifications and should be able to verify that
the production techniques in use are under control.
6. Quality control personnel should be able to check conformance to
surface texture specifications if product quality is to be maintained and
product performance and reputation ensured.

through the simple means of comparing the average size of its irregularities, using applicable standards and modern measurement methods. It is
then possible to predict and control its performance with considerable
certainty by limiting the range of the average size of its characteristic surface irregularities. Surface texture standards make this control possible.
Variations in the texture of a critical surface of a part influence its
ability to resist wear and fatigue; to assist or destroy effective lubrication; to increase or decrease its friction and/or abrasive action on other
parts, and to resist corrosion, as well as affect many other properties that
may be critical under certain conditions.
Clay has shown that the load-carrying capacity of nitrided shafts of
varying degrees of roughness, all running at 1,500 r/min in diamond-turned
lead-bronze bushings finished to 20 min (0.50 mm), varies as shown in
Fig. 13.5.1. The effects of roughness values on the friction between a flat
slider on a well-lubricated rotating disk are shown in Fig. 13.5.2.
Surface texture control should be a normal design consideration
under the following conditions:
1. For those parts whose roughness must be held within closely controlled limits for optimum performance. In such cases, even the process
may have to be specified. Automobile engine cylinder walls, which
should be finished to about 13 min (0.32 mm) and have a circumferential
(ground) or an angular (honed) lay, are an example. If too rough, excessive wear occurs, if too smooth, piston rings will not seat properly, lubrication is poor, and surfaces will seize or gall.
2. Some parts, such as antifriction bearings, cannot be made too smooth
for their function. In these cases, the designer must optimize the tradeoff
between the added costs of production and various benefits derived from
added performance, such as higher reliability and market value.

DESIGN CRITERIA

Surfaces produced by various processes exhibit distinct differences in texture. These differences make it possible for honed, lapped, polished,
turned, milled, or ground surfaces to be easily identified. As a result of its
unique character, the surface texture produced by any given process can
be readily compared with other surfaces produced by the same process

Fig. 13.5.1 Load-carrying capacity of journal bearings related to the surface
roughness of a shaft. (Clay, ASM Metal Progress, Aug. 15, 1955.)
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unsound to specify too smooth a surface as to make it too rough—or to
control it at all if not necessary. Wherever normal shop practice will
produce acceptable surfaces, as in drilling, tapping, and threading, or in
keyways, slots, and other purely functional surfaces, unnecessary surface texture control will add costs which should be avoided.
Whereas each specialized field of endeavor has its own traditional
criteria for determining which surface finishes are optimum for adequate performance, Table 13.5.1 provides some common examples for
design review, and Table 13.5.6 provides data on the surface texture
ranges that can be obtained from normal production processes.
DESIGNATION STANDARDS, SYMBOLS,
AND CONVENTIONS
Fig. 13.5.2 Effect of surface texture on friction with hydrodynamic lubrication
using a flat slider on a rotating disk. Z ' oil viscosity, cP; N ' rubbing speed,
ft/min; P ' load, lb/in2.

3. There are some parts where surfaces must be made as smooth as
possible for optimum performance regardless of cost, such as gages,
gage blocks, lenses, and carbon pressure seals.
4. In some cases, the nature of the most satisfactory finishing process
may dictate the surface texture requirements to attain production efficiency, uniformity, and control even though the individual performance of
the part itself may not be dependent on the quality of the controlled surface. Hardened steel bushings, e.g., which must be ground to close tolerance for press fit into housings, could have outside surfaces well beyond
the roughness range specified and still perform their function satisfactorily.
5. For parts which the shop, with unjustified pride, has traditionally
finished to greater perfection than is necessary, the use of proper surface texture designations will encourage rougher surfaces on exterior
and other surfaces that do not need to be finely finished. Significant cost
reductions will accrue thereby.
It is the designer’s responsibility to decide which surfaces of a given
part are critical to its design function and which are not. This decision
should be based upon a full knowledge of the part’s function as well as
of the performance of various surface textures that might be specified.
From both a design and an economic standpoint, it may be just as
Table 13.5.1

The precise definition and measurement of surface texture irregularities
of machined surfaces are almost impossible because the irregularities are
very complex in shape and character and, being so small, do not lend
themselves to direct measurement. Although both their shape and length
may affect their properties, control of their average height and direction
usually provides sufficient control of their performance. The standards
do not specify the surface texture suitable for any particular application,
nor the means by which it may be produced or measured. Neither are the
standards concerned with other surface qualities such as appearance, luster, color, hardness, microstructure, or corrosion and wear resistance,
any of which may be a governing design consideration.
The standards provide definitions of the terms used in delineating critical surface-texture qualities and a series of symbols and conventions
suitable for their designation and control. In the discussion which follows, the reference standards used are “Surface Texture” (ANSI/ ASME
B46.1-1985) and “Surface Texture Symbols” (ANSI Y 14.36-1978).
The basic ANSI symbol for designating surface texture is the checkmark with horizontal extension shown in Fig. 13.5.3. The symbol with
the triangle at the base indicates a requirement for a machining
allowance, in preference to the old f symbol. Another, with the small
circle in the base, prohibits machining; hence surfaces must be produced without the removal of material by processes such as cast, forged,
hot- or cold-finished, die-cast, sintered- or injection-molded, to name a
few. The surface-texture requirement may be shown at A; the machining allowance at B; the process may be indicated above the line at C;

Typical Surface Texture Design Requirements
Clearance surfaces
Rough machine parts
Mating surfaces (static)
Chased and cut threads
Clutch-disk faces
Surfaces for soft gaskets
Piston-pin bores
Brake drums
Cylinder block, top
Gear locating faces
Gear shafts and bores
Ratchet and pawl teeth
Milled threads
Rolling surfaces
Gearbox faces
Piston crowns
Turbine-blade dovetails
Broached holes
Bronze journal bearings
Gear teeth
Slideways and gibs
Press-fit parts
Piston-rod bushings
Antifriction bearing seats
Sealing surfaces for hydraulic tube fittings

Motor shafts
Gear teeth (heavy loads)
Spline shafts
O-ring grooves (static)
Antifriction bearing bores and faces
Camshaft lobes
Compressor-blade airfoils
Journals for elastomer lip seals
Engine cylinder bores
Piston outside diameters
Crankshaft bearings
Jet-engine stator blades
Valve-tappet cam faces
Hydraulic-cylinder bores
Lapped antifriction bearings
Ball-bearing races
Piston pins
Hydraulic piston rods
Carbon-seal mating surfaces
Shop-gage faces
Comparator anvils
Bearing balls
Gages and mirrors
Micrometre anvils
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Fig. 13.5.3 Application and use of surface texture symbols.

the roughness width cutoff (sampling length) at D, and the lay at E. The
ANSI symbol provides places for the insertion of numbers to specify a
wide variety of texture characteristics, as shown in Table 13.5.2.
Control of roughness, the finely spaced surface texture irregularities
resulting from the manufacturing process or the cutting action of tools
or abrasive grains, is the most important function accomplished through
the use of these standards, because roughness, in general, has a greater
effect on performance than any other surface quality. The roughnessheight index value is a number which equals the arithmetic average
deviation of the minute surface irregularities from a hypothetical perfect surface, expressed in either millionths of an inch (microinches, min,
0.000001 in) or in micrometres, mm, if drawing dimensions are in metric, SI units. For control purposes, roughness-height values are taken
from Table 13.5.3, with those in boldface type given preference.
The term roughness cutoff, a characteristic of tracer-point measuring
instruments, is used to limit the length of trace within which the asperities of the surface must lie for consideration as roughness. Asperity spacings greater than roughness cutoff are then considered as waviness.
Waviness refers to the secondary irregularities upon which roughness
is superimposed, which are of significantly longer wavelength and are
usually caused by machine or work deflections, tool or workpiece
vibration, heat treatment, or warping. Waviness can be measured by a
dial indicator or a profile recording instrument from which roughness
has been filtered out. It is rated as maximum peak-to-valley distance
and is indicated by the preferred values of Table 13.5.4. For fine waviness control, techniques involving contact-area determination in percent
(90, 75, 50 percent preferred) may be required. Waviness control by
interferometric methods is also common, where notes, such as “Flat
Table 13.5.2

within XX helium light bands,” may be used. Dimensions may be determined from the precision length table (see Sec. 1).
Lay refers to the direction of the predominant visible surface roughness pattern. It can be controlled by use of the approved symbols given
in Table 13.5.5, which indicate desired lay direction with respect to the
boundary line of the surface upon which the symbol is placed.
Flaws are imperfections in a surface that occur only at infrequent intervals. They are usually caused by nonuniformity of the material, or they
result from damage to the surface subsequent to processing, such as
scratches, dents, pits, and cracks. Flaws should not be considered in
surface texture measurements, as the standards do not consider or classify
them. Acceptance or rejection of parts having flaws is strictly a matter of
judgment based upon whether the flaw will compromise the intended
function of the part.
To call attention to the fact that surface texture values are specified on
any given drawing, a note and typical symbol may be used as follows:
2 Surface texture per ANSI B46.1
Values for nondesignated surfaces can be limited by the note
xx

2 All machined surfaces except as noted
MEASUREMENT

Two general methods exist to measure surface texture: profile methods and
area methods. Profile methods measure the contour of the surface in a
plane usually perpendicular to the surface. Area methods measure an area
of a surface and produce results that depend on area-averaged properties.

Application of Surface Texture Values to Surface Symbols
Roughness average rating is placed at the
left of the long leg. The specification of
only one rating shall indicate the maximum value and any lesser value shall be
acceptable. Specify in micrometres
(microinches).
The specification of maximum value and
minimum value roughness average ratings
indicates permissible range of value rating.
Specify in micrometres (microinches).
Maximum waviness height rating is placed
above the horizontal extension. Any lesser
rating shall be acceptable. Specify in
millimetres (inches).
Maximum waviness spacing rating is placed
above the horizontal extension and to the
right of the waviness height rating. Any
lesser rating shall be acceptable. Specify
in millimetres (inches).

Machining is required to produce the surface. The basic amount of stock provided
for machining is specified at the left of
the short leg of the symbol. Specify in
millimetres (inches).
Removal of material by machining is
prohibited.
Lay designation is indicated by the lay
symbol placed at the right of the long leg.
Roughness sampling length or cutoff rating
is placed below the horizontal extension.
When no value is shown, 0.80 mm is assumed. Specify in millimetres (inches).
Where required, maximum roughness spacing shall be placed at the right of the lay
symbol. Any lesser rating shall be acceptable. Specify in millimetres (inches).

SURFACE QUALITY VERSUS TOLERANCES
Table 13.5.3

Table 13.5.4

Preferred Series Roughness Average Values Ra , mm and min

mm

min

mm

min

mm

min

mm

min

mm

min

0.012
0.025
0.050
0.075
0.10

0.5
1
2
3
4

0.125
0.15
0.20
0.25
0.32
0.40

5
6
8
10
13
16

0.50
0.63
0.80
1.00
1.25
1.60

20
25
32
40
50
63

2.00
2.50
3.20
4.0
5.0
6.3

80
100
125
160
200
250

8.0
10.0
12.5
15.0
20.0
25.0

320
400
500
600
800
1,000

Preferred Series Maximum Waviness Height Values

mm

in

mm

in

mm

in

0.0005
0.0008
0.0012
0.0020
0.0025
0.005

0.00002
0.00003
0.00005
0.00008
0.0001
0.0002

0.008
0.012
0.020
0.025
0.05
0.08

0.0003
0.0005
0.0008
0.001
0.002
0.003

0.12
0.20
0.25
0.38
0.50
0.80

0.005
0.008
0.010
0.015
0.020
0.030

Another categorization is by contact methods and noncontact methods.
Contact methods include stylus methods (tracer-point analysis) and
capacitance methods. Noncontact methods include light section
microscopy, optical reflection measurements, and interferometry.
Replicas of typical standard machined surfaces provide less accurate
but often adequate reference and control of rougher surfaces with Ra
over 16 min.

Table 13.5.5

Lay Symbols
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The United States and 25 other countries have adopted the roughness
average Ra as the standard measure of surface roughness. (See ANSI/

ASME B46.1-1985.)
PRODUCTION

Various production processes can produce surfaces within the ranges
shown in Table 13.5.6. For production efficiency, it is best that critical
areas requiring surface texture control be clearly designated on drawings
so that proper machining and adequate protection from damage during
processing will be ensured.
SURFACE QUALITY VERSUS TOLERANCES

It should be remembered that surface quality and tolerances are distinctly different attributes that are controlled for completely separate
purposes. Tolerances are established to limit the range of the size of a
part at the time of manufacture, as measured with gages, micrometres,
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Table 13.5.6

Surface-Roughness Ranges of Production Processes

or other traditional measuring devices having anvils that make contact
with the part. Surface quality controls, on the other hand, serve to limit
the minute surface irregularities or asperities that are formed by the
manufacturing process. These lie under the gage anvils during measurement and do not use up tolerances.

QUALITY CONTROL (SIX SIGMA)

Quality control is a system that outlines the policies and procedures
necessary to improve and control the various processes in
manufacturing that will ultimately lead to improved business
performance.
Six Sigma is a quality management program to achieve “six sigma”
levels of quality. It was pioneered by Motorola in the mid-1980s and
has spread to many other manufacturing companies. In statistics,

sigma refers to the standard deviation of a set of data. Therefore, six
sigma refers to six standard deviations. Likewise, three sigma refers to
three standard deviations. In probability and statistics, the standard
deviation is the most commonly used measure of statistical dispersion; i.e., it measures the degree to which values in a data set are
spread. The standard deviation is defined as the square root of the
variance, i.e., the root mean square (rms) deviation from the average.
It is defined in this way to give us a measure of dispersion.
Assuming that defects occur according to a standard normal distribution, this corresponds to approximately 2 quality failures per million
parts manufactured. In practical application of the six sigma methodology, however, the rate is taken to be 3.4 per million.
Initially, many believed that such high process reliability was impossible, and three sigma (67,000 defects per million opportunities, or
DPMO) was considered acceptable. However, market leaders have
measurably reached six sigma in numerous processes.

13.6 WOODCUTTING TOOLS AND MACHINES
by Richard W. Perkins
REFERENCES: Davis, Machining and Related Characteristics of United States
Hardwoods, USDA Tech. Bull. 1267. Harris, “A Handbook of Woodcutting,” Her
Majesty’s Stationery Office, London. Koch, “Wood Machining Processes,”
Ronald Press. Kollmann, Wood Machining, in Kollmann and Côté, “Principles of
Wood Science and Technology,” chap. 9, Springer-Verlag.
SAWING

Sawing machines are classified according to basic machine design, i.e.,
band saw, gang saw, chain saw, circular saw. Saws are designated as
ripsaws if they are designed to cut along the grain or crosscut saws if
they are designed to cut across the grain. A combination saw is designed
to cut reasonably well along the grain, across the grain, or along a direction at an angle to the grain (miter). Sawing machines are often further
classified according to the specific operation for which they are used,
e.g., headsaw (the primary log-breakdown saw in a sawmill), resaw (saw
for ripping cants into boards), edger (saw for edging boards in a
sawmill), variety saw (general-purpose saw for use in furniture plants),
scroll saw (general-purpose narrow-band saw for use in furniture plants).
The thickness of the saw blade is designated in terms of the
Birmingham wire gage (BWG) (see Sec. 8.2). Large-diameter [40 to 60
in (1.02 to 1.52 mm)] circular-saw blades are tapered so that they are
thicker at the center than at the rim. Typical headsaw blades range in
thickness from 5 to 6 BWG [0.203 to 0.220 in (5.16 to 5.59 mm)] for use
in heavy-duty applications to 8 to 9 BWG [0.148 to 0.165 in (3.76 to
4.19 mm)] for lighter operations. Small-diameter [6 to 30 in (152 to 762
mm)] circular saws are generally flat-ground and range from 10 to 18 BWG
[0.049 to 0.134 in (1.24 to 3.40 mm)] in thickness. Band-saw and gangsaw blades are flat-ground and are generally thinner than circular-saw
blades designed for similar applications. For example, typical wideband-saw blades for sawmill use range from 11 to 16 BWG [0.065 to
0.120 in (1.65 to 3.05 mm)] in thickness. The thickness of a band-saw
blade is determined by the cutting load and the diameter of the band
wheel. Gang-saw blades are generally somewhat thicker than band-saw
blades for similar operations. Narrow-band-saw blades for use on scroll
band saws range in thickness from 20 to 25 BWG [0.020 to 0.035 in
(0.51 to 0.89 mm)] and range in width from 1⁄8 to about 13⁄4 in (3.17 to
44.5 mm) depending upon the curvature of cuts to be made.
The considerable amount of heat generated at the cutting edge results
in compressive stresses in the rim of the saw blade of sufficient magnitude to cause mechanical instability of the saw blades. Circular-saw
blades and wide-band-saw blades are commonly prestressed (or
tensioned) to reduce the possibility of buckling. Small circular-saw
blades for use on power-feed rip-saws and crosscut saws are frequently
provided with expansion slots for the same purpose.
The shape of the cutting portion of the sawtooth is determined by specifying the hook, face bevel, top bevel, and clearance angles. The optimum
tooth shape depends primarily upon cutting direction, moisture content,
and density of the workpiece material. Sawteeth are, in general, designed
in such a way that the portion of the cutting edge which is required to cut
across the fiber direction is provided with the maximum effective rake
angle consistent with tool strength and wear considerations. Ripsaws are
designed with a hook angle between some 46% for inserted-tooth circular
headsaws used to cut green material and 10% for solid-tooth saws cutting
dense material at low moisture content. Ripsaws generally have zero face
bevel and top bevel angle; however, spring-set ripsaws sometimes are
provided with a moderate top bevel angle (5 to 15%). The hook angle for
crosscut saws ranges from positive 10% to negative 30%. These saws are
generally designed with both top and face bevel angles of 5 to 15%; however, in some cases top and face bevel angles as high as 45% are employed.
A compromise design is used for combination saws which embodies the

features of both ripsaws and crosscut saws in order to provide a tool
which can cut reasonably well in all directions. The clearance angle
should be maintained at the smallest possible value in order to provide for
maximum tooth strength. For ripsawing applications, the clearance angle
should be about 12 to 15%. The minimum satisfactory clearance angle is
determined by the nature of the work material, not from kinematical considerations of the motion of the tool through the work. In some cases of
cutoff, combination, and narrow-band-saw designs where the tooth pitch
is relatively small, much larger clearance angles are used in order to provide the necessary gullet volume.
A certain amount of clearance between the saw blade and the generated surface (side clearance or set) is necessary to prevent frictional heating of the saw blade. In the case of solid-tooth circular saws and band
or gang saws, the side clearance is generally provided either by deflecting alternate teeth (spring-setting) or by spreading the cutting edge
(swage-setting). The amount of side clearance depends upon density,
moisture content, and size of the saw blade. In most cases, satisfactory
results are obtained if the side clearance S is determined from the formula S [in (mm)] ' A/2[ f (g
5)
f (g)], where g ' gage number
(BWG) of the saw blade, f (n) ' dimension in inches (mm) corresponding to the gage number n, and A has values from Table 13.6.1.
Certain specialty circular saws such as planer, smooth-trimmer, and
miter saws are hollow-ground to provide side clearance. Inserted-tooth
saws, carbide-tipped saws, and chain-saw teeth are designed so that sufficient side clearance is provided for the life of the tool; consequently,
the setting of such saws is unnecessary.
Table 13.6.1 Values of A for Computing Side Clearance
Workpiece material
Specific gravity
less than 0.45

Specific gravity
greater than 0.55

Saw type

Air dry

Green

Air dry

Green

Circular rip and combination
Glue-joint ripsaw
Circular crosscut
Wide-band saw
Narrow-band saw

0.90
0.80
0.95
0.55
0.65

1.00
—
1.05
0.65
—

0.85
0.60
0.90
0.30
0.55

0.95
—
1.00
0.40
—

The tooth speed for sawing operations ranges from 3,000 to 17,000 ft/
min (15 to 86 m/s) approx. Large tooth speeds are in general desirable
in order to permit maximum work rates. The upper limit of permissible
tooth speed depends in most cases on machine design considerations and
not on considerations of wear or surface quality as in the case of metal
cutting. Exceptionally high tooth speeds may result in charring of the
work material, which is machined at slow feed rates.
In many sawing applications, surface quality is not of prime importance since the sawed surfaces are subsequently machined, e.g., by
planing, shaping, sanding; therefore, it is desirable to operate the saw at
the largest feed per tooth consistent with gullet overloading. Large values of feed per tooth result in lower amounts of work required per unit
volume of material cut and in lower amounts of wear per unit tool travel.
Large-diameter circular saws, wide-band saws, and gang saws for ripping green material are generally designed so that the feed per tooth
should be about 0.08 to 0.12 in (2.03 to 3.05 mm). Small-diameter circular saws are designed so that the feed per tooth ranges from 0.03 in
(0.76 mm) for dense hardwoods to 0.05 in (1.27 mm) for low-density
softwoods. Narrow-band saws are generally operated at somewhat
smaller values of feed per tooth, e.g., 0.005 to 0.04 in (0.13 to 1.02 mm).
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Smaller values of feed per tooth are necessary for applications where
surface quality is of prime importance, e.g., glue-joint ripsawing and
variety-saw operations. The degree of gullet loading is measured by the
gullet-feed index (GFI), which is computed as the feed per tooth times the
depth of face divided by the gullet area. The maximum GFI depends
primarily upon species, moisture content, and cutting direction. It is
generally conceded that the maximum GFI for ripsawing lies between
0.3 for high-density, low-moisture-content material and 0.4 for lowdensity, high-moisture-content material. For specific information, see
Telford, For. Prod. Res. Soc. Proc., 1949.
Saws vary considerably in design of the gullet shape. The primary
design considerations are gullet area and tooth strength; however, special design shapes are often required for certain classes of workpiece
material, e.g., for ripping frozen wood.
Materials Saw blades and the sawteeth of solid-tooth saws are generally made of a nickel tool steel. The bits for inserted-tooth saws were
historically plain carbon tool steel; however, high-speed steel bits or
bits with a cast-alloy inlay (e.g., Stellite) are sometimes used in applications where metal or gravel will not be encountered. Small-diameter
circular saws of virtually all designs are made with cemented-carbide
tips. This type is almost imperative in applications where highly abrasive material is cut, namely, in plywood and particleboard operations.
Sawing Power References: Endersby, The Performance of Circular
Plate Ripsaws, For. Prod. Res. Bull. 27, Her Majesty’s Stationery Office,
London, 1953. Johnston, Experimental Cut-off Saw, For. Prod. Jour.,
June 1962. Oehrli, Research in Cross-cutting with Power Saw Chain
Teeth, For. Prod. Jour., Jan. 1960. Telford, Energy Requirements for
Insert-point Circular Headsaws, Proc. For. Prod. Res. Soc., 1949.
An approximate relation for computing the power P, ft & lb/min (W),
required to saw is
P ' kvb(A * Bt a )/p
where k is the kerf, in (m); v is the tooth speed, ft/min (m/s); p is the
tooth pitch, in (m); A and B are constants for a given sawing operation,
lb/in (N/m) and lb/in2 (N/m2), respectively; and ta is the average chip
thickness, in (m). The average chip thickness is computed from the relation ta ' gf t ( d/b, where ft is the feed per tooth; d is the depth of face;
b is the length of the tool path through the workpiece; and g has the
value 1 except for saws with spring-set or offset teeth, in which case g
has the value 2. The constants A and B depend primarily upon cutting
direction (ripsawing, crosscutting), moisture content below the fibersaturation point and specific gravity of the workpiece material, and
tooth shape. The values of A and B (see Table 13.6.2) depend to some
degree upon the depth of face, saw diameter, gullet shape, gullet-feed
Table 13.6.2

index, saw speed, and whether the tool motion is linear or rotary; however, the effect of these variables can generally be neglected for purposes of approximation.
Computers are now utilized in sawmills where raw logs are first
processed into rough-cut lumber. With suitable software, the mill operator can input key dimensions of the log and receive the cutting pattern
which provides a mix of cross sections of lumber so as to maximize the
yield from the log. The saving in waste is sizable, and this technique is
especially attractive in view of the decreasing availability of largecaliper old stand timber, together with the cost of same.
PLANING AND MOLDING
Machinery Planing and molding machines employ a rotating cutterhead to generate a smooth, defect-free surface by cutting in a direction
approximately along the grain. A surfacer (or planer) is designed to
machine boards or panels to uniform thickness. A facer (or facing planer)
is designed to generate a flat (plane) surface on the wide faces of
boards. The edge jointer is intended to perform the same task on the
edges of boards in preparation for edge-gluing into panels. A planermatcher is a heavy-duty machine designed to plane rough boards to uniform width and thickness in one operation. This machine is commonly
used for dressing dimension lumber and producing millwork. The
molder is a high-production machine for use in furniture plants to generate parts of uniform cross-sectional shape.
Recommended Operating Conditions It is of prime importance to
adjust the operating conditions and knife geometry so that the machining defects are reduced to a satisfactory level. The most commonly
encountered defects are torn (chipped) grain, fuzzy grain, raised and
loosened grain, and chip marks. Torn grain is caused by the wood splitting ahead of the cutting edge and below the generated surface. It is
generally associated with large cutting angle, large chip thickness, low
moisture content, and low workpiece material density. The fuzzy-grain
defect is characterized by small groups of wood fibers which stand up
above the generated surface. This defect is caused by incomplete severing of the wood by the cutting edge and is generally associated with
small cutting angles, dull knives, low-density species, high moisture
content, and (often) the presence of abnormal wood known as reaction
wood. The raised-grain defect is characterized by an uneven surface
where one portion of the annual ring is raised above the remaining part.
Loosened grain is similar to raised grain; however, loosened grain is
characterized by a separation of the early wood from the late wood
which is readily discernible to the naked eye. The raised- and loosenedgrain defects are attributed to the crushing of springwood cells as the

Constants for Sawing-Power Estimation
Material

Tool

Constants

Species

Specific
gravity

Moisture
content, %

Anglese

Sawing
situation

A,
lb/in

A,
N/m

B,
lb/in2 ( 10–3

B,
N/m2 ( 10–6

Beech, Europeana
Birch, yellow b
Elm, wych a
Maple, sugar c
Maple, sugar c, f
Pine, northern white c
Pine, northern white c , f
Pine, northern whiteb
Pine, ponderosad
Pine, ponderosad
Poplar (P. serotina) a
Redwood, Californiaa
Spruce, white b

0.72
0.55
0.67
0.63
0.63
0.34
0.34
0.34
0.38–0.40
0.38–0.40
0.48
0.37
0.32

12
FSP
12
FSP
FSP
FSP
FSP
FSP
15–40
15–40
12
12
FSP

20, 0, 12
30, 10, 10
20, 0, 12
41, 0, 0
41, 0, 0
41, 0, 0
41, 0, 0
30, 10, 10
28, 25, 0
28, 25, 0
20, 0, 12
20, 0, 12
30, 10, 10

SS, R
SS,CC
SS, R
IT,R
IT,R
IT,R
IT,R
SS,CC
OFT, R
OFT, CC
SS, R
SS,R
SS, CC

27.8
19.7
23.2
85.6
48.0
27.1
28.2
0.0
29.3
0.0
18.6
15.0
0.0

4,869
3,450
4,063
15,991
8,406
4,746
4,939
0
5,131
0
3,257
2,627
0

5.760
4.100
4.840
2.995
4.400
1.675
2.085
3.300
1.700
2.120
3.290
2.260
4.680

39.71
28.27
33.37
20.65
30.34
11.55
14.38
22.75
11.72
14.62
22.68
15.58
32.27

Endersby.
Johnston.
Hoyle, unpublished report, N.Y. State College of Forestry, Syracuse, NY, 1958.
d
Oehrli.
e
The numbers represent hook angle, face bevel angle, and top bevel in degrees.
f
Cutting performed on frozen material.
NOTE: FSP ' moisture content greater than the fiber saturation point; CC ' crosscut; IT ' insert-tooth; OFT ' offset-tooth; R ' rip; SS ' spring-set.
a

b
c

SANDING

knife passes over the surface. (Edge-grain material may exhibit a defect
similar to the raised-grain defect if machining is performed at a markedly
different moisture content from that encountered at some later time.)
Raised and loosened grains are associated with dull knives, excessive
jointing of knives [the jointing land should not exceed 1⁄32 in (0.79 mm)],
and high moisture content of workpiece material. Chip marks are caused
by chips which are forced by the knife into the generated surface as the
knife enters the workpiece material. Chip marks are associated with
inadequate exhaust, low moisture content, and species (e.g., birch,
Douglas fir, and maple have a marked propensity toward the chipmark defect).
Depth of cut is an important variable with respect to surface quality,
particularly in the case of species which are quite prone to the torngrain defect (e.g., hard maple, Douglas fir, southern yellow pine). In
most cases, the depth of cut should be less than 1⁄16 in (1.59 mm). The
number of marks per inch (marks per metre) (reciprocal of the feed per
cutter) is an important variable in all cases; however, it is most important in those cases for which the torn-grain defect is highly probable.
The marks per inch (marks per metre) should be between 8 and 12
(315 and 472) for rough planing operations and from 12 to 16 (472 to
630) for finishing cuts. Slightly higher values may be necessary for
refractory (brittle) species or for situations where knots or curly grain
are present. It is seldom necessary to exceed a value of 20 marks per
inch (787 marks per metre). The clearance angle should in all cases
exceed a value of 10%. When it is desired to hone or joint the knives
between sharpenings, a value of about 20% should be used. The optimum cutting angle lies between 20 and 30% for most planing situations;
however, in the case of interlocked or wavy grain, low moisture content,
or species with a marked tendency toward the torn-grain defect, it may
be necessary to reduce the cutting angle to 10 or 15%.
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filing the clearance face, it is important to ensure that sufficient clearance is maintained. The clearance angle should be at least 5% greater
than the angle whose tangent (function) is the feed per revolution
divided by the circumference of the drill point.
Recommended Operating Conditions The most common defects
are tearing of fibers from the end-grain portions of the hole surface and
charring of hole surfaces. Rough hole surfaces are most often encountered in low-density and ring-porous species. This defect can generally
be reduced to a satisfactory level by controlling the chip thickness.
Charring is commonly a problem in high-density species. It can be
avoided by maintaining the peripheral speed of the tool below a level
which depends upon density and moisture content and by maintaining
the chip thickness at a satisfactory level. Large chip thickness may
result in excessive tool temperature and therefore rapid tool wear; however, large chip thickness is seldom a cause of hole charring. The following recommendations pertain to the use of spur-type drills or bits for
boring material at about 6 percent moisture content across the grain. For
species having a specific gravity less than 0.45, the chip thickness
should be between 0.015 and 0.030 in (0.38 and 0.76 mm), and the
peripheral speed of the tool should not exceed 900 ft/min (4.57 m/s).
For material of specific gravity between 0.45 and 0.65, satisfactory
results can be obtained with values of chip thickness between 0.015 and
0.045 in (0.38 and 1.14 mm) and with peripheral speeds less than 700 ft/
min (3.56 m/s). For material of specific gravity greater than 0.65, the
chip thickness should lie between 0.015 and 0.030 in (0.38 and 0.76 mm)
and the peripheral speed should not exceed 500 ft/min (2.54 m/s).
Somewhat higher values of chip thickness and peripheral speed can be
employed when the moisture content of the material is higher.

SANDING
BORING

The typical general-purpose wood-boring machine has
a single vertical spindle and is a hand-feed machine. Production
machines are often of the vertical, multiple-spindle, adjustable-gang
type or the horizontal type with two adjustable, independently driven
spindles. The former type is commonly employed in furniture plants for
boring holes in the faces of parts, and the latter type is commonly used
for boring dowel holes in the edges and ends of parts.
Tool Design A wide variety of tool designs is available for specialized boring tasks; however, the most commonly used tools are the taperhead drill, the spur machine drill, and the machine bit. The taperhead
drill is a twist drill with a point angle of 60 to 90%, lip clearance angle
of 15 to 20%, chisel-edge angle of 125 to 135%, and helix angle of 20
to 40%. Taper-head drills are used for drilling screw holes and for boring dowel holes along the grain. The spur machine drill is equivalent to
a twist drill having a point angle of 180% with the addition of a pyramidal point (instead of a web) and spurs at the circumference. These drills
are designed with a helix angle of 20 to 40% and a clearance angle of 15
to 20%. The machine bit has a specially formed head which determines
the configuration of the spurs. It also has a point. Machine bits are
designed with a helix angle of 40 to 60%, cutting angle of 20 to 40%, and
clearance angle of 15 to 20%. Machine bits are designed with spurs contiguous to the cutting edges (double-spur machine bit), with spurs
removed from the vicinity of the cutting edges (extension-lip machine bit),
and with the outlining portion of the spurs removed (flat-cut machine bit).
The purpose of the spurs is to aid in severing wood fibers across their
axes, thereby increasing hole-wall smoothness when boring across the
grain. Therefore, drills or bits with spurs (double-spur machine drill and
bit) are intended for boring across the grain, whereas drills or bits without spurs (taper-head drill, flat-cut machine bit) are intended for boring
along the grain or at an angle to the grain.
Taper-head and spur machine drills can be sharpened until they
become too short for further use; however, machine bits and other bit
styles which have specially formed heads can only be sharpened a limited number of times before the spur and cutting-face configuration is
significantly altered. Since most wood-boring tools are sharpened by
Machinery

(See also Secs. 6.7 and 6.8.)

Machinery Machines for production sanding of parts having flat surfaces are multiple-drum sanders, automatic-stroke sanders, and wide-belt
sanders. Multiple-drum sanders are of the endless-bed or rollfeed type and
have from two to six drums. The drum at the infeed end is fitted with a
relatively coarse abrasive (40 to 100 grit), takes a relatively heavy cut
[0.010 to 0.015 in (0.25 to 0.38 mm)], and operates at a relatively slow
surface speed [3,000 to 3,500 ft/min (15.24 to 17.78 m/s)]. The drum at
the outfeed end has a relatively fine abrasive paper (60 to 150 grit), takes
a relatively light cut [about 0.005 in (0.13 mm)], and operates at a somewhat higher surface speed [4,000 to 5,000 ft/min (20.3 to 25.4 m/s)].
Automatic-stroke sanders employ a narrow abrasive belt and a reciprocating shoe which forces the abrasive belt against the work material. This
machine is commonly employed in furniture plants for the final whitesanding operation prior to finish coating. The automatic-stroke sander has
a relatively low rate of material removal (about one-tenth to one-third of
the rate for the final drum of a multiple-drum sander) and is operated with
a belt speed of 3,000 to 7,500 ft/min (15.2 to 38.1 m/s). Wide-belt sanders
are commonly used in board plants (plywood, particle board, hardboard).
They have the advantage of higher production rates and somewhat greater
accuracy than multiple-drum sanders [e.g., feed rates up to 100 ft/min
(0.51 m/s) as opposed to about 35 ft/min (0.18 m/s)]. Wide-belt sanders
operate at surface speeds of approximately 5,000 ft/min (25.4 m/s) and
are capable of operating at depths of cut of 0.006 to 0.020 in (0.15 to
0.51 mm) depending upon workpiece material density.
Abrasive Tools The abrasive tool consists of a backing to carry the
abrasive and an adhesive coat to fix the abrasive to the backing. Backings
are constructed of paper, cloth, or vulcanized fiber or consist of a clothpaper combination. The adhesive coating (see also Sec. 6) is made up
of two coatings; the first coat (make coat) acts to join the abrasive material to the backing, and the second coat (size coat) acts to provide the
necessary support for the abrasive particles. Coating materials are generally animal glues, urea resins, or phenolic resins. The choice of material for the make and size coats depends upon the required flexibility of
the tool and the work rate required of the tool. Abrasive materials (see
also Sec. 6) for woodworking applications are garnet, aluminum oxide,
and silicon carbide. Garnet is the most commonly used abrasive mineral
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Table 13.6.3

Recommendations for Common Whitewood Sanding Operations
Abrasive
Backing
Material

Multiple drum

Wide-belt

Stroke sanding

Edge sanding

Mold sanding

Adhesive

Mineral

Grit size

Weight

Make
coat

Size
coat

1st
drum

2d
drum

3d
drum

1st
drum

2d
drum

3d
drum

Softwood

Paper

E

Glue

Resin

G

G

G or S

50

80

100

Hardwood

Paper

E

Glue

Resin

A

A

A

60

100

120

Particleboard

Paper
Fiber

E
0.020

Glue
Resin

Resin
Resin

G
S

G
S

G or A
S

40
40

60
60

80
80

Hardboard

Paper
Fiber

E
0.020

Glue
Resin

Resin
Resin

S
S

S
S

S
S

60
60

80
80

120
120

Softwood

Paper
Cloth

E
X

Glue
Resin

Resin
Resin

G
G

or
or

S
S

Hardwood

Paper
Cloth

E
X

Glue
Resin

Resin
Resin

A
A

80–220*
80–220*

Burnishing

Paper

E

Glue

Glue

A

280–400

Particleboard

Cloth

X

Resin

Resin

S

24–150*

Hardboard

Cloth

X

Resin

Resin

S

100–150

Softwood

Paper

E

Glue

Resin

G

80; 120†

Hardwood

Paper
Cloth

E
X

Glue
Glue

Resin
Resin

A
A

100; 150–180†
100; 150–180†

Particleboard

Paper
Cloth

E
X

Glue
Resin

Resin
Resin

A
A

or
or

S
S

80; 120†
80; 120†

Hardboard

Paper
Cloth

E
X

Glue
Resin

Resin
Resin

A
A

or
or

S
S

100; 150†
100; 150†

80–220*
80–220*

Softwood

Cloth

X

Glue

Resin

G

60; 100†

Hardwood

Cloth
Cloth

X
X

Glue
Resin

Resin
Resin

A
A

60–150*
60–150*

Softwood

Cloth
Cloth

J
J

Glue
Glue

Glue
Resin

G
G

80–120*
80–120*

Hardwood

Cloth
Cloth

J
J

Glue
Glue

Glue
Resin

G
G

or
or

A
A

80–120*
80–120*

* May be single- or multiple-grit operation.
† First number for cutting-down operations, second number for finishing operations.
NOTE: G ' garnet; A ' aluminum oxide; S ' silicon oxide.
SOURCE: Graham, Furniture Production, July and Aug., 1961; and Martin, Wood Working Digest, Sept. 1961.

because of its low cost and acceptable working qualities for low-workrate situations. It is generally used for sheet goods, for sanding softwoods with all types of machines, and for sanding where the belt is
loaded up (as opposed to worn out). Aluminum oxide abrasive is used
extensively for sanding hardwoods, particleboard, and hardboard.
Silicon carbide abrasive is used for sanding and polishing between coating operations and for machine sanding of particleboard and hardboard.
Silicon carbide is also frequently used for the sanding of softwoods
where the removal of raised fibers is a problem. The size of the abrasive

particles is specified by the mesh number (the approximate number of
openings per inch in the screen through which the particles will pass).
(See Commercial Std. CS217-59, “Grading of Abrasive Grain on
Coated Abrasive Products,” U.S. Government Printing Office.) Mesh
numbers range from about 600 to 12. Size may also be designated by
an older system of symbols which range from 10/0 (mesh no. 400)
through 0 (mesh no. 80) to 41⁄2 (mesh no. 12). Some general recommendations for common white wood sanding operations are presented
in Table 13.6.3.

13.7 PRECISION CLEANING
by Charles Osborn
IMPORTANCE OF CLEANLINESS

Long ignored, and still somewhat underestimated, the importance of
part cleanliness is rapidly coming to the fore in today’s high-tech
products, especially as we head further into nanotechnologies.
Historically many manufacturers have dismissed part cleaning as an

insignificant part of the process. Many learn all too late that their
highly engineered, closely toleranced device is rendered inoperable
by a tiny particle, often so small that it can’t be seen with the naked
eye. Suddenly they are faced with a steep learning curve, for myriad
equipment, chemistry, staffing, and environmental issues await them.
This material will help you become familiar with some of the

SELECTION OF A CLEANING METHOD

procedures, equipment, and terms that you will encounter on blueprint requirements.
Parts cleaning covers a wide spectrum, ranging from “gross” cleaning
of heavy industrial components to “critical” cleaning for the space program components. Many factors must be considered in deciding which
processes best fit your particular situation. Applications run the gamut
from outer-space/aerospace (oxygen delivery systems to both rocket motors
and breathing apparatus for astronauts) to inner space (pharmaceuticals
and hip replacements in the medical field). Increasingly the automotive
industry is requiring verifiable cleanliness levels for fuel injector components and other metering devices used in antilock brake components.
SELECTING A CLEANLINESS LEVEL

Ultimately, fit, form, and function determine the type and amounts of
contaminates that can cause improper operation of moving parts or can
restrict the flow of fluids. If the limits governing your parts have been
established for you, it remains only to institute processes to ensure compliance. If, however, you are asked to establish cleanliness limits for a
given part, the task is more challenging. You begin by gathering an array
of parts, some that “work” well in the application and others that don’t.
Perform cleanliness testing on each to establish the current level of
cleanliness for each case. With this information you now have benchmarks from which you can establish minimum levels of acceptance.
This can be done by referring to an industry standard such as International
Standard ISO 14952 Part 2, “Surface Cleanliness of Fluid Systems—
Cleanliness Levels.”
There are two main contaminate types, particles and nonvolatile residues.
There are two types of particles: hard and soft.
Hard particles are defined as (but not limited to) metal chips, scale from
heat treatment, grinding debris, e.g., aluminum oxide, rust, and weld slag.
Hard particles, by their very nature, will be detrimental to precision
assemblies. When probed with a dental pick, they will maintain their
shape and mass and not crumble or smear into separate smaller parts. If
small orifices are present, the absolute maximum acceptable particle size
is >70 percent of the diameter of the smallest downstream office.
Soft particles are fragile and break up when gently probed with a dental pick. They may also exhibit a pasty or gummy consistency. They are
generally not considered as solids and may not be of great concern in
your application (you will need to evaluate this for your application).
Natural fibers such as hair of bits of shop rags are called linters and are
a subclass of soft particle. Linters are organic fibers whose length
exceeds the width by a 10 :1 ratio. Linters would be of concern if you
have small metering orifices that could become clogged or obstructed by
an accumulation of linters without regard to size.
The second contaminate classification nonvolatile residue, may consist
of both particles and hydrocarbons but is usually thought of in terms of
residual hydrocarbon films. If either is present in oxygen service applications, fire and/or explosion could result. Highly sensitive systems
may ignite if there is even a slight residue left from inadequate rinsing
of aqueous cleaning solution. A reference covering nonvolative residue
is published by the SAE: “ARP 1176, Oxygen System and Component
Cleaning and Packaging.” ®
There are three levels of cleanliness: gross, precision, and critical. Gross
cleaning is performed primarily to remove scale from heat treating, other
rust, and metal chips. Cleanliness is generally verified by a visual examination and may be aided with a 2 to 10 ( loupe under normal lighting
conditions. Borescopes are often used to gain access to cored passageways and cavities.
Precision cleaning is performed in a clean-room environment of . class
100,000 but $1,000 to remove minute contaminants. Verification involves
use of equipment to both quantify and qualify the cleanliness level.
Critical cleaning is performed in clean rooms rated at class 100 or
better, and only on the most sensitive components.
ENVIRONMENT

Selection of the environment that best suits your application is not always
obvious. A common statement found in many industry specifications is
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the following: The environment you clean and test in must be compatible with
the requirements of the parts. Put another way, the environment must be
clean enough to allow you to achieve the cleanliness level that you need
on your parts.
Gross cleaning is typically performed in a clean area, which is defined
as space physically separated from other manufacturing operations,
e.g., machining, finishing, and welding, with means to prevent entry of
airborne particles and fumes. A portable laminar flow bench or hood is
acceptable in most cases. The following are basic clean-area protocols:
Sticky mats at every entrance
No food, drink, or smoking
No oils or greases
No cardboard or wood
No wool sweaters
No sandpaper or abrasives
Clean-room gloves required when handling cleaned parts
Precision cleaning is performed in a clean-room environment of . class
100,000 but # 1,000. A reference that outlines the exact parameters of
a clean room and how to test for them is FED-STD-209, “Airborne
Particulate Cleanliness Classes in Clean Rooms and Clean Zones.”
Class limits
Class name

0.1 /m/ft3

1
10
100
1,000
10,000
100,000

35
350
—
—
—
—

0.2 /m/ft3

0.3 /m/ft3

7.5
75
750
—
—
—

3.0
30
300
—
—
—

0.5 /m/ft3

5 /m/ft3

1.0
10
100
1,000
10,000
100,000

—
—
—
7.0
70
1,750

The limits shown designate specific concentrations of particles per
unit volume of airborne particles with sizes equal to and larger than the
particle sizes shown.
The following are basic clean-room protocols:
All those that apply to a clean room, plus the following:
No pencils are to be used—pens only.
No drawings or paper is used unless necessary and only in sealed or
laminated plastic sheets.
Everyone entering shall wear clean room garments of monofilament
polyethylene such as Tyvek® or GoreTex®. Basic coverage would be
full-body suits, booties, and head covering.
Gloves that touch anything other than cleaned parts must be changed.
SELECTION OF A CLEANING METHOD

Many factors must be considered in selecting an appropriate cleaning
method. Influencing factors include part geometry and sizes, presence
of blind holes and cored passageways, all of which may be compounded
by the presence of delicate components such as microcircuitry and highly
polished surfaces. Component material is important especially if noncorrosion-resistive or highly reactive materials are involved.
As important as the component features are, the nature of the contaminates will have a direct bearing on how they are best removed. There
are two type of contaminates, polar and nonpolar. Example of polar soil
are inks, metals, and their oxides, and they are best removed in waterbased solutions (see Table 13.7.1) Nonpolar soils such as mineral oil,
Table 13.7.1 Aqueous Cleaner Effectiveness
Type of cleaner
Acidic
Mild acidic
Neutral
Mild alkaline
Alkaline
Corrosive alkaline

pH
0–2
2–5.5
5.5–8.5
8.5–11
11–12.5
12.5–14

Contaminates
Metal oxides, scales
Inorganic salts, soluble metal
Light oils, small particles
Oils, particles, films
Oils, fats, proteins
Heavy grease
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greases, and wax are more easily removed in organic solvents. There
are many cleaning methods, but extreme methods may not be necessary to achieve high levels of cleanliness. Surprising results can be
achieved with simple equipment if it is set up in the proper environment with controls in place. Regardless of the method chosen, there are
some basic elements that remain constant in the production of clean
parts. Environment, already discussed, is paramount in achieving
cleanliness. Filtration of all fluids at the point of use is essential during rinsing and drying. Deionizied (DI) water of at least 50,000 0 ranging up to 18,000,000 0 must be used for rinsing to ensure that parts dry
spot-free.
Drying can be the biggest problem in the process, especially when
aqueous-based solution are used. Commons methods of drying include
compressed air (provided there are adequate filtering systems), vacuum
chambers, convection ovens fitted with filtration devices, and centrifugal units utilizing spinning baskets. Care of parts after cleaning is just
as important as the cleaning process itself; don’t place clean parts in
dirty containers. Packaging components in 4- to 6-mil-thick polyethylene bags sealed closed with an impulse heat sealer are industry standard. Most bags purchased from catalog vendors are not clean; insist on
certified bags to at least class 100 to ensure cleanliness is maintained.
Components sensitive to static electricity will need to be packaged in
antistatic material, and metallized or Saran coated films may be necessary as a vapor barrier in very humid conditions.
Parts made form non-corrosion-resistant metals may require additions to the bagging material to ensure parts don’t oxidize during shipping and storage. Using vacuum to evacuate the air or back-filling with
inert gas is effective. Insertion of clean-room-quality desiccant packets
is also acceptable, as well as dipping or spraying with preservative oils,
provided that the oil delivery systems are properly cleaned and verified.
If nonvolatile residue (NVR) is a concern, ultralow out-gassing material will be needed to ensure no residues are redeposited onto the parts.
Manual washing is the oldest and most basic cleaning method and can
be as simple as scrubbing a part with a brush, using solvents or aqueous
solutions, and drying with compressed shop air.
Advantages Equipment is readily available and inexpensive; there is
minimal operator training required.
Disadvantages It may not be adequate on components with inaccessible passageways; direct exposure of operators to the chemicals is
possible. Brush bristle size may be larger than the pores holding the
contaminates.
Mechanical blasting consists of a cabinet outfitted with doors on one or
both sides for moving the work in and out, with a viewing panel placed
just above a port. Rubber gloves are used to manipulate the workpiece
and protect the operator’s hands and arms. A hose and nozzle system
delivers the media propelled by compressed air on demand which the
operator activates with foot pedal. The physical impact of the media upon
the workpiece imparts a cleaning action along the substrate. There are
numerous types of media ranging from aluminum oxide with a Moh’s
hardness of 9 to sodium bicarbonate with Moh’s hardness of 2.5.
Advantages It is excellent at removing heavy oxides and scale; very
versatile; removes a wide variety of soils; and is able to change and
impact desirable surface finishes.
Disadvantages Inherently loud and messy, it is undesirable to be near
clean areas. It can result in warped and damaged parts if exposed too long
or if wrong media are used. Additional cleaning methods are required to
remove the residual media and achieve high levels of cleanliness.
Vapor Degreasing The process uses a holding tank with a controlled
heat source that is used to boil the solvent. The vapor from the heated
solvent rises, surrounding the part, penetrating the pores, and washes
away the debris. A water-cooled chill ring at the top of the unit condenses the vapor back to liquid. It settles into a collection tank, is filtered, and flows back to the boiling tank.
Advantages It is a one-step process; parts are cleaned and dried in the
same operation.

Disadvantages Even with good ventilation there is always a possibility that some vapors may escape, exposing workers. Traditional chlorinated solvents—trichloroethylene, perchloroethylene, and carbon
tetrachloride—are heavily regulated by the EPA. N-propyl bromide is a
more user-friendly substitute.
Ultrasonics Ultrasonics couple a tank with an electronic transducer
that convert electric energy to intense high-frequency vibrations. These
vibrations form bubbles in the tank solution that expand and then collapse against the surface of the part, dislodging contaminants. This
method is very effective in penetrating blind holes and cavities. These
units can be operated with aqueous or semiaqueous solutions, and other
solvents are best suited to cleaning hard substrates. Often they are coupled with sonic rinse tanks and drying chambers. There units run at
from 20 to 110 kHz.
Advantages They are very effective in removing small particulates
down to > 25 /m, especially in inaccessible cavities and blind holes.
Megasonic units (700 kHz to 1.2 MHz) can remove particles down to
the 0.15-/m range.
Disadvantages Cavitation can occur on softer substrates and erode the
parent material, usually in the form of a “starburst” pattern. When solvents are used, the entire system will need to be “explosion-proof,”
which dramatically increases the cost of equipment.
CO2 Cleaning High-purity CO2 is contained in special siphon
cylinders and metered through a specially designed nozzle, producing a
jet of fine “dry ice” and effectively becoming a mechanical blast system
with a medium that disappears as it sublimes from a solid to a gas.
When first emitted from the nozzle, the crystals of dry ice impact the
surface of the workpiece, imparting mechanical cleaning actions. At the
same time, as the crystals sublime from a solid to a gas, a solvency
action takes place that dissolves light oils.
Advantages Capital equipment is low-cost and easy to install. There
are very few negative health issues and so very little regulation. There
are virtually no waste disposal issues. It is effective in removing solid
particles down to 0.1 mm. The system employs no water, so there are no
drying issues.
Disadvantages It is only effective on very light oils and particles.
TEST METHODS AND ANALYSIS

There are many test methods, but in general they can be categorized as
gross, precision, and critical.
Examples of gross testing are as follows:
Visibly clean parts are nominally free of oil, grease, moisture, slag, rust,
and other foreign material when viewed with a naked eye by a person with
normal visual acuity, corrected or uncorrected, in normal room light.
Water break testing is a basic method of quickly and inexpensively
determining the presence of oils and films. DI water is sprayed onto the
subject part; if it “beads up” (as on a freshly waxed car surface), the
work is considered to have residual oils or films still present and will
require further cleaning. If the water forms large “puddles” or “sheets”
for 10 to 15 s, it is considered clean
Black light or ultraviolet light from 3,200 to 3,900 Å will cause most
oils and solid particles to fluoresce. Simply place the workpiece in a dark
room and expose it to the light; contaminates will glow, ranging in color
from bright white in the case of lint to yellow-green for hydrocarbons.
Conductivity is an inexpensive and quick method of determining the
presence of contaminates, especially nonvolatile residue. The procedure
is to submerge the study piece in a clean container of 18-10 water at
100 to 120%F for 5 min. The conductivity of the soak water is measured
with a meter, and if the reading is less than 5 mmho, it is considered free
of hydrocarbons.
In the precision class, the most widely used technique is the extraction
method; commonly referred to as Millipore or patch testing.
This method can detect contaminates down to 0.01 mg when weight
tests are performed and 5 mm using microscopic techniques. The part to
be tested is sprayed with filtered solvent from a pressurized container, and

REGULATORY CONSIDERATIONS

the resulting effluent is collected and strained through a preweighed filter,
using vacuum. The filter is dried and then weighed or scanned with a
microscope to qualify the nature and quantify the amount of the debris.
Variations in collection techniques are allowed to accommodate inaccessible areas, such as tubing and vessels, by filing them with solvent and manually agitating, then draining the solution into the filter funnel assembly.
International Standard ISO 14952-3, “Analytical Procedures for the
Determination of Nonvolatile Residues and Particulate,” is a excellent ref-

erence regarding these techniques.
A short list of equipment needed to collect and analyze a sample
follows:
50X to 100X microscope with measuring device
Analytical balance accurate to 0.1 mg
"5-mm membrane filters (with grids if counting particles)
Vacuum flask, filter holder base, grounded clamp, and funnel
Petri dishes
Pressurized solvent dispenser
Vacuum pump capable of 26 inHg
Convection oven
Forceps with flat blades
Collection container
If the application is approaching the critical classification, exotic verification methods may be necessary: optical particle counting, scanning
electron microscope, total organic carbon analysis, and contact angle
measurement. Details are available in the literature.
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INTERPRETATION AND USE OF DATA

There is a “cost of cleanlines,” and it almost becomes exponential as the
requirements tighten. Time spent identifying the contamination and preventing it at the source is definitely worthwhile. Identification of contaminates requires a good microscope. Establishing and monitoring
cleanliness levels of the cleaning processes can ensure repeatable
results and serve as a baseline for continuous improvements and maximization of the cleaning process.
Even after precision cleaning, a part may still not be absolutely clean.
Nothing is perfectly clean, and some contaminates are nearly impossible to remove. Small amounts of contamination may not harm your
device; the challenge is to determine an acceptable level and to repeatably achieve it.
REGULATORY CONSIDERATIONS

Many of the chemicals used for cleaning and testing are highly regulated
substances, and they are far too numerous to even begin to list here.
Before you go too far in setting up a process, be sure to check with local
officials to ensure operation within the codes, and learn who has oversight: local, state, or federal authorities. Setting up and registering for a
“waste stream” permit can also take a considerable amount of time and
money; it’s best to have the appropriate authorities involved at the
beginning so that the proposed operations and processes may proceed
smoothly and without delay.

Section
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14.1 DISPLACEMENT PUMPS
by Terry L. Henshaw
REFERENCES: Buse, “Positive-Displacement Pumps,” Marks’ Handbook, 9th ed.,
McGraw-Hill. Henshaw, “Reciprocating Pumps,” Van Nostrand Reinhold.
“Hydraulic Institute Standards,” 14 ed., Hydraulic Institute. Chesney, Water
Injection—Pump Development, paper 68-Pet-11, ASME. Lees, Designing for
High Pressures, paper 93-DE-9, ASME. “Positive Displacement Pumps—
Reciprocating,” API Standard 674, American Petroleum Institute.
NOTE: Much of the text and some of the illustrations are from the author’s book:
Henshaw, “Reciprocating Pumps,” Van Nostrand Reinhold, 1987.
GENERAL

A displacement pump (also called positive-displacement, or just p-d) is a
pump which imparts energy to the pumpage (the material pumped) by
trapping a fixed volume at suction (inlet) conditions, compressing it to
discharge pressure, then pushing it into the discharge (outlet) line. A
displacement pump does not rely on velocity to achieve pumping
action, as does a centrifugal pump or ejector.
Displacement pumps fall into two major classes: reciprocating and
rotary, as illustrated in Fig. 14.1.1.

is required to push the pumpage into the cavities created by the pumping elements.
If sufficient NPSH is not provided by the system, the pumpage will
begin to flash (boil) as it flows into the pump. The vapor will cause a
deterioration of pump performance. As the vapor flows into regions of
higher pressure in the pump, it condenses back to a liquid. This collapse
of the vapor bubbles occurs with significant impact, impinging upon
metal surfaces with enough energy to break out small pieces of the
metal. This is called cavitation damage. The shock created by the bubble collapse may be severe enough to crack a fluid cylinder or break a
crankshaft.
All pumps require the system to provide some NPSH. The NPSH
provided by the system is called NPSHA (the A is for available). The
NPSH required by the pump is called NPSHR. For displacement pumps,
NPSHR is normally expressed in pressure units (lb/in2 or kPa).
Since water usually contains dissolved air, the vapor pressure of the
solution is higher than for deaerated water, but this is often overlooked
when NPSH calculations are performed. The Hydraulic Institute recommends an NPSH margin of 3 lb/in2 (20 kPa) for power pumps in systems where the pumpage has been exposed to a gas other than the
liquid’s own vapor. A liquid (such as propane) at its bubble point in the
suction vessel requires no such margin.
RECIPROCATING PUMPS

A reciprocating pump is a displacement pump which reciprocates the
pumping element (piston, plunger, or diaphragm). The capacity of a
reciprocating pump is proportional to its speed, and is relatively independent of discharge pressure.
A power pump is one that reciprocates the pumping element with a
crankshaft or camshaft (see Figs. 14.1.2 and 14.1.3). It requires a driver which has a rotating shaft, such as a motor, engine, or turbine. A
constant-speed power pump will deliver essentially the same capacity
at any pressure within the capability of the driver and the strength of
the pump.
A direct-acting pump is a reciprocating pump driven by a fluid which
has a differential pressure (see Fig. 14.1.4). The motive fluid pushes on

Fig. 14.1.1 Classification diagram of displacement pumps.
Uses and Applications

Displacement pumps serve primarily in applications of low capacity
and high pressure, those mostly beyond the capabilities of centrifugal
pumps. Some of these services could be performed by centrifugals, but
not without an increase in power requirements and/or maintenance.
Because displacement pumps achieve high pressures with low
pumpage velocities, they are well-suited for abrasive-slurry and highviscosity services. A reciprocating pump must have special fittings to
be suitable for most slurries.
Net Positive Suction Head
Net positive suction head (NPSH), also called net positive inlet pressure
(NPIP) and net inlet pressure (NIP), is the difference between suction

pressure and vapor pressure, at the pump suction nozzle, when the
pump is running. In a reciprocating pump, NPSH is required to push the
suction valve from its seat and to overcome the friction losses and
acceleration head within the pump liquid end. In a rotary pump, NPSH
14-2

Fig. 14.1.2 Horizontal power pump.
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a piston (or diaphragm) which pushes the pumping element through a
rod (or directly on the pumpage).
Reciprocating pumps are classified by the following features:
Drive end (power or direct-acting)
Orientation of centerline of the pumping element (horizontal or
vertical)
Number of discharge strokes per cycle of each drive rod (singleacting or double-acting)
Pumping element (piston, plunger, or diaphragm)
Number of drive rods (simplex, duplex, triplex, quintuplex, etc.)
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saltwater injection and disposal; oil well blowout preventers; pipelines
(slurries and crude oil, and injection of ammonia and light hydrocarbons); steel and aluminum mill hydraulic systems; knockout drums in
process plants; hydrostatic testing; process slurries; metering; food and
chemical homogenizing; well-drilling mud; and car washes.

Fig. 14.1.4 Horizontal direct-acting gas-driven pump.

Applications that practically mandate reciprocating units are abrasive
and/or viscous slurries above about 500 lb/in2 (3500 kPa). Examples of
these services range from powdered coal to peanut butter.
High-Pressure Applications

Hand-powered pumps, for pressures to 40,000 lb/in2 (300 MPa), are
used for small jacks, deadweight testers, and hydrostatic testing of
small components. Small, air-driven direct-acting pumps are used for
low-flow, high-pressure systems such as hydrostatic testing. The liquid
pressure is approximately the air pressure multiplied (“intensified”) by
the ratio of the air piston area to the liquid plunger area. They are very
simple and will stall and hold a fixed pressure without using power; but
when pumping, they consume relatively large amounts of air. Available
up to 10 hp (7 kW), the most popular sizes are up to 2 hp (1.5 kW).
Pressures range to 100,000 lb/in2 (700 MPa).
Hydraulically driven intensifiers operate on the same principle, but
are more efficient, and because of the higher pressures commonly
available from hydraulic systems, can produce high pressures with
lower intensification ratios. Intensifiers are available to 300,000 lb/in2
(2100 MPa) for laboratory-scale hydrostatic applications. Intensifier
systems for water jetting are available from 30,000 to 60,000 lb/in2
(210 MPa to 410 MPa) up to 200 hp (150 kW). They are powered by
electric motors or diesel engines. Figure 14.1.5 shows the pumping end
of an intensifier.

Fig. 14.1.3 Vertical power pump. (Ingersoll-Rand Company.)
Uses and Applications
for Reciprocating Pumps

The justification for selecting a reciprocating pump instead of a centrifugal or rotary is cost, including costs of power and maintenance.
Reciprocating pumps are best suited for high-pressure/low-capacity
services. Such services include high-pressure water-jet cleaning and
cutting; glycol injection and charge, as well as amine and lean oil
charge, in gas processing; ammonia and carbamate charging for fertilizer production; nuclear-reactor charging and standby control; oil-field

Fig. 14.1.5 Pumping end of a direct-acting, liquid-driven, “intensifier” pump.
The check valves are in the tubing.
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Power pumps (usually triplex or quintuplex) are available from about
5 to 150 hp (5 to 100 kW) with pressures to 40,000 lb/in2 (280 MPa),
and up to 2,000 hp (1,500 kW) at 20,000 lb/in2 (140 MPa). Power pumps
are efficient and mechanically simple. Figure 14.1.6 shows a power
pump liquid end for a 36,000 lb/in2 (250 MPa) water-jetting pump.

Each pumping chamber contains at least one suction and one discharge valve.
The liquid cylinder is the major pressure-retaining part of the liquid
end, and forms the major portion of the pumping chamber.
A piston pump is normally equipped with a replaceable liner (sleeve)
that absorbs the wear from the piston rings. Because a plunger contacts
only stuffing-box components, plunger pumps do not require liners.
Sealing between the pumping chamber and atmosphere is accomplished by a stuffing box (Fig. 14.1.7). The stuffing box contains rings of
packing that conform to and seal against the stuffing box bore and the
rod (or plunger).

Fig. 14.1.6 Power pump liquid end for 36,000 lb/in2 (250 MPa) water jetting.
(NLB Corporation.)

Slurry Applications

The standard reciprocating pump is not designed to handle slurries.
Modifications to standard designs, and in some cases special designs,
are required to achieve satisfactory operation and component life.
To achieve satisfactory packing and plunger life, abrasive slurry must
be prevented from entering the packing. Methods include a wiper ring
between the pumpage and packing, a long throat bushing, injection of a
clean liquid into the throat area, insertion of a diaphragm or floating
piston between the plunger and the pumpage, and complete removal of
the valve assembly from the stuffing box area. This last arrangement
requires a liquid column between the valve assembly and the stuffing
box, which increases the clearance volume and acceleration head within
the pump.
Special pump valves are usually required for slurries. Depending on
the nature of the solids, they can be ball, bell, bevel seat with elastomer
insert, wing-guided with reduced seating area, or disk with special seating surfaces. Special construction can prevent the slurry from contacting the packing, but the valves cannot avoid contact with the slurry.
Problems and How to Avoid Them

Fig. 14.1.7 Reciprocating pump stuffing box (nonlubricated) showing pressure
gradient during discharge stroke.

The valves in a reciprocating pump are simply check valves which are
opened by the liquid differential pressure. Most valves are springloaded.
They have a variety of shapes, including spheres, hemispheres, and disks.
Disks may be center-guided, outside-diameter-guided, or wing-guided.
Figures 14.1.8 through 14.1.13 illustrate some of the valves used in reciprocating pumps.

Fig. 14.1.8 Reciprocating pump disk valve. (Ingersoll-Rand Company.)

Reciprocating pumps have some disadvantages, the most common being
pulsating flow. Because of the pulsation, special consideration must be
given to system design. Guidelines are provided later in this section.
In most applications, the initial and maintenance costs for a reciprocating pump will be greater than for a centrifugal or rotary pump. The
packing in a typical power pump lasts about 2,500 hours, less than a
mechanical seal on a rotating shaft.
Most problems with reciprocating pumps can be minimized by
selecting pumps to operate at conservative speeds, by carefully designing the pumping system, by careful operating procedures, and by maintenance practices which preserve the alignment of the plunger (or rod)
with the stuffing box.
Liquid-End Components

All reciprocating pumps contain one or more pumping elements (pistons, plungers, or diaphragms) that reciprocate into and out of the
pumping chambers. (In reciprocating pump terminology, a piston is a
cylindrical disk which mounts on a rod. A plunger is just a smooth rod.)

Fig. 14.1.9 Reciprocating pump disk valve. (Durabla Manufacturing Company.)
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pressure drops sufficiently below suction pressure, the differential pressure
(suction pressure minus chamber pressure) pushes the suction valve open.
This occurs when the element is moving slowly, so that the valve opens
slowly and smoothly as the velocity of the element increases. Liquid then
flows through the valve and follows the element on its suction stroke. As
the element decelerates near the end of the stroke, the suction valve returns
to its seat. When the element stops, the suction valve closes.
The pumping element then reverses and starts its discharge stroke.
The liquid trapped in the pumping chamber is compressed until chamber pressure exceeds discharge pressure by an amount sufficient to push
the discharge valve from its seat. The action of the discharge valve, during the discharge stroke, is then the same as that of the suction valve
during the suction stroke.
Power Pumps

Fig. 14.1.10 Reciprocating pump elastomeric-insert valve. (TRW-Mission
Manufacturing Co.)

Fig. 14.1.11 Reciprocating pump
double-ported disk valve.

Fig. 14.1.12 Reciprocating
pump conical-faced (bevelseat) wing-guided valve.

The drive end of a power pump is called a power end (see Fig. 14.1.2).
Its function is to convert rotary motion from a driver into reciprocating
motion for the liquid end. The main component of the power end is the
power frame, which supports all other power end parts and, usually,
the liquid end. The second major component of the power end is the
crankshaft (sometimes a camshaft). The crankshaft transmits power
from the driver to the connecting rods.
The connecting rod is driven by a throw (journal) of the crankshaft on
one end, and drives a crosshead on the other. The crankshaft moves in
pure rotating motion, the crosshead in pure reciprocating motion. The
connecting rod is the link between the two. Main bearings support the
shaft in the power frame.
The crosshead transmits the force from the connecting rod into the
pumping element. It is fastened directly to a plunger or piston rod, or to
a rod called an extension, stub, or pony rod. The other end of this rod is
fastened to the pumping element.
Power pump overall efficiencies normally range from 85 to 94 percent, higher than any other type of pump.
Selection Graphs Different manufacturers produce these graphs in
different configurations. All graphs consist of straight lines since displacement is directly proportional to speed. Figure 14.1.14 shows one such
graph for a triplex power pump. Displacement is plotted against crankshaft
speed for the different plunger diameters available in the pump. The pressures listed are those at which each plunger size would operate to load the
power end to its rated value (4,500 lbf or 20,000 N).

Fig. 14.1.14 Power pump selection graph. (Ingersoll-Rand Company.)
Fig. 14.1.13 Reciprocating pump ball valve. (Ingersoll-Rand Company.)
The Pumping Cycle

As the pumping element reverses from the discharge stroke to the suction stroke, liquid within the pumping chambers expands, and the pressure drops. Since most liquids are relatively incompressible, little
movement of the element is required to reduce the pressure. When the

NPSH Curves Figure 14.1.15 provides insight into power pump
NPSHR characteristics, valve action, and the effect of valve springs on
pump performance. These curves are for a 3-in (76-mm) stroke, horizontal, triplex plunger power pump with 21/4-in-diameter (57-mm) plungers,
and with suction valves that operate vertically. The valves are wing-guided,
and have a diameter approximately equal to the plunger diameter.
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Because the axis of the suction valve is vertical, the valve can operate without a spring if the pump speed is kept low. Curve A represents
the NPSH requirements with no springs on the suction valves. NPSHR
at 100 r/min is only 0.7 lb/in2 (5 kPa) (1.6 ft or 0.5 m of water), less than
for most centrifugals.

Fig. 14.1.15 NPSH curves for a 3-in- (75-mm-) stroke triplex power pump.

The speed of the pump in this configuration is limited by the ability of the suction valve to keep up with the plunger. Since there is no
spring to push the valve back onto its seat, gravity is the only force
tending to close the valve against the entering fluid. If the pump is
run too fast, the valve will still be off its seat when the plunger
reverses to the discharge stroke. The liquid will then momentarily
flow backward through the seat, and the valve will be slammed onto
the seat, sending a shock wave into the suction manifold and piping.
At that moment, the plunger is moving at a finite velocity, but the discharge valve is still closed. The pressure in the pumping chamber will
quickly exceed discharge pressure, and the discharge valve will be
driven from its seat. A shock wave will be transmitted from the pumping chamber through the discharge manifold, and into the discharge
line. The vertical line at the end of Curve A indicates the maximum
speed for proper suction valve operation.
Curve B is for weak springs added to the suction valves. Because
both spring force and valve weight must now be overcome to open the
suction valve, NPSHR has increased about 100 percent over Curve A.
These springs get the suction valves onto their seats quicker, so that
operation is smooth at higher speeds.
If speeds beyond the end of Curve B are desired, stronger suction
valve springs are required. Stronger springs allow operation to 400 r/min.
NPSH requirements are about 3 times those of Curve A, ranging from
about 2 to 5 lb/in2 (14 to 35 kPa).
Curves A through C represent a pump equipped with the same (standard) discharge valve spring. Only the suction spring has been changed.
If operation is required at speeds exceeding the limits of Curve C,
extra-strong springs are required on both suction and discharge valves.
As shown by Curve D, NPSHR is about double that required for the
standard springs, ranging from about 4.5 to 9 lb/in2 (31 to 62 kPa).

The dashed line passing through the ends of the NPSH curves illustrates the dramatic increase of NPSHR as pump speed is increased.
When it is necessary to change suction springs, NPSHR increases
approximately as the square of speed.
To minimize the problem of dissolved air, the NPSH tests that produced these curves were performed with water at, or near, its boiling
point in the suction vessel.
Reciprocating pumps, under the correct conditions, can operate with
a suction pressure below atmospheric. Such a situation, though, can
lead to air being drawn through the stuffing box packing and into the
pumping chamber on the suction stroke. This air will cause as many
problems as air entrained in the pumpage. Capacity will drop, the pump
may operate noisily, the system may vibrate, and damage may occur to
pump and system components.
This inward air leakage can be reduced by an external sealing liquid,
such as lubricating oil, being directed onto the plunger surface or into
the packing.
Test Criteria for NPSH Power pump NPSH tests are performed by
holding the pump speed and discharge pressure constant, and varying
the NPSH available (NPSHA) in the system. Capacity remains constant
for all NPSHA values above a certain point. Below this NPSHA value,
capacity beings to fall. NPSHR is defined as the NPSH available when
the capacity has dropped 3 percent.
Acceleration Head Because the velocities in the suction and discharge piping are not constant, the pumpage must accelerate a number
of times for each revolution of the crankshaft. Since the liquid has mass
and, therefore, inertia, energy is required to produce the acceleration.
This energy is returned to the system upon deceleration. Sufficient pressure, however, must be provided to accelerate the liquid on the suction
side of the pump to prevent cavitation in the suction pipe and/or the
pumping chambers. The drop in pressure, below the average, on the
suction side, caused by this acceleration, is called acceleration head.
An approximation of acceleration head for power pumps is given by
the equation ha LvNC/gK, where ha acceleration head, ft (m) of liquid being pumped; L
actual length of suction line (not equivalent
length), ft (m); v average liquid velocity in suction line, ft/s (m/s);
N speed of pump crankshaft, r/min; C constant, depending on type
of pump; g gravitational constant, ft/s2 (m/s2); and K fluid compressibility correction factor. Values for the constants C and K are:
Pump type

C

Simplex, single-acting
Duplex, single-acting
Triplex
Quintuplex
Septuplex
Nonuplex

0.400
0.200
0.066
0.040
0.028
0.022

Fluid

K

Slightly compressible liquids such as deaerated water
Most liquids
Highly compressible liquids (such as ethane)

1.4
1.5
2.5

Note that increasing the pump speed, without changing the suction line,
increases ha as the square of speed, because both v and N increase proportionately with speed.
Because this equation does not adequately compensate for pumpage
and system elasticity, it is recommended only for short, rigid suction
lines.
To reduce acceleration head in a suction line, a bottle or suction stabilizer may be installed in the pipe, adjacent to the pump.
Figure 14.1.16 shows the theoretical flow rates for various types of
power pumps during one revolution of the crankshaft. Pumps with an odd
number of cranks have the same flow variations for both single-acting
and double-acting liquid ends (except the simplex). Flow curves for
septuplex and nonuplex pumps are similar to the quintuplex curve, with
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Fig. 14.1.16 Flow-rate variations in reciprocating power pumps.

more but smaller variations, as indicated in the tabulation. The values
tabulated will vary slightly with variations in the ratio of connecting rod
length to stroke length. These curves indicate flow-rate variations, not
pressure pulsations. Pressure pulsations are a product of the acceleration
created by the pump and the mass of the pumpage in the system.
Actual flow rates may vary considerably from these curves, particularly with high-speed pumps, where valve closing and opening may lag
the crankshaft rotation as much as 15!, and at high pressures, where liquid compression may cause a further lag of 5! to 10! (or more for a large
clearance volume).
Power Pump Speeds Probably the most controversial factor in the
selection of power pumps is the maximum allowable speed. Some manufacturers, for example, offer 3-in- (76-mm-) stroke triplex pumps for
operation at 500 r/min. One builder of portable water-jetting units routinely operates this size pump at 600 r/min. Most users of this size
pump, in continuous-duty applications, prefer to operate it no faster
than about 400 r/min.
Top speeds quoted by one manufacturer for the 3-in-stroke triplex
increased over a period of years from 150 to 520 r/min. Although
improvements in power end and liquid end construction made the pump
capable of operating at higher speeds, albeit with shorter packing life, a
major obstacle to higher speeds is system design. Initially, some
thought that a smaller pump, running faster to achieve the same capacity, would produce less pulsation in the suction and discharge pipes.
Unfortunately, the opposite is true.
The velocity variation in the piping for a triplex pump is 25 percent,
regardless of the pump size or speed (see Fig. 14.1.16). For the same
capacity, a smaller pump, running faster, will produce the same maximum and minimum flow rates and more pulses per second. Since the
acceleration head is proportional to frequency, doubling the pump
speed doubles the acceleration head, thereby reducing the NPSH
available from the system. Also, doubling the speed requires a much
stiffer valve spring, thereby significantly increasing the NPSHR of the
pump. If the NPSHA drops below the NPSHR, cavitation and pounding will occur.
The best solution for excessive acceleration is an effective dampener
in the suction line; but such devices often are less effective at higher frequencies, due to the inertia of their moving parts and inertia of the liquid inside them, which must oscillate for them to function.
Through field observations, the author developed a set of maximum recommended speeds for plunger-type power pumps in continuous-duty services. These speeds, as adopted by API 674, are shown in Fig. 14.1.17,
along with the Hydraulic Institute basic speeds. Intermittent and cyclic
operation is often satisfactory above these speeds. Lower speeds may be
dictated by factors such as pump construction, system design, low
NPSHA, entrained gas, high temperature, entrained solids, high viscosity,
and requirements for a low sound level.

Fig. 14.1.17 Maximum recommended speeds for plunger-type power pumps in
continuous-duty services.

The minimum speed of a power pump is determined by its ability to
provide sufficient lubrication to all bearing surfaces in the power end.
Some units can run satisfactorily at 20 r/min. Others must be maintained at 100 r/min or more.
Plunger load (also called frame load and rod load) is the force transmitted to the power end by one plunger. For a single-acting pump, the
discharge plunger load is calculated by multiplying discharge pressure
by the cross-sectional area of one plunger. Suction plunger load is the
suction pressure multiplied by the plunger area.
A power pump is rated by the maximum discharge plunger load that
the power end is capable of absorbing when the suction pressure is zero.
Some units are rated for continuous operation, some for intermittent
operation, and some are rated both ways.
Torque Characteristics For fixed suction and discharge pressures,
a power pump requires an average input torque that is independent of
speed (except for increases at very low and very high speeds). The
torque actually has a variation that mirrors the discharge flow-velocity
curve. A power pump will require the same torque at one-half or onequarter rated speed and, therefore, will require one-half or one-quarter
rated power, respectively. Figure 14.1.18 illustrates the variation of
average torque with speed for a typical triplex power pump.
The curve for full-load torque in Fig. 14.1.18 is for starting against
full discharge pressure. Breakaway torque is about 150 percent of average full-load running torque. As speed is increased, and proper lubrication is established in the power end and packing, torque drops to the
full-load, full-speed value, and is thereafter constant up to full speed.
For a start-up that is easier on equipment, pump discharge is piped
back to the suction vessel, making the discharge pressure near suction
pressure. The no-load curve in Fig. 14.1.18 illustrates the resulting
torque requirements imposed by the pump on the drive train.
Breakaway torque is approximately 25 percent of full-load torque. This
will vary, depending on the type of packing and bearings in the pump
and the length of time the pump has been idle. As speed increases, the
torque drops to less than 10 percent of the full-load torque.
Packing The component normally requiring the most maintenance on reciprocating pumps is packing. Although the life of packing in a power pump is typically about 2,500 h (3 months), some
installations, with special stuffing box arrangements, have experienced lives of more than 18,000 h (2 years), at discharge pressures to
4,000 lb/in2 (28 MPa).
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Fig. 14.1.18 Torque-speed curves for a typical triplex power pump.

Short packing life can result from any of the following conditions:
(1) misalignment of plunger (or rod) with stuffing box; (2) worn
plunger, rod, stuffing-box bushings, or stuffing-box bore; (3) improper
packing for the application; (4) insufficient or excessive lubrication;
(5) packing gland too tight or too loose; (6) excessive speed or pressure;
(7) high or low temperature of pumpage; (8) excessive friction (too
much packing); (9) packing running dry (pumping chamber gas-bound);
(10) shock conditions caused by entrained gas or cavitation, broken or
weak valve springs, or system problems; (11) solids from the pumpage,
environment, or lubricant; (12) improper packing installation or breakin; and (13) icing caused by volatile liquids that refrigerate and form ice
crystals on leakage to atmosphere, or by pumpage at temperatures
below 32!F (0!C). As is evident from this list, short packing life can
indicate problems elsewhere in the pump or system.
To achieve a low leakage rate, the clearance between the plunger (or
rod) and packing must be essentially zero. This requires that the sealing
rings be relatively soft and pliant. Because the packing is pliant, it tends
to flow into the stuffing box clearances, especially between the plunger
and follower bushing. If this bushing does not provide an effective barrier, the packing will extrude, and leakage will increase.
A set of square or V-type packing rings will experience a pressure
gradient, during operation, as indicated in Fig. 14.1.7. The last ring of
packing, adjacent to the gland-follower bushing, will experience the
largest axial loading, resulting in greater deformation, tighter sealing
and, therefore, the largest pressure drop. The gap between the plunger
and the follower must be small enough to prevent packing extrusion.
Most packing failures originate at this critical sealing point.

Because this last ring of packing is the most critical, does the most sealing, and generates the most friction, it requires more lubrication than the
others. In a nonlubricated arrangement (Fig. 14.1.7), this ring must rely on
the plunger to drag some of the pumpage back to it in order to provide cooling and lubrication. Therefore, to maximize packing life, the overall stack
height of the packing should not exceed the stroke length of the pump.
Because the last ring of packing requires more lubrication than do the
others, lubrication of the packing from the atmospheric side is more
effective than injecting oil into a lantern ring located in the center of
the packing. Care must be exercised to get the lubricant onto the
plunger surface and close enough to the last ring, so that the stroke of
the plunger will carry the lubricant under the ring.
During the first few hours of pump operation with new packing,
each stuffing box should be monitored for temperature. It is normal for
some boxes to run warmer than others—as much as 50!F (30!C) above
the pumping temperature. Only if this exceeds the maximum temperature
rating of the packing are steps required to reduce box temperature.
The best lubricant for packing in most services has been found to be
steam cylinder oil.
The concepts that a higher discharge pressure requires more rings of
packing and that a larger number of rings lasts longer are true for longstroke, low-speed machines, but have been disproven in a number of
moderate- to high-speed power-pump applications. Unless they are profusely lubricated, the larger number of rings create additional frictional
heat and wipe lubricant from the plunger surface, thus depriving some
rings of lubrication. On numerous saltwater injection pumps operating at
pressures above 4,000 lb/in2 (28 MPa), Chesney reported that packing life
was only two weeks with twelve rings of packing in each stuffing box.
With three rings in each box, packing life was approximately 6 months.
Plungers Next to packing, the plunger is the component of a power
pump that typically requires most frequent replacement. The high speed
of the plunger and the friction load of the packing tend to wear the
plunger surface. For longer life, plungers are sometimes hardened,
although it is more common to apply a hard coating. Such coatings are of
chrome, various ceramics, nickel-based alloys, or cobalt-based alloys.
Desired characteristics of the coatings include hardness, smoothness,
high bond strength, low porosity, corrosion resistance, and low cost. No
one coating optimizes all characteristics.
Ceramic coatings are harder than the metals, but are brittle, porous,
and sometimes lower in bond strength. Porosity contributes to shorter
packing life. Mixing of hard particles, such as tungsten carbide, into the
less-hard nickel or cobalt alloys has resulted in longer plunger life at the
expense of shorter packing life.
Stuffing Boxes Various stuffing box designs (various lubrication
and bleed-off arrangements to minimize leakage and extend packing
life) are shown in Fig. 14.1.19.
The most significant advance in packing arrangements in recent
years has been spring loading. Spring loading is applied most to V-ring
(chevron) packing but also works well with square packing. The spring
must be located on the pressure side of the packing. Springs of various
types can be used, including single-coil, multiple coil, wave-washer,
belleville, and thick-rubber-washer. The force provided by the spring is
small compared to the force imposed on the packing by discharge pressure. The major functions of the spring are to provide a small preload
to help set the packing, and to hold all bushings and packing in place
during operation.
Spring loading of packing has the following advantages:
Requires no adjustment of the gland. The gland is tightened until it bottoms, then is locked. This removes one of the biggest variables in packing life: personnel skill.
Alloys expansion. If the packing expands during the initial break-in,
the spring allows for the expansion.
Adjusts for wear. As the packing wears, adjustment automatically
occurs from inside the box. The problem of transmitting gland movement through the top packing ring is eliminated.
Provides a cavity. The spring cavity provides an annular space for the
injection of a clean liquid for slurry applications.

RECIPROCATING PUMPS

Fig. 14.1.19 Various stuffing box designs for reciprocating pumps.
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Eliminates the need for a gland, if allowed by pump design. The stuffing box assembly (if a separate component) can be disassembled and
reassembled on a workbench.

Disadvantages of spring-loading packing are associated with the cavity created by the spring. Since this cavity communicates directly with
the pumping chamber, the additional clearance volume will cause a
reduction in volumetric efficiency if the pumpage is sufficiently compressible. This cavity also provides a place for vapors to accumulate. If
the pump design does not provide for venting this space, a further
reduction in volumetric efficiency may occur.
Spring-loaded packing is the reciprocating pump’s equivalent to the
mechanical seal for rotating shafts. Leakage is low, life is extended, and
adjustments are eliminated. Packing sets can be stacked in tandem (they
must be independently supported) for a stepped pressure reduction, or
to capture leakage from the primary packing that should not escape to
the environment.
Controlled-Volume Pumps A controlled-volume pump (also called a
metering, proportioning, or chemical-injection pump) is a power pump with
an adjustable stroke length (or adjustable effective stroke length). It is used
to provide an accurate, and adjustable, capacity. The capacity can be
changed manually, as shown in Fig. 14.1.20, or with an electric, pneumatic, or hydraulic controller.
Fig. 14.1.21 Controlled-volume pump with hydraulically actuated double
diaphragms. (Reprinted from James P. Poynton, “Metering Pumps: Selection and
Application,” Marcel Dekker, Inc., Copyright 1983. Used by permission.)

Fig. 14.1.20 Controlled-volume pump with mechanically actuated diaphragm
and manual-adjustment stroke length. (Reprinted from James P. Poynton,
“Metering Pumps: Selection and Application,” Marcel Dekker, Inc., Copyright 1983.
Used by permission.)

Since the direct-acting pump was originally designed to be driven by
steam (initially, most pumps were), it was known as a steam pump—not
for the pumped fluid, but for the motive fluid. Other fluids are now also
used to drive direct-acting pumps. Fuel gas, which would otherwise be
throttled through a pressure regulator for plant use, is often piped
through a direct-acting pump to provide “free” pumping. Compressed
air is frequently used to drive small pumps for services such as hydrostatic testing and chemical metering. Hydraulic oil is used to drive
intensifiers for high-pressure water-jetting.
Direct-acting air-driven diaphragm pumps handle a variety of liquids
at pressures up to the pressure of the driving air. This pump, as shown
in Fig. 14.1.22, has no stuffing box or packing, and therefore has no
leakage, unless a diaphragm fails. Failure of a diaphragm may result in
pumpage in the exhaust air and/or air in the pumpage.

Such pumps can develop pressures to 30,000 lb/in2 (200 MPa) with
capacity controlled with 1 percent. The piston or plunger may come
in direct contact with the pumpage, or may be separated from the
pumpage by a diaphragm. The diaphragm may be flat, tubular, or conical. It can be actuated mechanically, as shown in Fig. 14.1.20, or
hydraulically, as shown in Fig. 14.1.21. Mechanically actuated
diaphragms are generally limited to capacities of 25 gal/h (100 L/h) and
pressures of 250 lb/in2 (1,700 kPa).
Direct-Acting Pumps

The direct-acting pump (see Fig. 14.1.4) has some of the same advantages as the power pump, plus others. These units are also well suited for
high-pressure, low-flow applications. Discharge pressures normally range
from 100 to 5,000 lb/in2 (0.7 to 35 MPa), but may exceed 10,000 lb/in2
(70 MPa). Capacity is proportional to speed from stall to maximum
speed, affected little by discharge pressure. Speed is controlled by controlling the motive fluid. The unit is normally self-priming, particularly
the low-clearance-volume type.
Direct-acting pumps are negligibly affected by hostile environments,
such as corrosive fumes, because of the absence of a bearing housing,
crankcase, or oil reservoir (except for units requiring lubricators). Some
direct-acting pumps, inundated by floodwater, have continued to operate
without adverse effects. The direct-acting pump is quiet, simple to
maintain, and its low speed often results in a long life.

Fig. 14.1.22 Direct-acting, air-driven diaphragm pump. (Used by permission of
Warren Rupp, Inc., a unit of IDEX Corp., Mansfield, OH.)
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Direct-acting pumps operate at speeds that normally range from 0 to
50 cycles/min, depending on the stroke length. The ability of these units
to operate at speeds down to zero (i.e., stall conditions) is desirable for
some applications.
The direct-acting pump has a low thermal efficiency when driven by
a gas (such as steam or air). The mechanical efficiency (output force
divided by input force) is high; but because the unit has no device to
store energy (such as a flywheel), the motive gas must remain at full
inlet pressure in the drive cylinder through the entire stroke. At the end
of the stroke, the gas expands to exhaust pressure, but no work is performed during this expansion. Hence, the thermal energy of the gas is
lost to friction. Steam pumps consume about 100 lb/h of steam for each
hydraulic horsepower (hhp) (60 kg/h ! kW) developed on the liquid end.
When natural gas or air is the motive fluid, consumption is about
3,500 std. ft3/h ! hhp (130 m3/h ! kW).
The drive end (or steam end, or gas end) of a direct-acting pump
converts the differential pressure of the motive fluid to reciprocating
motion for the liquid end. It is similar in construction to the liquid
end, containing a piston (or diaphragm) and valving. The major difference is that the valve is mechanically actuated by a control system
which senses the location of the drive piston, causing the valve to
reverse the flow of the motive fluid when the drive piston reaches the
end of its stroke.
The main component of the drive end is the drive cylinder. This cylinder forms the major portion of the pressure boundary, and supports the
other drive end parts.
Mechanical Efficiency—Direct-Acting Pumps For a direct-acting
pump, mechanical efficiency is the ratio of the force transmitted to the
liquid by the piston (or plunger or diaphragm) to the force transmitted
to the drive piston (or diaphragm) by the motive fluid. For double-acting
pumps, the differential pressures are used at both ends of the pump, and
since fluid friction losses in valves and ports must be charged to the
pump, the pressures are as measured at the inlet and outlet ports. In
equation form:
hm 5

AL #pL
Adr #pdr
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The area of the piston rod is usually small relative to the piston area,
and is often ignored. However, it must be considered when the rod area
becomes a significant portion of the piston area.
The mechanical efficiency of a typical direct-acting pump is shown
in Fig. 14.1.23. Note that hm rises as speed is reduced. It is this characteristic that allows the unit to be controlled by throttling the motive
fluid. The reduction in the available differential driving pressure forces
the pump to operate more efficiently, i.e., at a lower speed.
ROTARY PUMPS

Rotary pumps are displacement pumps which have rotating pumping
elements, such as gears, lobes, screws, vanes, or rollers. They do not
contain inlet and outlet check valves, as do reciprocating pumps. They
are built for capacities from a fraction of a gallon per minute (cubic
metre per hour) (for domestic oil burners) to about 15,000 gal/min
(3,000 m3/h) (for marine cargo service). Though used for pressures up to
20,000 lb/in2 (140 MPa), their particular field is for pressures of 25 to
500 lb/in2 (170 to 3,500 kPa).
Most rotary pumps rely on close running clearances to prevent the
pumpage from leaking from the discharge side back to the suction
side of the pump. Because of the close clearances, the pumpage must
be clean. Most rotary pumps are noted for their ability to handle viscous liquids, and many actually require a viscous liquid to achieve
peak performance. Viscosity affects the mechanical efficiency, volumetric efficiency, and NPSHR of a rotary pump.
The rotor is the pumping element of the rotary pump, and is usually
the feature by which the pump is classified.
Gears The teeth of the gear trap and displace the pumpage. If the
teeth are on the outside of the gear, as shown in Fig. 14.1.24, it is called
an external gear. As the teeth disengage, suction pressure pushes liquid

(14.1.1)

where hm " mechanical efficiency of pump, AL " area of liquid piston
or plunger, #pL " differential pressure across liquid end, Adr " area of
drive piston, and #pdr " differential pressure across drive end.
Fig. 14.1.24 External-gear rotary pump. (Reprinted from “Hydraulic Institute
Standards for Centrifugal, Rotary and Reciprocating Pumps,” 14th ed., copyright
1983, with the permission of Hydraulic Institute.)

into the cavities between the teeth. The teeth then carry the liquid
around to the discharge side of the pump. As the teeth engage, the fluid
is pushed into the discharge line. In the most common type of gear
pump, one of the pumping gears drives the other pumping gear. This
direct contact between the teeth requires the pumpage to be a good
lubricant. In some units, though, the two pumping gears are driven by
gears (called timing gears) mounted on the two shafts external to the
pumpage. With this arrangement, the two pumping gears do not contact
each other, and the unit is more suitable for liquids with low lubricity.
This arrangement does, however, require a larger, more complex pump.
If the teeth are on the inside of a ring, as shown in Fig. 14.1.25, it
is called an internal gear. In this unit, the larger internal-tooth gear

Fig. 14.1.23 Mechanical efficiency of a direct-acting pump.

Fig. 14.1.25 Internal-gear rotary pump.
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drives the smaller external-tooth gear. Both gears transfer liquid from
the suction to the discharge.
Both external- and internal-gear rotary pumps are used in lubrication
systems of engines, compressors, and larger pumps.
Lobe pumps are similar in construction and pumping action to external gear pumps, but one lobe does not drive the other. They do not even
touch each other, and therefore must have their shafts independently
driven by external timing gears. The lobes are often made of elastomers,
and operate at low speeds. These units are used to transfer delicate items
such as cherries and other foods—and even live fish. Figure 14.1.26
shows a rotary pump with three-lobe rotors.

Fig. 14.1.29 Progressing-cavity (single-screw) rotary pump. (Hydraulic Institute.)

Fig. 14.1.26 Three-lobe rotary pump. (Reprinted from “Hydraulic Institute
Standards for Centrifugal Rotary and Reciprocating Pumps,” 14th ed., copyright
1983, with the permission of Hydraulic Institute.)
Screw pumps are constructed with one, two, or three screws. The singlescrew pump is more commonly called a progressing-cavity pump, and is
discussed separately below. The two-screw pump, as illustrated by
Fig. 14.1.27, is used to handle liquids with viscosities to greater than
1,000,000 SSU (200,000 mm2/s), with capacities to about 15,000
gal/min (3,000 m3/h), pressures to 3,500 lb/in2 (25 MPa), and temperatures to 600$F (300$C). It is particularly suited for high-viscosity liquids.

usually made of elastomer, is in the shape of a double-lead screw. As
the rotor turns, its axis prescribes a circle. This characteristic requires
the rotor to be driven by an internal universal joint (or equivalent). The
pumpage moves through the pump in a spiral. The rubber stator makes
this unit well-suited for abrasive services.
Figure 14.1.30 illustrates a sliding vane rotary pump. The single
rotor contains multiple vanes which slide in radial slots. The rotor
and casing are eccentric. The vanes maintain contact with the casing
by centrifugal force and pressure. These units are typically available
for capacities to 1,000 gal/min (200 m3/h), viscosities to 500,000 SSU
(100,000 mm2/s), and pressures to 350 lb/in2 (2.5 MPa). Some slidingvane pumps are suitable for low-lubricity liquids such as light
hydrocarbons.

Fig. 14.1.30 Sliding-vane rotary pump. (Reprinted from “Hydraulic Institute
Standards for Centrifugal, Rotary and Reciprocating Pumps,” 14th ed., copyright
1983, with the permission of Hydraulic Institute.)

Fig. 14.1.27 Two-screw rotary pump.

The three-screw rotary pump, as illustrated in Fig. 14.1.28, is available, in the smaller sizes, for operation up to 8,000 r/min for use in
lubrication systems on turbines, compressors, and centrifugal pumps.
Larger units are found in such services as crude oil pipelines.

Flexible Member Some rotary pumps are built with flexible vanes,
liners, and tubes. The flexible tube pump, also called a peristaltic pump,
is shown in Fig. 14.1.31.

Fig. 14.1.31 Flexible-tube (peristaltic) rotary pump. (Hydraulic Institute.)

Fig. 14.1.28 Three-screw rotary pump.

A radial-plunger rotary pump is shown in Fig. 14.1.32. An axialplunger rotary pump (also called an axial-piston or swash-plate pump)

A progressing-cavity pump is illustrated in Fig. 14.1.29. The rotor is
made of polished steel, and in the shape of a single-lead screw. The stator,

is shown in Fig. 14.1.33. In these pumps, the inner body rotates, causing each plunger to alternately accept pumpage from the inlet and
deliver it to the discharge port. In the radial pump, the length of stroke

POWER OUTPUT AND INPUT

Fig. 14.1.32 Radial-plunger
rotary pump.

Fig. 14.1.33 Axial-plunger
(swash-plate) rotary pump.

of each plunger is established by the eccentricity of the rotor. In the
axial pump, the stroke length is established by the angle of the plate or
shaft. On some pumps, the eccentricity (or angle) is adjustable, providing variable displacement. Rotary plunger pumps are used in hydraulic
systems to provide power to hydraulic motors and cylinders.
Circumferential-Piston Pump Although sometimes considered a
lobe pump, this unit (shown in Fig. 14.1.34) differs from the lobe unit in
that there is no close clearance between the two rotors. Close clearance
does exist, though, between each rotor and adjacent stationary parts.

The difference between displacement and capacity is called slip.
Power input is the sum of power output and power losses (due to friction and slip).
As defined by the Hydraulic Institute, the NPSH required by a
rotary pump is that value of NPSHA when cavitation noise, a sharp
drop in capacity, or a 5 percent reduction in capacity occurs,
whichever occurs first.
Increased Running Clearances An increase in the clearances
between the rotating parts, and/or between the rotating and stationary
parts, of a rotary pump will cause the slip to increase. An increase in
slip causes the volumetric efficiency to drop, the mechanical efficiency
to drop, and the NPSHR to rise. If the unit is running at a constant
speed, the lower volumetric efficiency (lower capacity) will result in a
lower discharge pressure if the system head varies with capacity.
VOLUMETRIC EFFICIENCY

Volumetric efficiency hv of a displacement pump is the ratio of capacity
Q to displacement D: hv " Q/D. Capacity is the volume flow rate in the
suction pipe. Displacement is the volume swept by the pumping elements
per unit time. For a single-acting triplex plunger pump, displacement may
be calculated as follows: D " 3(p/4)d2LN, where D " displacement;
d " diameter of plunger; L " stroke length; and N " crankshaft speed,
r/min.
To predict the capacity of a reciprocating pump, in the selection
process, it is necessary to predict the volumetric efficiency. Volumetric
efficiency may be calculated with the following equation:
hv 5 1 2

Fig. 14.1.34 Circumferential-piston rotary pump. (Hydraulic Institute.)

The casing (also called a body or housing) is the main pressure-retaining component of a rotary pump. It supports the rotor, contains the suction and discharge nozzles, and usually forms a portion of the
boundaries of the pumping chambers.
The bearings of a rotary pump may be internal or external. If internal,
they are lubricated by the pumpage. If the pumpage is not suitable for
bearing lubrication, the bearings must be external. External bearings
require two pumpage seals on each shaft. Some rotary pumps contain
four seals.
Figure 14.1.35 shows typical rotary pump performance curves.
Capacity, mechanical efficiency, and power are plotted against pressure.
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where hv " volumetric efficiency; S " slip through both suction and
discharge valves, typically about 3 percent of Dr; Dr " displacement of
one pumping element during one stroke; C " clearance volume (dead
space) in the pumping chamber (when the pumping element is at the
end of the discharge stroke); ns " specific volume of pumpage at suction conditions; and nd " specific volume of the pumpage at discharge
conditions.
Although volumetric efficiency has an effect on mechanical efficiency, in reciprocating pumps the two do not necessarily move in unison. It is possible to have a high hm with a low hv (due to liquid
compressibility), or a low hm with a high hv (such as would occur in a
high-suction-pressure, low-differential-pressure application).
The same equation can be applied to rotary pumps, but usually ns "
nd, so that Eq. (14.1.2) reduces to hv " 1 % S/Dr. For a rotary pump, S
" leakage of pumpage from the discharge side of the pump to the suction side. Because rotary pumps have no check valves, they must rely
on close clearances to restrict slip. Slip is a function of the differential
pressure, the viscosity of the pumpage, and the clearance between the
parts. Slip in a rotary pump is usually a higher fraction of displacement
than in a reciprocating pump.
POWER OUTPUT AND INPUT

The power output (also called hydraulic power, hydraulic horsepower, and
water horsepower) of any pump is the usable power it imparts to the

Fig. 14.1.35 Rotary pump performance curves for a herringbone gear pump at
600 r/min with a 400-SSU (90-mm2/s) liquid.

pumpage. It is the product of capacity and differential pressure.
In U.S. units, Po " Q & #p/1,714 " Q( pd % ps)/1,714, where Po "
power output, hp; Q " pump capacity, gal/min; #p " pump differential
pressure, lb/in2; pd " pump discharge pressure, lb/in2; and ps " pump
suction pressure, lb/in2.
In metric units, Po " Q & #p/3,600 " Q( pd % ps)/3,600, where Po "
power output, kW; Q " pump capacity, m3/h; #p " pump differential
pressure kPa; pd " pump discharge pressure, kPa; and ps " pump suction pressure, kPa.
The power input (sometimes called brake horsepower) is the power
required to drive power and rotary pumps. Normally, the power input
includes the losses in an integral gear unit, but not the losses in a separate
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gear unit or variable-speed drive. V-belt losses may be included. If the
mechanical efficiency is known, power input may be calculated by dividing the power output by the mechanical efficiency.
MECHANICAL EFFICIENCY—POWER
AND ROTARY PUMPS
Mechanical efficiency (also called pump efficiency and overall efficiency)
of a power-driven pump is the ratio of output power Po to input power
Pi : hm " Po /Pi.
As shown in Fig. 14.1.36, mechanical efficiency drops as the frame
load is reduced, because the power output falls faster than friction
losses, and becomes a smaller part of the power input. Mechanical efficiency is zero when the differential pressure is zero.

SYSTEM DESIGN

A properly designed system is necessary for a satisfactory installation.
Improper design will result in a system that vibrates and is noisy.
Pulsations may be severe enough to damage pump components and
instrumentation.
Field experience and information from the Hydraulic Institute standards are condensed below into a list of general design guidelines for
the (1) suction vessel, (2) suction piping, and (3) discharge piping. The
asterisks in the following lists show features that do not apply to rotary
pumps that produce a uniform flow rate (constant velocity).
The suction vessel should:
Be large enough to provide sufficient retention time to allow free gas
to rise to the liquid surface.
Have the feed and return lines enter below the minimum liquid level.
Include a vortex breaker over the outlet (pump suction) line and/or
provide sufficient submergence to preclude vortex formation.
Contain a weir plate to force gas bubbles toward the surface. The top
of the weir must be sufficiently below the minimum tank level to avoid
disturbance.
The suction piping should:
Be as short and direct as possible.
Be one or two pipe sizes larger than the pump suction connection.
Have an average liquid velocity less than the values in Fig. 14.1.37.*
Contain a minimum number of turns, which should be long-radius
elbows or laterals.*

Fig. 14.1.36 Mechanical (overall) efficiency of a triplex power pump.

PULSATION DAMPENERS

A pulsation dampener is a device which reduces the pressure pulsations
created, in a suction or discharge pipe, by the interaction of a pump and
a system. The dampener performs this function by reducing the velocity variations of the pumpage in the pipe.
Most reciprocating pumps, and many rotary pumps, create a variation
in the velocity of the pumpage in the piping. Unless the suction and discharge vessels are very close to the pump, these velocity variations will
be converted by the system into pressure variations. To reduce these
pulses, a small vessel can be installed in the suction and/or discharge
line. Such a vessel mounted in the discharge line is called a pulsation
dampener. If the suction pressure is high enough, this same type of
device can be used in the suction line, but a special dampener, called a
suction stabilizer will perform the dual function of reducing pulses and
separating free gas from the pumpage.
For optimum effectiveness, each dampener must be installed close to
the pipe and adjacent to the pump. There must be minimal restriction
between the dampener and pipe. For a low suction pressure, a simple
air-filled standpipe is often adequate. For the discharge side, and for
high suction pressures, the dampener often contains a diaphragm or
bladder that is precharged with nitrogen to about 70 percent of system
pressure.

Fig. 14.1.37 Suction line velocities for constant acceleration head, for reciprocating power pumps.

Be designed to preclude the collection of vapor in the piping. (There
should be no high points, unless vented. The reducer at the pump should
be the eccentric type, installed with the straight side up.)
Be designed so that NPSHA, allowing for acceleration head, exceeds
NPSHR.
Include a suitable suction stabilizer/gas separator located in the suction pipe adjacent to the pump liquid end if the acceleration head is
excessive or the pumpage contains free gas.
Contain a full-opening block valve so that flow to the pump is not
restricted.
Not include a strainer or filter unless regular maintenance is assured.
(The starved condition resulting from a plugged strainer can cause more
damage to a pump than solids.)
The discharge piping should:
Be one or two pipe sizes larger than the pump discharge connection.
Have an average velocity less than 3 times the maximum suction line
velocity.

NOMENCLATURE AND MECHANICAL DESIGN
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Contain a minimum number of turns, using long-radius elbows and
laterals where practical.
Include a suitable pulsation dampener (or provisions for adding one)
adjacent to the pump liquid end.*
Contain a relief valve, sized to pass full pump capacity at a pressure
that does not exceed 110 percent of cracking pressure (the opening
pressure of the relief valve). The discharge from the relief valve should
be piped back to the suction vessel so that gases liberated through the
valve are not fed back into the pump.
Contain a bypass line and valve so that the pump may be started
against negligible discharge pressure.
Contain a check valve to prevent the imposition of system pressure
on the pump during start-up.
The features of a good system are illustrated in Fig. 14.1.38.
Remedies for Low NPSHA/High NPSHR

In designing the suction system for a displacement pump, if NPSHA is
found to be less than NPSHR, a remedy may be found in the following list:
Increase the diameter of the suction line.
Reduce the length of the suction line by providing a more direct
route, or by moving the pump closer to the suction vessel.
Install a suction bottle or stabilizer adjacent to the pump liquid end.
A fabricated bottle has often been successfully used at pressures below
about 50 lb/in2 (300 kPa), but maintenance of a liquid level is required.
A section of rubber hose in the suction line, adjacent to the pump,
will often reduce the acceleration head.
Elevate the suction vessel or the level of liquid in the suction vessel.
Reduce temperature of pumpage. (If the pumpage is at bubble point
in the vessel, it must be cooled after it leaves the vessel.)
Reduce speed of the pump, or select a larger pump running slower.

Fig. 14.1.38 A good system for a reciprocating pump.

At a lower speed, it may be possible to operate a reciprocating pump
with light suction valve springs, or none at all.)
If the above steps are insufficient, impractical, or impossible, a
booster pump must be provided. A booster for a displacement pump is
normally a centrifugal, although direct-acting reciprocating and rotary
pumps are sometimes used. The NPSHR of the booster must be less
than that available from the system. The head of the booster should
exceed the main pump NPSHR plus suction-line losses by about 20 percent. The booster should be installed near the suction vessel, and a pulsation bottle or stabilizer should be installed in the suction line, adjacent
to the main pump, to protect the booster from pulsating flow.

14.2 CENTRIFUGAL PUMPS
by Terry L. Henshaw
Pump discharge

ot

The term “centrifugal pumps” as used here includes radial-flow, mixedflow, and axial-flow (propeller) pumps. Centrifugal pumps are sometimes called impeller pumps.
A centrifugal pump consists primarily of a vane-carrying wheel,
called the impeller, and a casing (Fig. 14.2.1). The impeller imparts
velocity to the pumpage, with most of that velocity being converted to
pressure inside the impeller and casing. The casing guides the pumpage
to and from the impeller.
If a pump contains a single impeller, it is called a single-stage pump
(Figs. 14.2.1 and 14.2.2). When two or more impellers are arranged in
series (for higher pressure), it is called a multistage pump (Figs. 14.2.9
and 14.2.12).

a ti
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REFERENCES: Stepanoff, “Centrifugal and Axial Flow Pumps,” Wiley. Wislicenus,
“Fluid Mechanics of Turbomachinery,” McGraw-Hill, and Marks’ Handbook,
6th ed., McGraw-Hill. Pfleiderer, “Die Kreiselpumpen,” Springer. Spannhake,
“Centrifugal Pumps, Turbines and Propellers,” Technology Press. Hicks, “Pump
Selection and Application” and “Pump Operation and Maintenance,” McGraw-Hill.
Standards of the Hydraulic Institute. Karassik, “Centrifugal Pump Clinic,”
Marcel Dekker.

Stuffing box
Eye

Wearing surface

Volute casing

Fig. 14.2.1 Single-stage single-suction overhung pump with volute casing.

Size designations of centrifugal pumps usually contain the nominal
sizes of the discharge and suction nozzles, and sometimes the approximate maximum diameter of the impeller—or the number of stages. For
example, in U.S. units, a 2 & 3 & 8 pump would have a 2-in discharge
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Fig. 14.2.3 End-suction pump with a mixed-flow impeller and removable suction and stuffing-box heads.

Fig. 14.2.2 Horizontal single-stage double-suction between-bearings pump
with a volute casing. (Numbers refer to parts listed in Table 14.2.1.)

nozzle, a 3-in suction nozzle, and an 8-in (approximately) maximumdiameter impeller.
If the impeller is mounted near the middle of the shaft, with a bearing near each end of the shaft, the pump is said to be of the betweenbearings design (Fig. 14.2.2). If the impeller is mounted at the end of the
shaft, with both bearings between the impeller and the coupling, the
pump is called overhung or cantilevered (Fig. 14.2.1).
If the pump shaft is horizontal, it is a horizontal pump. If the shaft is
vertical, it’s a vertical pump.
Table 14.2.1 is a list of names used to describe centrifugal pump parts
that are discussed below.
Table 14.2.1 Recommended Names of Centrifugal-Pump Parts
(These parts are called out in Figs. 14.2.2, 14.2.4, and 14.2.7)
Item
no.
1
1A
1B
2
4
6
7
8
9
11
13
14
15
16
17
18
19
20
22
24
25
27
29
31
32

Name of part
Casing
Casing (lower half)
Casing (upper half)
Impeller
Propeller
Pump shaft
Casing ring
Impeller ring
Suction cover
Stuffing-box cover
Packing
Shaft sleeve
Discharge bowl
Bearing (inboard)
Gland
Bearing (outboard)
Frame
Shaft-sleeve nut
Bearing lock nut
Impeller nut
Suction-head ring
Stuffing-box-cover ring
Lantern ring
Bearing housing (inboard)
Impeller key

Item
no.

Name of part

33
35
36
37
39
40
42
44
46
48
50
52
59
68
72
78
85
89
91
101
103
123
125
127

Bearing housing (outboard)
Bearing cover (inboard)
Propeller key
Bearing cover (outboard)
Bearing bushing
Deflector
Coupling (driver half)
Coupling (pump half)
Coupling key
Coupling bushing
Coupling lock nut
Coupling pin
Handhole cover
Shaft collar
Thrust collar
Bearing spacer
Shaft-enclosing tube
Seal
Suction bowl
Column pipe
Connector bearing
Bearing end cover
Grease (oil) cup
Seal piping (tubing)

Fig. 14.2.4 Vertical wet-pit diffuser pump bowl assembly with an axial-flow
impeller (Numbers refer to parts listed in Table 14.2.1.)

Some impellers are designed for specific applications. Impellers for
sewage have blunt edges and large passages to minimize clogging from
rags and other fibrous matter. Paper stock impellers are open and
may have screw conveyor vanes that extend into the suction nozzle.
Impellers for abrasive slurries have thick vanes for extended life.
Casings

The casing usually is either of the volute (Fig. 14.2.1) or diffuser (guidevane) (Fig. 14.2.5) design, although some casings are circular. Diffuser
pumps were once commonly called turbine pumps, but this term has
recently been more selectively applied to vertical diffuser pumps, now
called vertical turbine pumps (Fig. 14.2.9).

Impellers

An impeller is either single-suction (Fig. 14.2.1) or double-suction (Fig.
14.2.2). A single-suction impeller can have a radial-flow (Fig. 14.2.1), a
mixed-flow (Fig. 14.2.3), or an axial-flow (Fig. 14.2.4) profile. A closed
impeller has full shrouds (sidewalls) enclosing the vanes (Figs. 14.2.1
and 14.2.2), an open impeller has no shrouds, and a semi-open impeller
has partial shrouds (Figs. 14.2.8 and 14.2.11). A semi-open impeller is
often called an open impeller.

Fig. 14.2.5 Single-stage single-suction pump with a multivane diffuser in a
volute casing.
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If the casing separates along a plane that is parallel to the axis of
the shaft, the casing is said to be axially split (Fig. 14.2.2). If it parts
in a plane that is at a right angle to the axis, it is called radially split
(Figs. 14.2.6 and 14.2.7).
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Removable
stuffing-box head

Fig. 14.2.6 Single-stage end-suction pump with a radially split casing.

Fig. 14.2.8 End-suction frame-mounted pump with a semi-open impeller and a
removable stuffing-box head.

Centerline support is provided for
high-temperature services, so that coupling alignment is retained as the casing expands at the higher temperature.
With most pumps the liquid flows
to the unit through piping, but some
vertical pumps are submerged in their
suction supply. Vertical pumps are
therefore called either dry-pit or wetpit type (Fig. 14.2.9). The pumpage
from a wet-pit pump may discharge
above or below its support surface,
creating designations of above-grade
discharge (Fig. 14.2.9) and below-grade
discharge.
Wearing Rings

Fig. 14.2.7 Vertical end-suction pump with a double-volute radially split casing. (Numbers refer to parts listed in Table 14.2.1.)

Multistage pumps also are made with both axially split casings (Figs.
14.2.12 and 14.2.13) and radially split casings (Fig. 14.2.14). The axially split units are limited to approximately 2,000 lb/in2 (15 MPa).
Higher-pressure pumps consist of a radially split outer casing (barrel)
that contains a radially split (Fig. 14.2.14) or axially split inner casing
assembly.
The location of the suction (inlet) nozzle determines whether the
pump is classified as end suction, side suction, bottom suction, or top
suction.

End-suction pumps usually have radially split casings. A cover
(head) is bolted to the casing on the suction side and/or the back side.
A suction cover (casing suction head) contains the suction nozzle. A back
cover contains the seal or packing, and is called a stuffing-box cover, casing cover, or stuffing-box head. Both designs are illustrated in Figs. 14.2.3
and 14.2.7.
The discharge nozzle of end-suction single-stage horizontal pumps is
usually in a top-vertical position (Fig. 14.2.6), although with some units
the casing can be rotated so the discharge nozzle is top horizontal, bottom horizontal, or bottom vertical. Most double-suction, axially split
pumps (Fig. 14.2.2) have a side discharge nozzle and either a side or
bottom suction nozzle. The bottom-suction units are rarely made in
sizes below a 10-in (25-mm) discharge nozzle.
If the casing is supported by a foot directly below the casing, it is
said to be foot mounted (Fig. 14.2.2). If the support is under the bearing
housing, it is called frame mounted (Fig. 14.2.8). If the casing is supported at the centerline of the shaft, it is a centerline-mounted pump.

Fig. 14.2.9 Vertical turbine
multistage pump with closed
impellers and oil-lubricated
enclosed line shaft.

Wearing rings (wear rings) (Figs. 14.2.2
and 14.2.7) are used with closed
impellers to restrict the leakage of the
pumpage from the discharge side to
the suction side of the impeller. These
rings may be integral with the casing
and/or impeller, or may be separate
parts. The stationary ring is called a
casing ring or cover ring. The rotating
ring, on the impeller, is called the
impeller ring. Normally only small
pumps have integral casing rings.
Integral impeller rings are common on
small pumps and on high-speed, highenergy pumps. High-energy, and some
lower-energy multistage, pumps have
experienced loosening and breakage of
separate impeller rings, resulting in
pump failures. Therefore, these units are
often made with integral impeller rings,
with hard surfaces to extend the life.
Although available in a variety of
configurations, the most common ring
configurations are the flat type (Fig.
14.2.6) and the L type (Fig. 14.2.3).
The simple semi-open-impeller
pump of Fig. 14.2.8 minimizes leakage
from the discharge side to the suction
side with a small axial clearance
between the impeller and casing.
Pump-out vanes on the back of the
impeller reduce axial thrust and pressure on the seal.
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Shafts

The shaft in a centrifugal pump supports and drives the impeller and
other rotating parts, and is, in turn, supported by the bearings. Because
rubbing contact can lead to accelerated wear, or seizure, of wearing
rings, the shaft may be larger than needed to transmit the torque, so as
to reduce radial deflection of rotating parts. The diameter may be large
enough to prevent contact between wearing rings and between the shaft
and internal bushings.
The “dry” first critical speed of a rotor is related to its static deflection
in the horizontal position. A shaft for a multistage pump, designed for
a static deflection of, for instance, 0.006 in. (0.15 mm), will have a dry
first critical speed of about 2,400 r/min. If operated within 20 percent of
2,400 r/min, excessive vibration and damage can occur. Such a pump,
operating at 3,600 r/min, or faster, will be running above this dry critical speed. Smooth wearing rings and internal bushings can increase
the actual (“wet”) critical speed to a value above running speed.
Subsequent wear of these surfaces (increased radial clearances), or
grooves in the surfaces, will cause the wet critical speed to drop. If the
wet critical speed is within 20 percent of running speed, excessive
vibration and damage can result.
Shaft Sleeves

Pump shafts are often protected from erosion, corrosion, and wear at the
sealing device, at leakage joints, and at liquid passages by shaft sleeves
(Fig. 14.2.2). The most common application is at the stuffing box. Shaft
sleeves serving other purposes are given specific names that indicate
their purposes. For example, a sleeve between two impellers, which, in
conjunction with a bushing, limits leakage between the impellers, is
called an interstage (or distance) sleeve.
Bearings
(See also Sec. 8.)

Centrifugal pumps are provided with rolling-contact (ball and roller)
bearings (Figs. 14.2.2, 14.2.6, and 14.2.7), and fluid-film (hydrodynamic) sliding bearings (Fig. 14.2.14). Their functions are to position the
rotor and to absorb residual radial and axial forces created by the rotor.
The typical horizontal pump contains ball bearings (Fig. 14.2.2),
lubricated by either grease or oil. If the rating of the ball bearings is
exceeded (or by user preference), the pump is provided with fluid-film
bearings. Some pumps are available with a combination of sleeve
radial- and ball axial-thrust bearings, or sleeve radial and tilting-pad
axial-thrust bearings (Fig. 14.2.14).
A tilting-pad (axial) thrust bearing requires a pressure-lubrication system, with its attendant components of pumps, filters, coolers, gages,
and switches, which significantly increases the complexity and cost of
the installation.
Some pumps contain internal fluid-film bearings that are lubricated
by the pumpage. Examples include vertical turbine pumps (Fig. 14.2.9)
and sealless pumps. These bearings can be damaged by solids or gas in
the pumpage.
For a between-bearings pump, the bearing nearer the coupling is
called the inboard bearing. The one farther from the coupling is called
the outboard bearing. For an overhung pump, the bearing nearer the
impeller is the inboard bearing; the one farther from the impeller is the
outboard bearing.
Couplings
(See also Sec. 8.)

Some centrifugal pumps are constructed with the impeller mounted
directly on the end of the driver shaft (Fig. 14.2.10). These units are
called close-coupled, and require no coupling.
If the pump shaft and driver shaft are separate pieces, the two
shafts must be connected by a mechanical coupling. If the pump and
driver each contains its own bearing system, the coupling must be
flexible. Flexible couplings are available in designs such as gear or
grid, which require lubrication, and disk or diaphragm, which require
no lubrication.

Fig. 14.2.10 Close-coupled (motor-mounted) pump.

If the pump shaft relies on the driver shaft for support, the coupling
must be a rigid coupling.
Sealing Devices
(See also Sec. 8.)

Packing is just fancy square rope, available in a variety of fibers, or foil,
cut and formed into rings that fit snugly into the bore of the stuffing box
and onto the surface of the shaft or sleeve (Figs. 14.2.2 and 14.2.6).
Packing is held in the stuffing box by a gland (Figs. 14.2.2 and 14.2.6),
which, in turn is retained and adjusted by gland bolts or studs and nuts.
Packed stuffing boxes have the primary function of minimizing leakage at the point where the shaft passes through the casing, although
packing also provides radial support to the shaft, reducing vibration and
radial deflection thereby reducing bending of the shaft (which reduces
the probability of a fatigue failure of the shaft).
Packing on a rotating shaft (or sleeve) must be allowed to leak, or it
will overheat and fail. Leakage must be a tiny stream, or at least a fast
drip. If the pressure at the “throat” of the stuffing box (normally suction
pressure) is below atmospheric pressure, the packing must prevent air
from leaking into the pump. The rings of packing must therefore be separated by a lantern ring (seal cage) (Figs. 14.2.2 and 14.2.6), and clean,
cool liquid must be provided to the lantern ring at a positive pressure.
This “sealing liquid” flows along the shaft (or sleeve) both into the
pump and to the atmosphere. If the pumpage is clean, cool water, the
sealing liquid can be fed from the discharge of the pump into the lantern
ring; either through external piping (Fig. 14.2.2), or through an internal
passage (Fig. 14.2.6).
If the pumpage is hot, a slurry, toxic, flammable, or otherwise it
should not be allowed to flow into the packing or escape to the atmosphere. A clean, cool sealing liquid must be provided to a lantern ring, at
a pressure higher than throat pressure.
Mechanical seals are used in centrifugal pumps when the leakage
rate from packing is unacceptable, the requirement for manual adjustment is undesirable, or a longer-life sealing device is desired. A
mechanical seal provides no radial support for the pump rotor, so
should be used only when the shaft and bearings provide adequate
rigidity and support.
All mechanical seals leak. The leakage may be so small as to be visibly undetectable. In fact, a seal must leak, or it will overheat and fail
prematurely. The sealing faces rely on a thin film of liquid between the
faces for cooling and lubrication. Some of this liquid leaks past the faces.
For decades, a mechanical seal was required to fit inside the bore of
a stuffing box that was designed for packing. This required the seal
cross section to be small, and provided an inadequate environment for
the seal, both contributing to shorter seal life. Newer pump designs
provide larger cavities for seals, allowing more robust cross sections
and a better environment, resulting in longer seal life.
A centrifugal pump seal chamber normally contains only one
mechanical seal, but safety and environmental concerns have lead to
seal chambers containing two seals. These dual arrangements can be
provided in the double seal arrangement, in which the seals are mounted
back to back (Fig. 14.2.11) or face to face, or in the tandem seal

HYDRAULIC THRUST
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(1) The impellers all face in the same direction and are mounted in the
ascending order of the stages. The axial thrust is balanced by a
hydraulic balancing device (Figs. 14.2.12 and 14.2.14). (2) An even
number of single-suction impellers is used, one half of these facing in a
direction opposite to the second half (Fig. 14.2.13). This mounting of
single-suction impellers back to back is frequently called opposed
impellers.

Fig. 14.2.11 Single-stage end-suction pump with semi-open impeller and double mechanical seal.

arrangement, in which both seals face the same direction. The back-toback double seal requires a liquid between the seals at a pressure above
the throat pressure. The barrier liquid between tandem seals is normally
at atmospheric pressure.
Power plant boiler feed pumps are often equipped with a long
labyrinth-type throttle bushing for a seal. Cool condensate is injected
near the center of the bushing, flowing both into the pump and to the
atmosphere. The atmospheric leakage is collected and returned to the
system. Such a seal has high leakage, but a longer life than packing or
a mechanical seal.

Fig. 14.2.12 Multistage pump with axially split casing, single-suction
impellers facing one direction, and hydraulic axial balancing device.

Fig. 14.2.13 Four-stage pump with opposed impellers.

Sealless Pumps
Sealless centrifugal pumps can be provided for services where no leakage
to the atmosphere can be tolerated. These pumps are available in both
canned-motor and magnet-drive designs. In the canned-motor design, the
motor rotor is inside the pump, surrounded by the pumpage, separated
from the motor stator by a thin “can.” The motor rotor is connected
directly to the pump impeller. In the magnet-drive design, there are two
sets of magnets, separated by a thin can. The inner set is connected to
the pump impeller. The outer set is coupled to the pump driver. As the
outer set rotates, lines of flux pass through the can and rotate the inner
set. Both designs utilize fluid-film bearings that are lubricated by the
pumpage.

Fig. 14.2.14 Double-casing multistage pump with radially split inner and outer
casing.

HYDRAULIC THRUST
Radial thrust on an impeller is created by a nonuniform pressure around
the periphery of the impeller. In a single-volute casing (Fig. 14.2.1), when
the pump is operating at or near its capacity correspondent to peak efficiency (best efficiency point, bep), both velocity and pressure are uniform
around the impeller, resulting in zero hydraulic radial thrust. At capacities
both above and below bep, a nonuniform pressure distribution creates a
radial force (thrust), which will increase shaft deflection and bearing
loads. To reduce radial thrust, casings may be designed with a double
volute (Fig. 14.2.7) or a diffuser (Fig. 14.2.5).
Axial thrust is created by pressures acting axially on impeller shrouds
and vanes. A double-suction impeller creates very little axial thrust. A
single-suction impeller can create a significant axial thrust. This thrust
is created by near-discharge pressure acting on a back shroud that is
larger than the front shroud, and by vanes that twist and extend into the
impeller eye. The thrust can be balanced by a back wearing ring and
balance holes (Figs. 14.2.6 and 14.2.10) drilled through the back shroud,
allowing the pumpage to flow from the back balance chamber into the
impeller eye. For suction pressures near atmospheric, the back wearing
ring diameter is normally equal to or larger than the front (eye) ring. For
higher suction pressures on overhung pumps, the back ring may be
reduced in diameter to compensate for the thrust created by the higher
suction pressure pushing on the end of the shaft.
Most multistage pumps are built with single-suction impellers. To
balance the axial thrust of these impellers, two arrangements are used:

Fig. 14.2.15 Balancing drum.
Hydraulic balancing devices may take the form of (1) a balancing
drum, (2) a balancing disk, or (3) a combination of these two. The
balancing drum is illustrated in Fig. 14.2.15. The balancing chamber

at the back of the last-stage impeller is separated from the pump interior by a drum mounted on the shaft. The drum is separated by a small
radial clearance from the stationary portion of the balancing device,
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called the balancing drum head, which is fixed to the pump casing. The
balancing chamber is connected either to the pump suction or to the
vessel from which the pump takes its suction. The forces acting on the
balancing drum are (1) toward the discharge end—the discharge pressure multiplied by the front balancing area (area B) of the drum; (2) toward
the suction end—the back pressure in the balancing chamber multiplied
by the back balancing area (area C) of the drum. The first force is
greater than the second, thereby counterbalancing the axial thrust exerted
upon the single-suction impellers. The drum diameter can be selected to
balance the axial thrust completely or to balance 90 to 95 percent of this
thrust, depending on whether a slight thrust load in a specific direction
on the thrust bearing is desirable.
The operation of the simple balancing disk is illustrated in Fig. 14.2.16.
The rotating disk is separated from the balancing-disk head by a small
axial clearance. The leakage through this clearance flows into the balancing chamber and from there either to the pump suction or to the

HYDRAULIC PERFORMANCE

The performance of a centrifugal pump is generally described in terms
of the following characteristics: (1) rate of flow, or capacity Q, expressed
in units of volume per unit of time, most frequently ft3/s, gal/min, or
m3/h (1 ft3/s " 449 gal/min; 1 m3/h " 4.403 gal/min); (2) increase
of energy content in the fluid pumped, or head H, expressed in units of
energy per unit of mass, usually ft ! lb/lb or, more simply, ft, or m;
(3) input power P, expressed in units of work per unit of time, bhp or
kW; (4) efficiency h, the ratio of useful work performed to power input,
(5) rotative speed N, in r/min.
Since the parameters indicated are all mutually interdependent, it is
customary to represent the performance of a centrifugal pump by means
of characteristic curves similar to that shown in Fig. 14.2.17. While it
is possible, within certain limits, for the pump designer to regulate the
shape of these curves to suit the needs of a particular application, this is
essentially a function of design capacity, head, and speed and hence for

Fig. 14.2.17 Typical characteristic curves at constant speed.

Fig. 14.2.16 Simple balancing disk.

suction vessel. The back of the balancing disk is subject to the balancing-chamber back pressure, whereas the disk face experiences a range
of pressures. These vary from discharge pressure at its smallest diameter to back pressure at its periphery. The inner and outer disk diameters
are chosen so that the difference between the total force acting on the
disk face and that acting on its back will balance the impeller axial
thrust. If the axial thrust of the impellers should exceed the thrust acting on the disk during operation, the latter is moved toward the disk
head, reducing the axial clearance. The amount of leakage through this
clearance is reduced so that the friction losses in the leakage return line
are also reduced, lowering the back pressure in the balancing chamber.
This automatically increases the pressure difference acting on the disk
and moves it away from the disk head, increasing the clearance. Now
the pressure builds up in the balancing chamber, and the disk is again
moved toward the disk head until an equilibrium is reached. To ensure
proper balancing-disk operation, the change in back pressure must be of
an appreciable magnitude. This is accomplished by introducing a
restricting orifice in the leakage return line.
The combination disk and drum (Fig. 14.2.14) incorporates portions
rotating within radial clearances of stationary portions and a disk face
rotating within an axial clearance of another portion of the stationary
part. The radial clearance remains constant regardless of any axial displacement of the rotor within the casing. Such displacement, however,
changes the axial clearance within the balancing device. These
changes cause changes in the leakage, which in turn change the pressure drop across the radial clearances and thus increase or decrease the
average value of the pressure acting on the disk face. These changes in
the intermediate pressure on the disk face act to move the balancing
device in whichever direction is required to restore equilibrium and
axial balance.

a standard production unit is determined by test and is not subject to
modification. For any given capacity on such a characteristic curve, the
relationship between performance characteristics is expressed by the
equation h " gQH/3,960P, where h is efficiency expressed as a
decimal, g is the specific gravity of the fluid pumped, Q is in gal/min,
H in ft, and P in bhp. In metric units, h " gQH/367P, where Q is in
m3/h and H in metres and P in kW.
Inasmuch as the actual performance of centrifugal pumps is determined by testing, it is highly desirable to be able to use the results of
past tests as a basis for predicting the performance of future designs. To
this end, an interesting and widely used characteristic number known as
specific speed, Ns 5 N 2Q>H 3>4, has been developed. In this expression,
values of N, Q, and H are all for the point of best efficiency. While not
dimensionless, Ns can be made dimensionless by the appropriate selection of units. Specific speed is of interest to both the pump designer and
the pump user essentially in two ways: (1) All geometrically similar
pumps, regardless of their size, will have identical specific speeds (but
all pumps of the same specific speed will not necessarily be geometrically similar). (2) Within reasonable limits, pump geometry and performance can be predicted as a function of Ns and Q. For N in r/min, Q in
gal/min, and H in ft, the practical range of Ns is approximately 500 to
15,000. In metric units Q is in m3/s and H is in metres, so that this range
becomes approximately 10 to 300 (Nsm " Ns/51.66) The shape of the
profiles for impellers varies over the range of specific speeds, as shown
in Fig. 14.2.18. The commercially attainable efficiencies also vary with

Fig. 14.2.18 Approximate impeller shapes versus specific speed.
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the specific speed (Fig. 14.2.19). It must be remembered that these
efficiencies are attainable at the capacity at best efficiency. The
actual capacity may differ from this best-efficiency flow. In addition,
the general shape of the characteristic curves will vary widely from
one end of this range to the other, as illustrated by Figs. 14.2.24
and 14.2.25.

Fig. 14.2.20 Velocity diagram of a radial-flow impeller.

(9.80 m/s2). Subscript 1 refers to the impeller inlet section, and subscript
2 to the impeller discharge section. The coefficient hH is the hydraulic
efficiency of the rotating-vane system and, for the range of specific
speeds indicated above, will generally fall between 0.85 and 0.95. This
hydraulic efficiency is considerably higher than pump efficiency h since
it does not include mechanical losses due to bearing or packing friction,
volumetric losses due to internal wearing-ring clearances, impeller-disk
friction, or fluid-friction losses due to velocity conversion or boundarylayer considerations ahead of or following the impeller. For pumps in
this specific-speed range, the hydraulic losses 1 % hH will generally be
between one-quarter and three-quarters of total pump losses 1 % h.
For pumps arranged with an axial inlet to the impeller (such as that
shown in Fig. 14.2.7), it is generally assumed that the entering flow will
have no rotational component, and Vu1 is therefore zero. Equation
(14.2.1) can thus be reduced to
H 5 hHU2Vu2 >g

Fig. 14.2.19 Efficiencies of single-stage end-suction and double-suction centrifugal pumps (solid lines) and wet pit pumps (dashed lines).

Hydraulic Design

The purpose of a centrifugal pump in any fluid-handling system is to
add energy to the fluid, and since it is a dynamic machine, the pump
depends entirely on changes in velocity to provide the energy. While the
measurable evidence of energy addition is in most cases largely in the
form of static pressure, this is partially the result of velocity reductions
and constraints occurring in the diffuser and to this extent represents a
conversion from the velocity energy produced by the impeller. Thus,
any discussion of centrifugal-pump theory generally becomes a discussion of velocities occurring at various points within the pump.
The true velocity relationships existing within a pump are extremely
complex; but for practical purposes, a one-dimensional analysis serves
to illustrate the basic concepts and, indeed, has served as the basis of
design for virtually all centrifugal pumps ever built.
For radial and mixed-flow impellers (500 ' Ns ' 7,500 or 10 ' Nsm '
150) the velocities at the inlet and outlet of the impeller are shown by
the vector diagrams in Fig. 14.2.20. The head produced by such an
impeller is represented by
H 5 hH sU2Vu2 2 U1Vu1d>g

(14.2.1)

where H " head, ft (m); U " circumferential velocity of impeller at
radius being considered, ft/s (m/s), Vu " average value of the circumferential component of absolute fluid velocity, ft/s (m/s), and g " 32.174 ft/s2

(14.2.2)

In practice, Eq. (14.2.2) will provide a close approximation to total head
for any pump up to a specific speed of 2,000 (Nsm ≈ 40) since the term
U1Vu1 in Eq. (14.2.1) is very small compared with U2Vu2.
It should also be noted in Fig. 14.2.20 that the relative velocity y2
does not coincide in direction with the vane angle at the impeller discharge. The angular difference between y2 and the direction of the vane
is due to the irrotational nature of the flow between the vanes. The
effect of this difference can be taken into account as the vector difference Vu2* % Vu2 " Na/229, where a is the shortest distance in inches
taken in the radial plane between the discharge tip of any vane and the
upper surface of the following vane. (Vu2* % Vu2 " Na/19,100, where a
is in mm and velocities are in m/s.)
The foregoing relationships provide the basis for determining
impeller diameters and vane angles required to produce a given total
head requirement at a specified rotative speed. It is equally necessary,
of course, to provide in the design for handling a specified flow volume,
and this is readily accomplished by providing the necessary crosssectional area A between vanes to pass the required flow at velocities
previously determined. A useful relationship for this purpose, in light of
the units commonly employed in pump design, is Q " AV/0.321, where
Q is in gal/min, V in ft/s, and A in in2 (Q " AV/278, where Q is in m3/h,
V in m/s, and A in mm2).
Upon leaving the impeller, the liquid pumped enters either (1) a system of diffusing vanes surrounded by an outer casing or (2) directly into
a casing designed to contain the fluid and control its velocities. Where
diffusing vanes are used, they are designed on the basis of velocity relationships very similar to those employed in impeller design but with the
objective being to slow the fluid down to convert velocity energy to
pressure energy and, further, to reduce frictional losses in the discharge
system following the diffuser. Where the impeller discharges directly
into the casing, this component of the machine is most frequently
designed in the form of a volute to provide constant velocity all around
the impeller periphery up to the point of entry into the discharge nozzle. From this point, commonly called the casing throat, to the discharge flange or to the inlet of a succeeding stage, the velocity is
gradually reduced. Special circumstances related to pump design or
application often result in modifications to the constant-velocity design
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of such a casing, and variations may be found covering the entire range
from constant velocity to constant area. In addition, many casings are
now designed with one or more spiral vanes placed in such a way as to
approximate a condition of geometric similarity in relation to the
impeller, which is advantageous when a pump is operated at capacities
other than those for which it is designed. A casing of this nature represents an effort by the designer to obtain an optimum balance between
the desirable geometric similarity of the diffuser discharge and the manufacturing simplicity and generally high efficiency of the volute-type
casing. The most common form of such a casing is the double-volute
type discussed under Hydraulic Thrust.
For axial-flow impellers (7,500 'Ns ' 15,000 or 150 ' Nsm ) 300)
velocity relationships can be approximated in a manner similar to that
used for lower-specific-speed pumps, but refinement of these approximations is approached in a somewhat different manner, largely because
of the considerable body of knowledge available in the form of airfoil
data which can be applied. Velocity diagrams for pumps of this type are
shown in Fig. 14.2.21.

for the fact that the impeller blades are, in effect, arranged in a continuous lattice.
In the design of axial-flow pumps, it is generally assumed that the
head developed by the blade elements within all the cylindrical stream
tubes between the impeller hub and its outer diameter will be the same.
For this condition to be achieved, it will be evident from Eq. (14.2.3)
that since U will vary directly with the radius, #Vu must vary inversely
with the radius. Thus vane camber (or curvature) will be greater near the
hub than at the periphery. It is further generally assumed that the axial
velocity is constant throughout the impeller, and to satisfy this condition, the blade angles will be greater at the hub than at the periphery,
giving rise to the twist of the vane.
By designing the vane element at the hub, the periphery, and any reasonable number of radial stations between, it is possible to define the
vane over its entire surface to produce the total head desired. The design
capacity can be simply established from the constant axial velocity and
the annular area between the hub and the periphery.
Axial-flow impellers will almost invariably discharge into a vaned
diffuser designed primarily to convert into pressure the tangential component of the absolute velocity leaving the impeller, thus producing a
uniform, nonrotating velocity profile at the pump discharge or at the
entrance to any succeeding stage.
Pump Application

Fig. 14.2.21 Velocity diagram of an axial-flow vane system.

Considering a cylindrical stream tube intersecting the vanes of an
axial-flow impeller, we can rewrite Eq. (14.2.1) in the form
H 5 hH U#Vu >g

(14.2.3)

where #Vu represents the increase in the tangential component of the
absolute velocity as the fluid passes through the impeller. For pumps in
this specific-speed range, hH will generally fall between 0.80 and 0.90 and
1 % hH will generally be between one-half and three-quarters of 1 % h.
As in the case of radial-flow impellers, the relative velocity y2 at the
impeller exit does not coincide with the vane angle. In this case, the
necessary correction can be applied by means of the expression
#Vu 5 2#V u* > [st>lds2>pKds1>sin bd 1 1]

(14.2.4)

where t is vane spacing, l is vane length, b is the discharge vane angle,
and K is the coefficient determined from Fig. 14.2.22, which provides

In applying any centrifugal pump to a fluid-handling system, the engineer generally has two variables in the pump which may be used to
effect a match between it and the system, namely, speed of operation
and impeller diameter. (In axial-flow pumps, impeller diameter cannot
conveniently be changed, but similar results can be accomplished
within a limited range by reducing vane length.) To take advantage of
these variables, it is necessary to understand the similarity relationships
which govern pump behavior.
The effect of change in speed can be most readily explained by referring back to Eq. (14.2.1). For a fixed impeller diameter, it will immediately be evident that any increase in rotative speed will result in a
directly proportional increase in the peripheral velocities of the impeller
at both inlet and outlet, U1 and U2, respectively. Furthermore, since the
directions of both the relative and absolute velocities v and V, respectively, are controlled by the vane angles, it follows that both the inlet
and outlet velocity diagrams remain geometrically similar, in other
words, as pump speed changes, all fluid velocities change in direct proportion. Thus the effect of a speed change on pump capacity can be represented for two speeds, N1 and N2 by
Q1 >Q2 5 N1 >N2

Referring again to Eq. (14.2.1), it will be evident that the change in head
will be proportional to the square of the change in speed, resulting in
H1 >H2 5 sN1 >N2d2

Also, since P is proportional to QH, then

P1 >P2 5 Q1H1 >Q2H2 5 sN1 >N2d3

Fig. 14.2.22 Lattice-effect coefficient. (Weinig.)

The effect of a reduction in impeller diameter is for practical purposes,
identical to that of a reduction in speed, and the above equations can all
be rewritten in the same form, substituting D1 and D2 for N1 and N2. In
this case, however, there is somewhat less latitude for change, the practical limit for cut-down being approximately 25 to 30 percent in the
case of low-specific-speed impellers and decreasing from this value as
specific speed increases.
From the foregoing it should be noted that running a pump at
speeds far below its normal rated speed would be uneconomical since
the pump would obviously be overdesigned for the service.
Conversely, the same pump could not be run at speeds far above its
rating since it would soon exceed its power capability. Thus the normal approach to pump application calls for selection of a unit which
will meet the system requirements at or near the pump’s maximum
rated speed and preferably as close to maximum impeller diameter as
possible.
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A further aspect of the similarity laws, of interest primarily to pump
designers, is the matter of geometrically similar pumps, or as they are
commonly called, factors of each other. Assuming two such pumps with
a size ratio f , then at the same rotative speed H1 >H2 5 f 2 , which is the
same as for a change in speed of the same ratio. In the case of capacity,
however, we have, in addition to the linear increase due to velocity
change, a further increase due to the change in the cross-sectional area
of all fluid channels which is proportional to the square of the size factor, resulting in the relationship Q 1 >Q 2 5 f 3. The ratio of power requirements therefore becomes P1 >P2 5 f 5.
To simplify selection of pumps, it is customary to plot, for any given
speed, performance curves to show pump characteristics over the available range of impeller diameters rather than at the single diameter
which would be implicit in a curve of the type shown in Fig. 14.2.17. A
typical rating curve of this nature is shown in Fig. 14.2.23. Such rating

Fig. 14.2.25 Typical characteristics for Ns " 10,000 (Nsm " 194).

Fig. 14.2.25 is to be operated at reduced capacities, then both motor size
and discharge piping must be designed for the minimum flows to be
encountered.
NPSH

Fig. 14.2.23 Rating curve of 10-in double-suction single-stage pump.

curves will vary widely in their nature with changes in Ns, and an understanding of these variations is essential to the selection of properly sized
pump drivers and, in many cases, proper design of discharge piping
and/or the determination of limiting ranges of pump operation. Some
idea of the diversity of characteristics which is available can be
obtained by a comparison between Figs. 14.2.24 and 14.2.25, both of
which are plotted entirely in percentages of design values occurring at
the point of best efficiency.

Fig. 14.2.24 Typical characteristics for Ns " 1,550 (Nsm " 30).

In the case of the lower-specific-speed pump shown in Fig. 14.2.24,
a driving motor selected for the rated condition would be more than
adequate at lower capacities, and discharge piping would be subjected
to only modest overpressures. On the other hand, if the pump shown in

In order for a pump to deliver its rated output, it is obviously necessary
that it be supplied with fluid at its inlet at the same rate. It is further necessary that the absolute pressure (including velocity head, V2/2g) of the
fluid at the inlet exceed the vapor pressure by an amount sufficient to
overcome (1) any entrance or frictional losses between the point of
entry into the pump and the impeller, and (2) the shock losses occurring
at the impeller inlet. This gives rise to the definition of net positive
suction head (NPSH) which is the absolute pressure at the pump inlet
expressed in feet (metres) of liquid, plus velocity head, minus the vapor
pressure of the fluid at pumping temperature, and corrected to the elevation of the pump centerline in the case of horizontal pumps or to the
entrance to the first-stage impeller for vertical pumps.
NPSH required is determined by the pump manufacturer and is a
function of both pump speed and pump capacity. NPSH available represents the energy level of the fluid over the vapor pressure at the pump
inlet and is determined entirely by the system preceding the pump.
Unless NPSH available at least equals NPSH required at any condition
of operation, some of the fluid will vaporize in the pump inlet and bubbles of vapor will be carried into the impeller. These bubbles will collapse violently at some point downstream of the pump inlet (usually at
some point within the impeller) and produce very sharp, crackling
noises, frequently accompanied by physical damage of adjacent metal
surfaces. This phenomenon is known as cavitation and is generally
highly undesirable.
A term similar to that used for pump specific speed has been developed for pump NPSHR characteristics and has been identified as suction
specific speed, S 5 N 2Q>H3>4
sv , where Hsv is NPSH. For double-suction
impellers, S 5 N 2Q>2>H3>4
sv . The value S, like Ns, is expressed simply
as a number and, for general-purpose pumps, does not generally exceed
10,000, where N is in r/min, Q is in gal/min, and Hsv is in ft. When Q is
in m3/s and Hsv is in metres, the equivalent value Sm is 194.
Within the limits of NPSH capabilities, it is desirable to select a
pump of the highest specific speed since this will produce the highest
pump speed and consequently use the smallest pump. As a convenience
in accomplishing this, the Hydraulic Institute has published two charts
indicating the recommended NPSH as a function of pump capacity and
operating speed and, conversely, the maximum recommended operating
speed for different capacities if the NPSH value is known or first
selected. These charts are based on a recommended value of suction
specific speed of 8,500 (Sm " 165). The chart for double-suction pumps
is reproduced in Fig. 14.2.26.
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Fig. 14.2.26 Recommended maximum operating speeds for double-suction pumps. (Hydraulic Institute Standards.)
Recirculation A better understanding has been recently reached of
the flow pattern in a pump impeller when the pump is operated at
capacities below that at its best efficiency. All pumps exhibit the phenomenon of recirculation which is a flow reversal at the inlet or at the
discharge tips of the impeller. The capacities at which flow recirculation
occurs at the suction or discharge are not necessarily coincidental. It is
now possible to predict the flow patterns that must exist to produce this
flow reversal. Depending on the size and speed of the pump, the effects
of recirculation can be very damaging not only to the operation but also
to the life of the impeller and casing. The symptoms associated with
recirculation and a method for calculating the capacity at which it takes
place at both the suction and discharge of the impeller are given in
Fraser, “Recirculation in Centrifugal Pumps,” ASME Winter Annual
Meeting, Nov. 16, 1981, Washington, D.C.
System Head Curve

The friction losses are the sum of the line losses and fitting losses.
In complex pumping systems, such as municipal water-supply operations, both the total static-head and the friction-loss components may be
variable, e.g., the former by changes in reservoir levels and the latter by
the particular combination of lines being served at any given moment. This
results in upper and lower limits of system-head requirements, and the
intersection of these limiting curves with the pump head curve will define
the capacity range over which the pump will be required to operate.
Since the capacity at which a pump will operate corresponds to the
intersection of the system-head curve with the pump head-curve, any
changes in pump capacity can only be obtained by varying one or the
other of these two curves (Fig. 14.2.28). Thus the capacity of a centrifugal pump operating in a system can be regulated by (1) changing
the pump speed or (2) throttling in the discharge piping. The former
method is preferable whenever the driver permits it, because throttling
always involves an appreciable waste of power.

Just as the head characteristic of a pump is represented by a curve indicating reducing head developed with increasing capacity, the head
requirements of the system served by the pump can be depicted by a
curve showing increased head requirements for increased flow, i.e., a
system-head curve (Fig. 14.2.27). The capacity at which a pump will
operate in this system is that at which the pump head curve intersects
the system-head curve.

Fig. 14.2.28 Pump operation in a system.

Fig. 14.2.27 System-head curve.

Every system-head curve consists of (1) a total static head (which
may in some cases be equal to zero) plus (2) friction losses. The total
static head Hstat " Hd % Hs * Pd % Ps, where Hd and Hs are the elevations at the system’s termination and origin, respectively, and Pd and Ps
are the gage pressures at the same points.

Pump capacity should never be permitted to be reduced to zero
because the fluid within the pump would have to absorb the entire
power input and therefore would heat up rapidly with injurious effects
on the pump. A bypass line should be provided from the pump discharge line to permit a predetermined amount of liquid to flow through
the pump if the discharge valve is closed entirely. This bypass may be
operated manually or automatically.
Centrifugal pumps may sometimes be operated in parallel or in series.
To construct the head-capacity curve of two pumps in parallel, it is
merely necessary to add the capacities of the individual pumps for various total heads. The head-capacity curve of two pumps in series is constructed by adding the individual pump heads for various capacities.
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Fig. 14.2.29 Series and parallel operation of centrifugal pumps.

Figure 14.2.29 shows series and parallel operation of two centrifugal
pumps with both flat and steep system-head curves.
Performance on Other Than Water

Selection of drivers, as well as pumps, is also influenced by properties
of the fluid handled. The required pump power varies directly with the
specific gravity of the liquid and is influenced in a more complex manner by viscosity. The effect of viscosity is illustrated in Fig. 14.2.30.
For the example shown in the chart, the pump in question has a bestefficiency-point (bep) of 750 gal/min (170 m3/h) at 100-ft (30-m) head.
When handling a fluid having a viscosity of 1,000 SSU (220 cS), its
capacity is reduced to 95 percent of that of water for all capacities. Its
head is reduced to 96, 94, 92, and 89 percent of its head on cold water
at 60, 80, 100, and 120 percent of the bep capacity, and its efficiency is
reduced to 63.5 percent of its efficiency on water for all capacities.
Thus, if the pump had a bep efficiency on cold water of 70 percent, it
would now deliver 712.5 gal/min (161.8 m3/h) at 92-ft (28.0-m) head
with an efficiency of 44.5 percent at the bep.

Fig. 14.2.30 Performance-correction chart for effect of viscosity. (Hydraulic
Institute.)

MATERIALS OF CONSTRUCTION

Centrifugal pumps are available in many common metals and alloys, as
well as porcelain, glass, and synthetics. A listing of materials recommended for various services can be found in the Standards of the
Hydraulic Institute. Table 14.2.2 has some of the materials commonly
used for pump parts.
INSTALLATION, OPERATION, MAINTENANCE

Proper installation, operation, and maintenance of centrifugal pumps
will vary widely over the complete range of services to which the
pumps may be applied, and satisfactory results in these areas can be fully
achieved only by following the manufacturer’s instructions for the size

and type of unit involved. There are, however, certain general considerations that should be observed and will seldom need to be modified
under any circumstances.
In general, the location selected for installation should be as close to
the source of the fluid as possible, consistent with the requirement that
adequate space be made available to provide accessibility for operation,
inspection, and maintenance.
Shaft Alignment

Alignment of the driver shaft with the pump shaft is crucial for component longevity. Misaligned shafts will result in vibration and shorter life
of bearings and seals. For a horizontal separately coupled pump (one in

Table 14.2.2 Materials for Various Fittings
(Materials for bearing housings, bearings, and other parts are not usually affected by the liquid handled)
Part

Standard fitting

All-iron fitting

All-bronze fitting

Casing
Suction head
Impeller
Impeller ring
Casing ring
Diffuser
Stage piece
Shaft, with sleeve
Without sleeve
Shaft sleeve
Gland

Cast iron
Cast iron
Bronze
Bronze
Bronze
Cast iron or bronze
Cast iron or bronze
Steel
Stainless steel or steel
Bronze
Bronze

Cast iron
Cast iron
Cast iron
Cast iron or steel
Cast iron
Cast iron
Cast iron
Steel
Stainless steel or steel
Steel or stainless steel
Cast iron

Bronze
Bronze
Bronze
Bronze
Bronze
Bronze
Bronze
Steel, bronze, or Monel
Bronze or Monel
Bronze
Bronze
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which the pump and driver bolt independently to a baseplate), the coupling can be precisely aligned when the unit is idle, but become misaligned when the pump runs. Running misalignment can be caused by
temperature changes in the driver, pump, and connected piping; by
hydraulic forces produced by the piping; and by the torque between the
driver and the pump. Piping should be supported so as to minimize piping loads on the pump, and any expansion joint should be installed so
as not to transmit any force to the pump.
Supporting the Pump

To retain coupling alignment, a separately coupled unit must be supported by a rigid baseplate (and pedestals) and by a foundation of concrete (or an equivalent support).
A single-stage in-line pump is typically designed to be supported
solely by the piping, like a valve. The driver mounts directly on the pump,
and moves with the pump as the pump moves with the piping, thereby
retaining shaft alignment. Such a unit does not require a baseplate or
foundation, although the piping support must be adequate for the additional weight of the pump and driver.
Priming

A centrifugal pump is primed when the casing, all impellers, and the seal
chambers are filled with the liquid to be pumped. Failure to evacuate all
air, or other gases, from the pump can result in wear or seizure of wear
rings and bushings, and accelerated wear of mechanical seals. If the suction supply is above atmospheric pressure, priming is accomplished by
venting the pump at all high points in the casing and seal chambers. If the
suction supply is below atmospheric pressure, priming must be accomplished by providing a vacuum at all the high points; by providing a foot
valve, below the suction liquid level, and filling the pump and suction line
with liquid; or by providing a priming chamber in the suction line.
Starting

The normal starting sequence is as follows: (1) open valves in all auxiliary sealing, cooling, flushing, and bypass lines; (2) open suction valve;
(3) close discharge valve for low-specific-speed pumps where no check
valve is installed after the pump, or open discharge valve for highspecific-speed pumps or wherever a discharge check valve has been
provided; (4) prime or vent as necessary; (5) energize the driver; and
(6) open discharge valve if it was previously closed in step 3.
Following start-up and until stable operation has been adequately
established, it is desirable to monitor bearing temperature, stuffing-box
leakage, and other outward symptoms of the unit’s behavior. Securing
of the pump is accomplished by a reversal of the start-up sequence,
encompassing steps 6, 5, 3, and 1, in that order.
Minimum Flow

Until the early 1970s there were only four factors to consider when setting
an acceptable minimum flow for centrifugal pumps:

Higher radial thrust developed by single-volute pumps at reduced
flows.
Temperature rise in the liquid pumped as capacity is reduced.
Desire to avoid overload of drivers on high-specific-speed pumps,
which have a rising power requirement as capacity is reduced.
For pumps handling liquids with significant amounts of dissolved
or entrained air or gas, there is the need to maintain sufficiently high
velocities in the pump casing to wash out this air or gas with the
liquid.
Since then, the phenomenon of internal recirculation in the impeller
has been discovered. The recirculation occurs at flows less than the
capacity at best efficiency. Problems include pressure pulsations at the
suction and discharge and rapid deterioration of the pump and casing.
The unfavorable effects of this internal recirculation have brought a
fifth factor into the picture when setting minimum flows. This is discussed more fully above under “Recirculation.”
Each of the effects mentioned above may dictate a different minimum operating capacity. Obviously, the final decision must be based
on the greatest of the individual minimums. The internal recirculation usually sets the recommended minimum. Assuming that the
pump is properly furnished with the necessary instrumentation, such
as flowmeters, pressure gages with sufficient sensitivity to show
pulsations, and vibration- and noise-monitoring equipment, an experienced test engineer should be able to pinpoint the onset of internal
recirculation.
If the flow demand of the service in which the pump is installed is
expected to fall below the minimum permissible flow, some means
must be provided to accommodate the difference between the minimum
permissible flow and that required by the service. This is accomplished
by installing a bypass in the discharge line from the pump, located on
the pump side of the check and gate valves and leading to some lower
pressure point in the installation where excess heat absorbed through
operation at low flows may be dissipated. A valve is located in this
bypass line. For small installations, the bypass valve is operated as fully
open or fully closed. For large installations, a modulating valve is
usually used to bypass the difference between the required flow and the
minimum permissible.
Unnecessary Maintenance

A generally accepted cardinal rule is that as long as operation continues
normal, the unit should be left alone. Thus, except in special circumstances, periodic overhauls are not recommended. The amount and
degree of maintenance likely to be required are influenced primarily by
the nature of the service to which the pump is applied, and maintenance
practices must therefore be determined largely by the user as a result of
personal experience.
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Notation

a
A
Av
cp
cv
C
d
D
e
E
f
g

" speed of sound
" piston area
" valve flow area, cell area
" constant pressure specific heat
" constant volume specific heat
" clearance volume (decimal)
" depth of ring section, diameter
" diameter
" eccentricity
" modulus of elasticity (lb/in2)
" valve resistance, in velocity heads
" ring free gap less end clearance (in)

ADIABATIC ANALYSIS

gc
ghp
h
Hp
k
K
L
Leq
m
MW
n
Nm
ns
nv
N
Ns
P
Q
r
rs
rt
rd
R
s
sg
T
Tv
U
V
Vi
V
W
Z

" gravitational constant
" gas horsepower
" enthalpy
" polytropic head (ft ! lb/lbm or kJ/kg)
" ratio of specific heats
" area constant (decimal)
" length, leakage coefficient, connecting rod length
" equivalent length of pipe
" mass
" molecular weight
" polytropic coefficient
" number of lobes on main rotor
" number of stages
" number of vanes
" rotational speed
" specific speed
" pressure
" heat flow, volume flow at inlet conditions
" compression ratio (P2 /P1)
" pressure ratio per stage
" pressure ratio across entire compressor
" ratio of cylinder pressure at bottom dead center to inlet
pressure
" gas constant [for air 53.34 ft ! lbf/(lbm ! R)], crank radius
" entropy, stress
" specific gravity relative to air
" absolute temperature, thrust
" vane thickness
" piston velocity, peripheral velocity
" volume
" built-in volume ratio
" velocity
" work, mass flow
" compressibility factor

European Committee of Manufacturers of Compressors, Vacuum
Pumps and Pneumatic Tools (PNEUROP) and, in the United States, the
Compressed Air and Gas Institute (CAGI) prefer the bar as the standard
unit of pressure. PNEUROP and CAGI have selected as standard conditions 1 bar (14.5 lb/in2) (100 kPa), 20$C (68$F), and 0 percent relative
humidity. The unit of flow in the ISO system is m3/s. Other units still in
common usage are m3/h, m3/min, and L/s. In the United States the most
commonly used units are ft3/min (cfm) and ft3/h (cfh). Power is normally expressed in kilowatts (PNEUROP) and horsepower (CAGI).
Thermodynamics of Compression

Most compressors are analyzed using the ideal-gas law and assuming
constant specific heat. Real-gas deviations are handled by applying a
compressibility factor (also called super compressibility). The ideal-gas
law will give satisfactory results for nonhydrocarbon gases for pressures to approximately 1,000 psig (6,900 kPa) at normal temperatures.
Most hydrocarbon gases and refrigerants deviate strongly from the
ideal-gas laws even at moderate pressures. For these cases, thermodynamics property tables, Mollier Charts, or compressibility charts
should be used. Unfortunately these are not available for many gases
of industrial importance. In this case a generalized compressibility
chart is used. Compressibility charts for various gases can be found in
Loomis, “Compressed Air and Gas Data,” 3d ed., Ingersoll-Rand, and
Rollins, “Compressed Air and Gas Handbook,” 5th ed., Compressed
Air and Gas Institute.
Adiabatic Analysis

The equation of state for an ideal gas is:
PV " mRT

" ratio of piston area over valve flow area
" blade angle, degrees
" wave length
" pressure loss, differential pressure (lb/in2)
" adiabatic efficiency
" polytropic efficiency
" volumetric efficiency
" pressure coefficient (gHp /U2)
" flow coefficient (Q/ND 3)
" angular speed (radians/second)

Subscripts

1
2
A
R

" inlet conditions
" discharge conditions
" axial
" radial

(14.3.1)

The first law of thermodynamics for a steady-flow process is (per
unit mass):
Q 5 sh2 2 h1d 1

Greek

a
b
l
#
hc
hp
hv
m
f
v
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V 22 2 V 21
1W
2gc

(14.3.2)

Neglecting the kinetic energy of the gas and assuming constant specific heat, for a reversible adiabatic process, Eq. (14.3.2) becomes:
W 5 cp sT1 2 Tr2d

(14.3.3)

Substituting (P2/P1)(k%1)/k for Tr2 >T1 and k/(k % 1) for cp /R, Eq.
(14.3.3) becomes:
W 5 P1V1

P2 sk21d>k
k
ca b
2 1d
1 2 k P1

(14.3.4)

The same results can be obtained by evaluating W " V dp on an idealized P-V diagram (Fig. 14.3.1).

Compressed-Air and Gas Usage

Compressed-air is used for machine and tool operation, drilling, painting, soot blowing, pneumatic conveying, food processing, instrument
operations, and in situ operations (e.g., underground combustion).
Pressures range from 25 psig (172 kPa) to 60,000 psig (413,790 kPa).
The largest usage is at 90 to 110 psig which is the normal plant airpressure range.
Gas compressors are used for refrigeration, air conditioning, heating,
pipeline conveying, natural gas gathering, catalytic cracking, polymerization, and in other chemical processes.
Standard Units and Conditions

In the ISO system, the standard unit of pressure for compressors is the
kilopascal (kPa). In some countries this is the only unit which can
appear on the compressor pressure gages by law. In Europe, the

Fig. 14.3.1 Idealized indicator diagram for a positive-displacement compressor.
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The isentropic efficiency (ratio of isentropic work to actual work) is
given by:
hc 5 T1

sP2 >P1dsk21d>k 2 1
T2 2 T1

(14.3.5)
Multistaging and Intercooling

Polytropic Process

As an alternative to the adiabatic analysis, a polytropic process can be
defined as
PV n " C

(14.3.6)

All the adiabatic equations apply if (n % 1)/n is substituted for
(k % 1)/k where

rs 5 2rt

If the inlet and discharge temperatures and pressures are known, n
can be calculated from:
1
1 2 ln sT2 /T1d>ln sP2 >P1d

(14.3.7)

where n is directly related to the heat transferred during the process by
n5

Temperature rise and mechanical stresses limit the maximum pressure
differential across a single stage of any compressor type. The pressure
rise across a dynamic compressor stage is further limited by the available
polytropic head which the stage can develop. The volumetric efficiency
of a reciprocating compressor decreases with increasing pressure ratio
placing a practical limit on the maximum ratio per stage.
Multistaging is used to overcome these limitations and to save power.
With perfect intercooling and no pressure losses between stages, theoretically the minimum power is obtained when
ns

k21 1
n21
n 5 k hp

n5

where Z1 and Z2 are the compressibilities at conditions 1 and 2.
Compressibility will also affect the volume flow of the compressor
because of the reexpansion of the clearance volume gas.

Cp sT2 2 T1d 2 Q

W5 a

(14.3.8)

Cv sT2 2 T1d 2 Q

P2 sk21d/k
k
P1V1 b ca b
P1
12k
2 ns a

The reversible work done along the polytropic path is called the
polytropic work.

The polytropic efficiency hp (ratio of polytropic work to actual work)
is given by:

hp 5

k21
k ln sP2 >P1d

ln sT2 >T1d

(14.3.9)

The polytropic efficiency and the isentropic efficiency can be
related by:
hc 5

r sk21d>k 2 1
r sk21dskhpd 2 1

(14.3.10)

Equation (14.3.10) is strictly valid only for ideal gases with constant
specific heats. However, because the real-gas errors occur in both the
numerator and denominator, the equation gives reasonably accurate
results for real gases which deviate moderately from ideal gases.
Positive-displacement compressors are almost universally analyzed
using the adiabatic model. Dynamic compressors are analyzed using
both the adiabatic and polytropic models with the trend toward the
polytropic model. The advantage of the polytropic model is that the discharge temperature is immediately available and hp is essentially constant for different gases. The polytropic efficiency is independent of
the thermodynamic state of the gas. Also, the total polytropic head is
the sum of the polytropic heads for the stages. This is not the case for
isentropic heads. The advantage of the isentropic model is that the
isentropic work can be read immediately from thermodynamic tables
or charts. Comparing adiabatic efficiencies at different pressure ratios is
not a valid procedure.
Real-Gas Effects

Deviations from the ideal-gas law are accounted for by introducing a
compressibility factor
Z5

PV
RT

(14.3.11)

The isentropic work of compression for a real gas becomes:
W 5 P1V1

P2 sk21d>k
Z1 1 Z2
k
ca b
2 1d
P1
2Z1
12k

(14.3.12)

(14.3.13)

where ns " the number of stages; rs " the pressure ratio per stage; and
rt " the ratio across the compressor.
For every 10$F of imperfect intercooling, the horsepower increases
approximately 1 percent. Perfect intercooling is achieved when the temperature of the gas leaving the intercooler equals the temperature of the
gas at the compressor inlet. The maximum theoretical work that can be
saved by perfect intercooling is:

P2 sk21d/nsk
b
1 ns 2 1d
P1

(14.3.14)

On the ideal indicator diagram (Fig. 14.3.1), this is area 3+4 4+2+.
In practice, perfect intercooling is seldom obtained. Normal practice
is to cool the interstage gas to within 15$F to 20$F of the inlet gas. For
water-cooled machines, the coldest water available should be used for
intercooling.
Positive-Displacement Compressors
Versus Dynamic Compressors

Positive-displacement compressors collect a fixed volume of gas within
a chamber and compress it by reducing the chamber volume. The ideal
work for such a process is given by Eq. (14.3.4). The work could also
be obtained from the area enclosed by an ideal indicator diagram
(Fig. 14.3.1). The actual horsepower, taking into account real-gas deviations, is
hp 5

144 P1V1k
33,000s1 2 kd

ca

P2 sk21d>k
b
2 1d
P1
1 Z1 1 Z2
b
3h a
2Z1
c

(14.3.15)

with pressures in lbf/in2 and volumes in ft3/min. With the volume rate V
in m3/s and the pressures in pascals (dropping the 144/33,000), the
power will be in watts.
For a given volume flow, the ideal power is affected by inlet pressure, the k value of the gas, and the compression ratio. The ideal
power is not affected by the inlet temperature of the gas or its molecular weight.
The actual power is increased due to losses through the intake and
discharge valves or ports as can be seen on the indicator diagram
Fig. 14.3.2.
Additional losses are caused by turbulence within the compression
chamber, preheating of the inlet gas, and leakage from the compression
chamber. The isentropic compression efficiency (ratio of isentropic
work to actual compression work) can be determined from the indicator diagram or calculated from Eq. (14.3.5) provided that there is no liquid injection. In addition to the thermodynamic losses, the mechanical
losses must be added to the power requirement.

RECIPROCATING COMPRESSORS
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and on a mass flow basis:
ghp 5

WHp
33,000hp

(14.3.18)

With Hp in J/kg and W in kg/s, the power in kilowatts is
W
kW 5 Hp a h b
p

Fig. 14.3.2 Typical indicator diagram showing intake and discharge losses.

Volumetric efficiency is defined for positive-displacement compressors as
hv 5

actual delivery at intake conditions
compressor displacement

For multistaging compressors, only the first-stage displacement is used.
Positive-displacement compressors are essentially constant-volume,
variable-pressure machines as shown in Fig. 14.3.3. For fixed inlet and
discharge pressures and varying speed, positive-displacement compressors are essentially constant-torque machines.

(14.3.19)

Mechanical losses must be added to the gas power to obtain the shaft
power. Volumetric efficiency is not defined for dynamic compressors.
For a fixed impeller design and a fixed speed, the energy that is transferred to a unit mass of fluid as it passes through the impeller (i.e., the
head) is constant. Pressure rise and power vary directly with inlet gas
density independent of the cause of the density change. An increase in
k will cause the pressure rise to decrease but will not affect the power.
A centrifugal compressor is essentially a constant-pressure, variablecapacity machine (see Fig. 14.3.3). An axial compressor is a constantcapacity, variable-pressure machine over a significant discharge pressure
range. Dynamic compressors at least qualitatively follow the fan laws.
Hp1
Q1
ghp1
N1
N1 2
N1 3
5
5 a b
5 a b
N2
Hp2
N2
N2
Q2
ghp2
The geometry of a dynamic compressor is dictated by the required
flow, polytropic head, and speed. The specific speed is a dimensionless
parameter used to select the proper geometry.
NQs1/2d

(14.3.20)
Hs3/4d
p
For specific speeds from 400 to 900, radial impellers are used.
Between 800 and 1,400, mixed-flow impellers are preferred. For specific speeds above 1,400, axial impellers are normally used.
Ns 5

Surging

All dynamic compressors have a minimum flow point called the surge limit
below which the operation of the machine is unstable. The surge limit is a
function of the compressor type, design pressure ratio, gas properties, inlet
temperature, blade angle, and speed. Operation at or below the surge limit
must be avoided. The existence of the surge limit makes it essential to
know the demand curve for the particular installation involved.
Reciprocating Compressors

Reciprocating compressors as shown in Figs. 14.3.4 and 14.3.5 range in
size from fractional cfm to 15,000 cfm (25,485 m3/h) with discharge
pressures as high as 60,000 psig (413,790 kPa). The majority of

Fig. 14.3.3 Pressure capacity curves for different compressor types.

Dynamic compressors operate by transferring momentum to the gas
via a high-speed rotor. The process is steady flow with the work given
by Eq. (14.3.4). Head is defined as the energy per unit mass of the fluid.
Head is imparted to the fluid through the change in magnitude and
radius of the velocity components of the fluid as it passes through the
rotor. The head developed by the rotor is
H " (U1 VU1 % U2VU2)/gc

(14.3.16a)

where U1 and U2 are the linear velocity of the rotor at radii 1 and 2. VU1
and VU2 are the fluid tangential velocity at radii 1 and 2.
The polytropic head required for a given compression ratio is
Hp 5

Zave RT1[r sn21d/n 2 1]
sn 2 1d/n

(14.3.16b)

The gas horsepower on a CFM basis is
ghp 5 Q1P1[rsn21d/n 2 1]

Z1 1 Z2
n
b
a
2Z1
229hp sn 2 1d

(14.3.17)

Fig. 14.3.4 Cross section of gas-compressor cylinder, showing water jackets,
clearance pocket with pneumatic control, and suction-valve lift devices.
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Fig. 14.3.5 Single-stage double-acting reciprocating compressor.

applications fall in the pressure range of 10 to 300 psig (690 to 2,069 kPa)
and capacities less than 2,500 cfm (4,250 m3/h). Single-acting compressors (which compress gas on one side of the piston only) have their widest
application below 50 hp (37 kW). Larger compressors are usually doubleacting (both sides of the piston are used to compress gas). Most plant air
systems operate at 100 to 150 psig. Oil-flooded screw compressors dominate this market. Above 200 psig, reciprocating compressors dominate.
Single-stage compressors of 100 hp (75 kW) operating at 125 psig
were once common. Modern practice is to use multistaging with intercooling for pressures above 80 psig and sizes as low as 10 hp (7.5 kW).
The intercooling saves power, and the reduced discharge temperatures
improve safety and prolong compressor life.
The capacity of a reciprocating compressor is determined by the firststage displacement multiplied by the volumetric efficiency.
hv 5 s1 1 Cdsrdds1>kd 2

Csrds1>kd
2L
sZ2 >Z1d

(14.3.21)

where rd " Ps /P1; r " P2/P1; and L " a leakage coefficient " 0.05 for
lubricated compressors and 0.10 for nonlubricated. Ps " the pressure
that exists in the cylinder when the piston is at bottom dead center. C is
the clearance volume as a decimal fraction and includes valve passage
volumes up to the sealing elements (point P2Vc in Fig. 14.3.2).
Clearance volume for normal service is 5 to 15 percent. High-pressure
machines have as small a clearance volume as practical whereas
pipeline compressors may have 100 percent clearance. The indicator
volumetric efficiency from Fig. 14.3.2 is Vs /Vd. In general, this will be
greater than the value obtained by Eq. (14.3.21).
The compression efficiency varies between 0.85 and 0.95. The
mechanical efficiency falls in the range 0.88 to 0.95. The overall efficiency is the product of the compression and mechanical efficiencies.
The discharge temperature can be calculated from Eq. (14.3.22):
T2 5 T1 c1 1

sP2 >P1dsk21d>k 2 1
d
hc

(14.3.22)

If the inlet pressure is varied while holding the discharge pressure
constant, the horsepower of the compressor will pass through a

maximum value. This can be seen by substituting displacement times
hv for V1 in the horsepower equation (14.3.12). For correct sizing of
the driver, it is necessary to know the range of inlet pressures as well
as discharge pressure. Interstage pressures are selected approximately by Eq. (14.3.13) with empirical adjustments made for interstage piping, intercooler, and valve losses. The loss of volume due to
condensation in the intercoolers should be accounted for.
Valve losses can be approximated by:
P
# 5 1.26 3 1026afU 2ave sg a b lbs/in2
Z

(14.3.23)

where a " ratio of piston area to valve flow area; f " valve resistance
in velocity heads s>4d; sg " specific gravity relative to air; and Uave "
average piston speed, ft/s.
The piston velocity as a function of time is:
U 5 Rv asin vt 1

R
sin 2 vtb
2L

(14.3.24)

where R " crank radius; L " connecting rod length; and v " crank
speed (rad/s).
If there were no sealing elements in the valves, the velocity through
the valves would be:
Uv 5 a

A
bU
Av

This pulsating velocity is amplified by the valve sealing elements so that
pulsating flow is inherent in reciprocating compressors. The full wavelength for a double-acting cylinder is l " 60 a/2N, where a is the speed
of sound. For a single-acting cylinder, it is two times this value. Pipes
with total equivalent lengths equal to multiples of l/4 should be avoided.
For a double-acting cylinder, the major problems occur at l/4 and
3l/4 although resonance can occur at the other multiples of l/4.
Equivalent length Leq is given by
Leq 5

2pV
l
tan21 a
b
Sl
360

(14.3.25)

PISTON-ROD PACKING

where V " equivalent cylinder and passage volume; and S " crosssectional flow area of the pipe.
If it is not feasible to avoid the designated lengths, a volume bottle or an
orifice can be installed in the piping system. If an orifice is used, it should
be 1/2 the pipe diameter and located at a node (one node occurs at the open
end of the pipe). A volume bottle should be located as close to the cylinder
as possible. Von Nimitz (“Pulsation and Vibration Control Requirements in
the Design of Reciprocating Compressor and Pump Installations,”
Proceedings of the 1982 Purdue Compressor Technology Conference,
Purdue University) recommends the following equations for sizing:
Vs 5 4PD a

kTs 1/4
b
MW

Vd 5

Vs
R1/k
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and reverses direction. This prevents backflow from slamming the valve
closed, which can damage or destroy the sealing element. A single sealing element design, such as a plate valve, is the simplest to control.
Most compressor valve designs now use sealing elements made of
nylon, peek, or other nonmetallic materials. Some designs, however,
still use steel sealing elements. These are less common.
Adequate valve lift and spring load may be calculated on the basis of
pressure, specific gravity of the gas, speed of the compressor, and mean
velocity of the gas through the valve.
Piston Rings

(14.3.26)

PD is the total double-acting displacement volume of all cylinders to be
manifolded to the surge bottle (ft3). Subscript s refers to suction, d to discharge. R is the compression ratio. Temperatures are in degrees Rankine.
Compressor Valves

The valve lift area is defined as the product of the sealing element lift
and the sum of the valve seat peripheries. The flow coefficient can be
determined by measuring the pressure drop through the valve in a wind
tunnel. Once the flow coefficient is determined, the “equivalent,” or
effective, flow area can be derived. The flow coefficient equals the
square of the lift area divided by the square of the equivalent area.
Poppet valves (Fig. 14.3.6) are ideal for low-speed compressors used in
low compression ratios, such as pipeline applications. Concentric ring
valves (Fig. 14.3.7) are used in process, natural gas, and high-pressure
applications, and can better tolerate certain types of contamination
than some of the other valve designs. Plate valves (Fig. 14.3.8) are used
in a wide variety of applications including gas gathering, compressed
natural gas, pipeline, gas storage, process, and fuel booster applications.
Valve lift ranges from approximately 0.039 in (1.0 mm) to 0.157 in
(4.0 mm) in plate valve and concentric ring valves, and approximately
0.098 in (2.5 mm) to 0.25 in (6.3 mm) in poppet valves.
Springs are used to close the sealing element against the valve seat in
the last few degrees of crank angle, before the piston momentarily stops

Reciprocating compressors employ compression rings, oil rings, and rider
rings. Compression rings are always present, but whether oil rings or rider
rings are used will depend on the type of compressor and its service.
The standard compression ring is the one-piece square-cut or anglecut ring although two-piece and segmental rings are sometimes used.
The one-piece ring usually has a rectangular cross section, but occasionally the cylinder contact face is crowned to prevent edge loading
and to improve lubrication. Cast-iron rings are still widely used but are
being displaced in many applications by filled TFE rings. Carbon-filled
TFE rings are preferred for process compressors. For air compressors,
carbon, glass, and bronze fillers are used. TFE rings can be used from
%450 to 500$F (%268 to 260$C). Bronze-filled TFE is good for highertemperature operations because of its higher thermal conductivity.
Carbon-filled TFE is preferred for oil-free service. Many compressors
that handle gases with corrosive components (e.g., H2S) use piston rings
made of cloth-reinforced thermoset laminates with molybdenum disulfide
added to improve the lubricity. Polyamide, polyimide, and poly(amideimide) rings work well with marginal or no lubrication.
A one-piece ring must be stretched over the piston to install it in
the piston groove. The maximum stress occurs 180$ from the joint and
is given by Koppers Research and Engineering Staff (“Engineers
Handbook of Piston Rings, Seal Rings, Mechanical Shaft Seals,”
8th ed., Koppers Company, Inc.) as:
So 5

0.424Es8d 2 gd/d
sD/d 2 1d2

lb/in2

(14.3.27)

When closed to the cylinder diameter, the ring is stressed to supply
the initial seating pressure. The maximum stress (180$ from the joint) is
given by the Koppers “Engineers Handbook” as:
Sc 5

Fig. 14.3.6 Poppet valve, illustrating seat, sealing elements and springs, and
guard. (Hoerbiger Corporation.)

Fig. 14.3.7 Concentric ring valve, illustrating concentric rings and seat.
(Hoerbiger Corporation.)

0.482Esg/dd
sD/d 2 1d2

lb/in2

(14.3.28)

Oil rings are used in lubricated compressors to scrape oil from the
cylinder wall and to meter a small quantity of oil to the compression
rings. The oil rings may be above or below the wrist pin. Operating conditions for oil rings are less severe than for compression rings.
Nonlubricant compressors use rider rings to prevent piston cylinder
contact. To prevent pressure buildup in front of the rider rings, longitudinal grooves are cut into the rings. Usually two or more rider rings are
required.
Below 300 lb/in2 differential, two compression rings and one or two
oil rings are normally used. From 300 to 600 lb/in2 differential, three to
four compression rings are used. From 600 to 1,500 lb/in2 differential,
four to five rings are used. Above 1,500 lb/in2, six or more rings may be
required.
Piston-Rod Packing

Fig. 14.3.8 Plate valve, illustrating guard, cushion plate and wafer spring, sealing element, and seat. (Hoerbiger Corporation.)

Double-acting compressors are driven through a crosshead (Fig. 14.3.5)
and require a rod packing to seal the piston rod connecting the piston to
the crosshead. The operating conditions for rod packings are more
severe than those for piston rings. In a double-acting compressor, the
piston rings seal against the pressure differential across the stage
whereas the rod packing seals the differential between discharge pressure and atmospheric pressure.
Rod packings use the same materials as piston rings. Metallic packing can tolerate rod wear of 0.15 percent of the rod diameter, with less
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tolerance above 2,000 lb/in2 (13,790 kPa). The rod should be hardened
to Rockwell 40 C and ground to a 10-rms or less finish.
Nonlubricated Cylinders

NL-1 class does not permit any direct lubrication and tolerates the
minute contamination introduced along the piston rod. This can be
eliminated by an additional spacer and rod wiper, qualifying the cylinder as a class NL-2. The pistons for this service use various Teflon rings
and riders. The life of carbon rings is reduced by low humidities. The
cylinder should have a ground 10- to 16-rms finish and a minimum
hardness of Rockwell 20 C.
Cylinder Lubrication

Lubricants serve to (1) prevent wear by providing a supporting film
between the rubbing surfaces, (2) seal close clearances, (3) protect
against corrosion, and (4) transmit heat of friction and minute wear particles away from points of contact. Industrial cylinders and packings
require force-feed lubricators. Viscosity is the best index of suitability:
general service at pressures below 500 lb/in2 (3,448 kPa) requires 400
SSU (86 centistokes) at 100$F (38$C) (SAE 40); 700 SSU (151 centistokes) for 2,000 lb/in2 (13,793 kPa); and 1,000 SSU (216 centistokes)
(SAE 50) for 8,000 lb/in2 (55,000 kPa) operations. These oils have very
high viscosity at 40$F (4.5$C), which will result in poor lubrication. Good
winterizing practice provides continuous circulation of warm jacket water
and an immersed electric heater in the oil reservoir. Crankcase oils should
include a foam inhibitor, sludge dispersant, and rust inhibitor.
Phosphorous extreme-pressure agents are added to high-pressure lubricants to avoid wear and scuff damage. Castor-bean and rapeseed oils are
additives resistant to solvent action of condensing hydrocarbons.
Cellulube, Houghto-safe, Pydraul AC, Anderol, and Fluorolubes are
used to resist the hazard of exothermic reaction in air compression. The
crankcase lubricant consumption for 10 plants over a score of years
averaged 20,000 bhp/(h)(gal). Table 14.3.1 shows lubricant requirements for general-process and natural-gas operations.
Table 14.3.1 Lubrication Required for Compressor Cylinders
Range of
cylinder
diam, in

Film
thickness,
mm

103 hp/(h)
per gal

Pints per cylinder
per day per
100 hp of load

24–36
15–23
10–14
7–9
4–7
3–5

0.40
0.45
0.55
0.60
1.20
1.40

13
19
24
32
24
27

1.5
1.0
0.8
0.6
0.8
0.7

Oil drops/
min

(POE) are commonly used. Care must be taken to select oil such that its
viscosity remains within limits after full saturation of gas in the oil.
Because of the adverse environmental effects of chlorinated refrigerants (HCFCs), chlorine-free hydrofluorocarbon (HCF) refrigerants
(R410A etc.) have been made in order to reduce global warming and
ozone depletion. The removal of the chlorine causes the refrigerant/
lubricant mix to lose some lubricity, and consequently an increase in
component wear can occur.
The elastomer material in sealing elements (O rings, lip seals, etc.) is
commonly affected by both the operating gas and the lubricant. The
results include shrinkage, hardening, or chemical breakdown, and can
cause failure to seal if compatibility is not thoroughly checked.
Chemical compounds (additives) are added to lubricants in order to
enhance their properties. These include anticorrosion agents, EP
(extreme pressure) agents, oxidation inhibitors, stabilizers, and antiwear
additives. Care should be taken to ensure that these chemicals do not
attack materials such as bearings in the compressor.
The choices of lubricant, operating temperatures, viscosity range,
and replacement intervals are usually clearly specified by the compressor manufacturer.
Compressor Accessories

Most state laws and safe practice require a relief valve ahead of the first
stop valve in every positive-displacement compressor. It is set to release
at 1.25 times normal discharge or at the maximum working pressure of
the cylinder, whichever is lower. The relief-valve piping system sometimes includes a manual vent valve and/or a bypass valve to the suction
to facilitate start-up and shutdown operations. Quick line-sizing equations are (1) line connection, d/1.75; (2) bypass, d/4.5; (3) vent, d/6.3;
(4) relief-valve port, d/9.
Volume flow is controlled by variable-speed drivers; steam
engines can operate at 20 percent of rated speed and gas engines at
60 percent, and electric-motor speed can be varied by means of eddycurrent and hydraulic couplings and special wound rotors with
rheostats, which are both costly and inefficient. Unloading can be
applied by means of valve-lift and clearance pockets, as shown in
Figs. 14.3.4 and 14.3.9. Utility air plants are throttled with suction
unloaders, as shown in Fig. 14.3.10. Suction throttling and bypass
controls are used in process operations.
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NOTE: Based on 12,500 drops per pint of SAE 40 oil at 75$F with vacuum-type lubricator.
Reduced drop count to roughly one-half for pressure-type lubricator. Example: 500 bhp, 20-in
cylinder, requires 5 pint/day and feed of 45 drops/min. Each installation will vary on lubrication
requirements. Manufacturers’ recommendations on oil type and quantity should be followed.

General Lubricant Issues

The choice of lubricant is important, in particular in those compressor
designs (screw, scroll, rolling piston, rotary vane, etc.) where the lubricant comes into direct contact with the working fluid. Some gases, such
as heavy hydrocarbons and chlorinated refrigerants (HCFCs) are highly
soluble in oil, and can significantly affect operational viscosity. They can
also affect compressor capacity, as the gas comes out of solution in the
lubricant during cyclic pressure fluctuations. Synthetic lubricants such
as polyalkylene glycol (PAG), polyalfaolefins (PAO), and polyolesters

Fig. 14.3.10 Air suction unloader. Piston E moves to closed position as line
A pressure reaches design point.
Cylinder Cooling

Single-acting compressors, especially smaller ones, are usually air
cooled by fins cast into the cylinder. Cooling air is drawn across the fins
by a fan. Double-acting compressors usually have cylinders that are
water jacketed.

Fig. 14.3.9 Cards from a compressor with combination clearance and suction-valve bypass control.

ROLLING-PISTON COMPRESSORS

The principal purpose of a jacket-water system is to normalize cylindercasting strains. It has some effect on compressor efficiency due to reduced
preheating of the air. This effect is reduced as the compressor speed is
increased. The heat rejection to the jacket water is approximated by:
Hj 5 4stag 2 tawd 1 100 Btu> sbhp ? hd

(14.3.29)

where tag and taw represent the average gas and water temperature, respectively, usually 155 and 140$F, respectively, and a rejection of 160 Btu/
(bhp ! h). Where the temperature rise is between 2 and 5$F, the jacketwater requirement is 160 bhp/(500 & 3.2 & tw), or 0.1 gal/(min ! bhp).
The use of cold water in jacket-water systems causes condensation on the
cylinder walls, washing of lubricant, and excessive ring wear.
Rotary-Vane Compressors

Figure 14.3.11 is a section through a typical rotary-vane compressor.
The displacement can be calculated using the following formula.
Vth 5 2eLspD 2 Tv NvdN

(14.3.30)
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The ratio of this work over the ideal work required for a perfectly
matched compressor can be read from Fig. 14.3.16. For example, the
theoretical work for an air compressor with Vi " 2 operating at P2 "
0.8Pi theoretically will require 2.5 percent more work than it would if
it were designed so that the built-in ratio matched the operating ratio.
However, normal practice is to base efficiencies on a power calculated
as though the compressor built-in ratio matches the operating ratio.
Rotary-vane compressors may be dry, lubricated, or oil-flooded.
Prior to 1960 two-stage, oil-flooded vane compressors up to 900 cfm
(1,530 m3/h) compressing to 150 psig (10.3 bar) (1,034 kPa) were used
in portable compressors. They are now usually limited to less then 100 cfm
(170 m3/h) air compressors and to small refrigeration compressors and
boosters.
Vane materials may be phenolic (micarta, polyamid-imides, polyimides, Ryton) or metal (aluminum-silicon alloy).
The major limitations of vane compressors are imposed by vane-tip
friction, vane-bending stress, and vane-length limitations. Maximum
vane tip speeds are approximately 65 ft/s (20 m/s). Normally 6 to 8 vanes
are used although as many as 20 vanes have been used. The trade-off is
between reduced pressure differential per cell and increased friction.
The eccentricity ratio is normally e " 0.07D for low pressure (25 psig)
(172 kPa) and e " 0.05D for higher pressures (50 psig) (345 kPa). For
service over 50 psig, the compressors are usually multistaged.
Assuming an injected oil temperature of 140$F (60$C) and no intercooling, a two-stage vane air compressor operating at 100 psig will
have an adiabatic efficiency (including mechanical losses) of 60 to 72
percent. The discharge temperature will be approximately 90 to 95$C
or 200$F. Oil-flooded vane compressors normally use synthetic lubricants. The high shearing rates and vane tip temperatures rapidly oxidize
petroleum based lubricants.
Rolling-Piston Compressors

Fig. 14.3.11 Section through a typical vane compressor with Nv vanes.

Rotary-vane compressors have a built-in volume ratio Vi. This means
that they will compress the gas within the compression chamber to
P1(Vi)n before opening the compression chamber to the discharge port.
P1 is the inlet pressure, and Vi is the ratio of the volume of the compression chamber at the inlet cutoff point to the volume at the point just prior
to the opening of the discharge port. If the operating-pressure ratio does
not match the built-in ratio, overcompression or undercompression will
take place as indicated in Fig. 14.3.12. For this case the ideal work
should be calculated as:
Wideal 5

P1V1
12n

[V in21 2 n] 2 P2

V1
Vi

Superficially, the rolling-piston compressor (Fig. 14.3.13) resembles
the sliding-vane compressor. However, its kinematics and performance
are quite different from those of the sliding-vane compressor. The
rolling-piston compressor consists of an eccentric, a rolling piston, a
vane, a cylinder, and a discharge valve. The motion of the rolling piston
with respect to the eccentric and cylinder is controlled by the various
friction forces action on the piston. Compression and suction occur

(14.3.31)

Fig. 14.3.13 Section through a typical rolling piston compressor.

Fig. 14.3.12 Idealized PV diagram for a compressor with a built-in volume
ratio (also referred to as a built-in pressure ratio).

simultaneously in different chambers. A cycle covers two revolutions of
the eccentric. Rolling-piston compressors are usually used in refrigeration systems, typically 0.25 hp (180 W) to 0.75 hp (550 W). Typical values for volumetric and power efficiencies are 0.90 and 0.84 to 0.86,
respectively. The eccentricity is normally about 0.09 & D. The piston
diameter is approximately 0.81 & D and the length-to-diameter ratio is
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approximately 0.5. The compressor displacement can be calculated
from Eq. (14.3.30) with Nv " 1.
Rotary, Twin-Screw, Oil-Flooded Compressors

Figure 14.3.14 is a cross section of an oil-flooded, rotary-screw compressor. The principle of operation can be determined from Fig. 14.3.15.
The displacement of a twin-screw compressor is
Vth 5 KD3

L
C N
D th

(14.3.32)

where K " Nm(Amg * Afg)D2; D " the main rotor diameter; L " the rotor
length; Nm " the number of lobes on the main rotor; Amg " the area of
one groove on the main rotor; and Afg " the area of one groove on the
secondary rotor. Cth is an overlap constant (between 0.95 and 1.0 for
most designs) which corrects for the overlapping of the filling and compressing processes.

and compressing) takes place over approximately 750$ of main rotor
rotation. The number of compression cycles per revolution of the main
rotor equals the number of lobes on the male rotor. The discharge
process for adjacent grooves overlaps by approximately 40$, giving an
inherently smooth discharge process.
Rotary-screw compressors have a built-in volume ratio Vi (typically
4.4 for single-stage air compressors and 1.9 to 3.5 for refrigeration
compressors). For an inlet pressure of P1, the compressor will have a
built-in pressure of P1 Vni. The effect on the P-V diagram and on the
theoretical power can be found from Fig. 14.3.12 and Fig. 14.3.16. In
practice, the increased discharge port losses associated with higher
built-in volume ratios (smaller port area) skew the results in Fig. 14.3.16.
In practice, it is more efficient, at least in air compressors, to have the
built-in ratio slightly lower than the theoretical ratio. Single-stage,
twin-screw air compressors rarely have built-in pressure ratios greater
than 9, and most are designed with ratios of 7 to 8. An air compressor
designed for 100 psig can operate at 175 psig with a loss in adiabatic
efficiency of approximately 5 and 4 percent loss of volumetric
efficiency.

Fig. 14.3.14 Cross section of a typical single-stage, oil-flooded, twin-screw
compressor.

Fig. 14.3.16 The effect of the built-in volume ratio on theoretical work of compression for a compressor operating off the design point.

Adiabatic efficiency (including mechanical losses in the air end) vary
from 70 percent for small sizes (80 mm) to 88 percent for large (300 mm)
slow-running compressors. An average value for a midsize compressor is 0.78 to 0.75 based on an injection temperature of inlet temperature plus 50$F. Accuracy in manufacturing the rotors is critical to
achieving good efficiency. The heat absorbed by the cooling oil can be
estimated by:
Qh 5 power c1 2
Fig. 14.3.15 Operating principle of a twin-screw compressor.

Cth depends on the wrap angle, the profile, and the number of lobes.
Lobe combinations of (4 and 5), (4 and 6), (5 and 6), and (5 and 7) are
used. The most common design uses the (4 and 6) combination. Typical
values for Cth and K are given in Table 14.3.2. A complete cycle (filling
Table 14.3.2 Typical Constants for Different Lobe
Combinations (300° Male Wrap)
Nm/Nf
Cth
K

3/4

4/5

4/6

5/6

5/7

0.954
0.530

0.973
0.439

0.969
0.507

0.984
0.454

0.980
0.468

hc s T2 2 T1d
T1 sr sk21d>k 2 1d

d

(14.3.33)

where power " the shaft power to the compressor. T2 is normally 70 to
90$F over T1.
For most applications, tip speeds range from 15 to over 60 m/s,
with rotor sizes from 40 to 600 mm, and L/D ratio from 1 to 2.2. Oilflooded screw compressors dominate the portable-compressor market
and the low-pressure plant air market, while reciprocating compressors dominate the higher-pressure applications. In industrial refrigeration the screw compressor finds its widest application in the 300 to
1,000 kW range.
In heat-pump applications, the screw compressor’s zero-clearance
volume is an advantage over reciprocating compressors. Reciprocating
compressors lose volumetric efficiency as the outside temperature drops
(the compression ratio increases) requiring supplemental heat to compensate for the lost capacity. Refrigeration screw compressors are

DRY ROTARY TWIN-SCREW COMPRESSORS
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now available with a secondary suction port known as an economizer
connection. This allows for two-temperature-level operation. At full-load
operation, the system COP is improved significantly. As the compressor is unloaded, the improvement is lost.
Capacity can be controlled by on-line/off-line operation, inlet
throttling, slide-valve or turn-valve operation, or speed regulation.
Stationary air-compressors are normally controlled by on-line/offline operation or inlet throttling with unload below 50 percent capacity. The air-oil sump is usually blown down to atmospheric pressure
at unload.
Portable compressors are normally controlled by a combination of
inlet throttling and speed regulation; the air-oil sumps are not blown
down.
Refrigeration compressors are controlled by inlet throttling or more
often by a slide valve or turn valve. A compressor with a slide valve is
shown in Fig. 14.3.17. The effect on power consumption for each type
of capacity control can be found from Fig. 14.3.18.
Fig. 14.3.19 Altitude correction for capacity, single-stage, oil-flooded screw
compressor.
Rotary Single-Screw Compressors

The operating principle of the single-screw compressor can be
determined from Fig. 14.3.20. Lundberg and Glanvall give the displacement as:
b 5 arcsin

B 2 D/2
R

, 5 p 2 2b
C 5 2R sin
Fig. 14.3.17 Principle of slide-valve operation. As the valve is moved toward
the discharge end of the compressor, the point of inlet cutoff is delayed.

g5

,
2

a,
j

t5R2
u5B2

B 2 D/2
sin sb 1 gd
t
D
1 sin sb 1 gd
2
2

j

V 5 g AU #a
a5a1

The rotary single-screw compressor is an oil-flooded compressor with
a built-in volume ratio. The compressions for each star wheel are almost
in phase so the gross effect as far as the discharge piping is that there
are six discharges per revolution of the main rotor.
The single-screw compressor is used in the refrigeration industry
where the low bearing load on the main rotor is an advantage. It is also
being used as an air compressor in the smaller sizes.
Adiabatic efficiency of a single-screw compressor will be 2 to 5 percent
lower than that of a comparable twin-screw compressor. The effect of off
design operation on theoretical power can be found from Fig. 14.3.16.
Capacity control is identical to the twin-screw compressor.
Fig. 14.3.18 Comparison of different capacity control methods for oil-flooded
screw compressors operating at constant speed.

Dry Rotary Twin-Screw Compressors

The discharge temperature for an air compressor must be kept high
enough to prevent condensation in the lubricant during part-load operation. This is usually accomplished by a thermal valve set to maintain
the minimum injection temperature at 140 to 165$F (60 to 76$C).
Standard oil separators limit oil carryover to 5 ppm or less. Optional
treatment can reduce the levels further.
The capacity loss of an oil-flooded, twin-screw compressor with
altitude is quite small compared to a normal reciprocating compressor. The approximate capacity correction for altitude can be read from
Fig. 14.3.19.

A dry rotary, twin-screw compressor has timing gears to separate the
rotors which may or may not be coated. The typical compressor is
water-jacketed. Seals prevent gas leakage along the shafts and seal the
oil to the bearings and timing gears. Sleeve bearings are most common,
but some units have antifriction bearings. The displacement is the same
as for the oil-flooded screw. Tip speeds vary from 80 to 140 m/s. Sizes
range from approximately 400 to 20,000 cfm, and in special applications as high as 60,000 ft3/min. As a result of practical limitations, the
discharge temperature is limited to 400$F, which determines the maximum permitted pressure ratio across each stage. Two-stage compressors
are almost always intercooled. With intercooling to 15$F they approach
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Fig. 14.3.20 Principle of operation and geometry of a single-screw compressor. (Lundberg and Glanvall, “A Comparison
of SRM and Globoid Type Screw Compressors at Full Load,” Proceedings of the 1978 Purdue Compressor Technology
Conference, Purdue University, W. Lafayette, IN.)

adiabatic efficiency (based on zero intercooling) including mechanicalloss ranges from 72 to 80 percent. While oil-flooded screw compressors
can be controlled to very low capacities by inlet throttling, dry screw
compressors cannot. The resulting pressure ratio causes excessive temperature increase across the compressor.
Orbiting Scroll Compressors

This is a positive-displacement compressor, which is common in air
conditioning and heat pump applications, primarily in the 5 to 50 hp
(3 to 37 kW) range.
The compression is achieved by two identical scrolls (typically involutes of circles phased 180$ apart), whereby one of the scrolls is stationary, and the other orbits without rotating. The filling, compression,
and discharging process usually takes 900 to 1100$ of shaft rotation,
depending on the number of wraps. The orbiting scroll is driven by the
crankshaft and prevented from rotating by an Oldham ring. A typical
scroll is shown in Fig. 14.3.21.

Fig. 14.3.21 View of a typical scroll element.

DYNAMIC COMPRESSORS
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The movement of the orbiting scroll causes pockets between flanks
of the scrolls to get progressively smaller, until the volume reaches its
internal limit (internal volume ratio, see “Screw Compressors”), finishing the process by discharging the gas. Different stages of the compression process are illustrated in Fig. 14.3.22.
Orbiting scroll

Start of discharge

Fixed scroll
Intermediate
compression

Discharge port
Fig. 14.3.23 Single-stage, cantilever-design centrifugal compressor.

Inlet cutoff

Full-volume cell
Fig. 14.3.22 Scroll compression stages (moving scroll orbits clockwise).

The flow rate of a scroll compressor given by the equation

Fig. 14.3.24 Range of speed versus inlet capacity for near-optimum dynamic
compressor efficiency. (Loomis, “Compressed Air and Gas Data,” 3rd ed., IngersollRand, pp. 4–28.)

Q 5 2 Afv Hv N hv
where Afv is the area of one of a full-volume cell (Fig. 14.3.22) and Hv
is the height of the scroll vanes.
In the noncompliant version, both scrolls are held rigidly, with a
small clearance between the flanks and tips. This design is susceptible
to damage from particle throughput and hydraulic locking. The compliant version overcomes these issues by “floating” the scrolls into contact
with each other. Axial contact is achieved by back pressure on the stationary scroll, while contact on the flanks is achieved by centrifugal
force. This allows the scrolls to yield to the excessive forces without
causing damage. There is, however, a potential for increased scroll
wear, in particular if used with some of the latest chlorine-free refrigerants, which reduce the lubricity of the oil.
The internal leakage across the tip of the scroll vanes and along the
vane flanks affects the compressor performance, more so in the noncompliant case. The leakage across the vane tips is significantly greater
and damaging to performance than that along the flanks. For this reason, a groove is usually machined into the tip of the scroll vanes, and a
sealing strip inserted.
Dynamic Compressors

A typical centrifugal compressor is shown in Fig. 14.3.23. The optimum range of operation can be found from Fig. 14.3.24. An estimate of
the polytropic efficiency can be obtained from Fig. 14.3.25 or calculated from
hp 5 0.014 In sQd 1 0.600
where Q is in cubic feet per minute.

(14.3.34)

Fig. 14.3.25 Approximate polytropic efficiency versus compressor inlet
capacity. (Rollins, “Compressed Air and Gas Handbook,” 4th ed., Compressed
Air and Gas Institute, pp. 3–71.)

For normal industrial compressors, Hp " 10,000 ft ! lb/lb (30 kJ/kg)
per stage although much higher values can be obtained.
The required speed can be estimated from:
sgcHp >md0.5
N5
(14.3.35)
pD
The pressure coefficient (m " gcHp /U2) varies from 0.4 to 0.7 (in the
high-efficiency range). In the absence of specific data, use 0.55 for
estimating.
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application in refineries, butadiene plants, and ethylene oxide plants.
Jet-engine compressors are axial-flow compressors.
Thrust Pressures

A double-inlet and an open impeller have no axial thrust, whereas a
semienclosed impeller, with a frontal shroud, can impose substantial
thrust, evaluated by:
TA 5 YsA1 2 A2d# slb/in2d
1 0.8sA2 2 A3d# slb/in2d 2 P1A3

Fig. 14.3.26 Basic characteristics of centrifugal compressor, showing effects of
backward-leaning impeller blades. (After Balje, ASME 51-F-12.)

The diameter is determined by the required flow and can be estimated
from the flow coefficient w " Q/ND3 - V/U, where V is the axial inlet
velocity. The normal range of w is 0.15 to 0.4 with the optimum at 0.3.
The slope of the m-w curve (and the Hp · Q curve) is strongly
dependent on the backward lean of the impeller blades as shown in
Fig. 14.3.26. b2 " 90$ is a radial blade. Normal closed industrial
impeller blades will have an angle of 65 to 55$. It should be noted
that an increase in density of the gas will flatten the slope.
A typical axial compressor is shown in Fig. 14.3.27. The range of
application can be found from Fig. 14.3.18. Axial compressors are more
efficient than centrifugals (as much as 5 percent) but have a much
narrower range of operation. The surge limit will vary from 85 to 95
percent of design flow. For a given stage, the polytropic head will be
about one-half that developed by a centrifugal stage, i.e., m " 0.3. Axial
compressors are used only for air or clean gas. They find their major

Fig. 14.3.27

Multistage axial compressor.

where A1 " full impeller area; A2 " impeller area less the area of the
inlet-eye seal; A3 " shaft area through the seal, all in in2; and # (lb/in2) "
pressure differential per stage. Y is the percentage of # (lb/in2) acting in
back of a single-stage disk: (1) Without a frontal shroud and a plain
back, Y " 0.35; (2) with 0.060-in back ribs, Y " 0.28; (3) with 1/4-in
equalizer holes at half radius and about 2 in apart, Y " 0.22; and (4)
with deep scallops, Y " 0.18. For fully shrouded impellers, as used in
multiple stage, Y " 1.00. These thrusts are balanced by opposing
impeller inlet ends or, more generally, by a balancing drum wherein an
equal and opposite thrust is created, equal to the product of the compressor # (lb/in2) and the area of the drum. Stepanoff (“Turboblowers,”
Wiley) shows that radial impellers create a radial thrust, caused by the
uneven volute-pressure distribution, which is:
TR 5 0.36 #slb/in2d db
where d " the impeller diameter; and b " the width, including the
shrouds, both in inches.
Applicable Standards

Many national and international standards are available for guidance
regarding construction, testing, packaging, and reliability. These include
API, ANSI, ASME, CAGI, SAE, and international standards. Examples
of coverage include construction (API 616, API 618, and API 619), testing (ASME PTC 9), and safety and packaging (API 670, ASME 19.3).
Compressor manufacturers commonly make a list of exceptions to stipulations in the various standards, or offer these as options at an additional
cost. Therefore, it is important—if guidelines are to be drawn from specific standards—that the customer and manufacturer agree on compliance
or exceptions to all relevant sections of the applicable standards, including
construction, testing, test interpretation, and packaging features.

14.4 HIGH-VACUUM PUMPS
By Marsbed Hablanian
REFERENCES: Van Atta, “Vacuum Science and Engineering,” McGraw-Hill.
O’Hanlon, “A User’s Guide to Vacuum Technology,” Wiley. Weissler and Carlson
(eds.), “Vacuum Physics and Technology,” Academic Press. Roth, “Vacuum
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Redhead et al., “The Physical Basis of Ultrahigh Vacuum,” Chapman & Hall.
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Pumping speed S which primarily involves the size of the pump, is
defined by the following equation:
t 5 V/Ssln P1/P2d

t 5 V/Ss2.3 log P1/P2d

t 5 V/S [ lnsP1 2 Pfd/sP2 2 Pfd]
P1

INTRODUCTION

High-vacuum pumps can be broadly divided into two categories: transfer
pumps and capture pumps. In regard to transfer pumps, i.e., pumps that
transfer the gas from a reservoir into the atmosphere, it can be said that
the world pump is a historical misnomer. Such pumps could easily be
called rarefied gas compressors. After all, to turn a device from a compressor into a vacuum pump, it is only necessary to place the reservoir at the
inlet instead of at the discharge. However, because high-vacuum systems
deal with small pressure differences (usually 1 atmosphere), enormous
compression ratios, and very small mass flows, specialized designs are
necessary. Because of very low mass flows involved at the very low pressures (or densities), it is possible to employ devices that do not exhaust
the pumped gas but keep it out of the gas phase inside the pump.
Vacuum can be produced by a few basic methods: by mechanical displacement using pistons, vanes, lobes, and so on; by fluid ejectors and
turbomachinery devices; by chemical reactions leaving solid residue; by
ionizing the gas and driving the ions into a solid target with high electric
fields; and by freezing the gas at cryogenic temperatures. In addition,
high-vacuum engineering deals with gas flows ranging from the “normal”
continuum conditions to the region of molecular flow. In the latter range,
the gas molecules collide mainly with the walls of the vacuum vessel or
conduits rather than with each other. This produces high compression
ratios across short sections of conductors (pipes, elbows, etc.), but at
extremely small pressure differences. In molecular flow conditions, there
is no genuine pressure gradient inside the pipe, and molecules can flow
as easily upstream as downstream. In such conditions it is often more useful to think in terms of densities rather than pressures.
Before proceeding to the description of the most common devices for
producing high vacuum, it may be useful to note that high vacuum engineers, as a result of an independent historical development, use concepts
and terminology differing from those associated with compressors. For
example, throughput, a product of volumetric flow and pressure, is used
instead of mass flow, because the gas is assumed to be always at room temperature. Instead of volumetric flow, vacuum engineers use pumping
speed, which is associated with the rate of pressure reduction in a reservoir
during evacuation. Also, when displaying the performance of the pump,
they plot pumping speed versus inlet pressure (which is the dependent
variable), rather than vice versa as is the custom in other mechanical engineering fields. Instead of speaking about resistance of lines, pipes, conduits, etc., they use the reciprocal concept of conductance.
The usual pascal unit for pressure can be used for designating the
level of high vacuum, but millibar and torr are also used. Currently, in
United States, the use of torr (equivalent of old mm Hg) is more common,
while in Europe, mbar (1/1,000 of an atmosphere) is more frequent. One
torr is equal to 133.3 Pa or 1.333 mbar. The pumping speed is measured
in litres per second (L/s) and conductance in torr ? L/s ? torr (torr ? L/s
of throughput per torr of pressure difference), which, abbreviated, is
also L/s (1 L/s " 2.12 ft3/s).

or

where t is the time period of evacuation, V is the volume of the vacuum
chamber, P1 the initial pressure in the chamber, and P2 the reduced pressure (see Fig. 14.4.1). This relationship works well in typical systems
when leaks and gas evolution are neglected. In the presence of a leak
from atmosphere into the chamber, the equation should be modified into:

P2

High-vacuum pump
Fig. 14.4.1 Schematic view of a vacuum chamber with three pressure gages
and a pump.

where Pf is the final pressure due to the leak. In practice, vacuum pumps
are never used at zero flow condition, because there always remains
some residual gas evolution from internal surfaces exposed to high
vacuum. With that in mind, the “ultimate” pressure achieved in a vacuum system after a long period of pumping can be written as follows:
P 5 g sQ i /Si dext 1 g sQ i /Si dint 1 g sP2i /ki d
The first term is the summation of contributions of gas evolutions from
external sources, where Qi and Si are throughputs and pumping speeds
for various gases. The second term is the summation of corresponding
gas evolutions in the inlet areas of the pump itself, P2i represents corresponding discharge pressures, ki is the limiting compression ratio for
each gas, and the subscript i means “for each gas.”
PUMP SELECTION

There are a few common ways vacuum systems are used: rapid, repetitive evacuation to a given pressure for a process of short duration; long
term processing of some material in a vacuum environment in the presence of substantial continuous or slowly diminishing gas evolution; or
evacuation and complete isolation of a vacuum chamber or a container
from the outside world. Each of these requires a different pumping system in regard to the type and size of pumps used. Figure 14.4.2 is a graph
that can be used for the approximate evaluation of time required to reach
a certain pressure depending on the volume of the vacuum chamber and
the pumping speed of the pump. Because of the great range of variation
of pressure (or density) during an evacuation of a container to high vacuum levels, it is usually necessary to pump initially with coarse vacuum
pumps in order to remove the bulk of the gas. Then, when the amount of
mass flow (throughput) is reduced to a tolerable level, pumps designed
for pumping at high-vacuum conditions are engaged. This is reflected in
Fig. 14.4.2 with the label “High Vacuum Valve Opens.”
At the initial conditions in continuum flow, transfer-type pumps tend
to have the same pumping speed for all gases, but when the molecular
flow is approached, the rate of pumping begins to be different for various
gases. This is especially true of capture-type pumps. Many technical
articles and textbooks often omit this word of caution. In addition to the
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Fig. 14.4.5 Typical performance of a high vacuum pump (see Fig. 14.4.4),
where the achieved vacuum level is plotted versus mass flow (inlet pressure
increasing downward).

Time, s

Fig. 14.4.2 Evacuation process, from atmosphere to the high-vacuum region,
shown on a log-log graph. Letters A, B, and C correspond to sand-blasted mild
steel, 100-grit-finish stainless steel, and prebaked stainless steel chamber walls.
The point called “high vacuum chamber opens” indicates the start of highvacuum engagement. (Reprinted from Hablanian, “High-Vacuum Technology,”
p. 133, Marcel Decker.)
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COARSE-VACUUM PUMPS

For the last 100 years, the common pump for producing high vacuum,
beginning at atmosphere, has been the oil-sealed rotary-vane, positivedisplacement-type pump shown in Fig. 14.4.6. To achieve high compression ratios, as high as 100,000 to 1 in a single stage, oil is
introduced continuously into the pumping space and exhausted with the
pumped gas. Oil is used for several functions: for lubrication, for flooding the exhaust space under the exit valve (so-called dead space), to seal
the tight spaces between the rotor and stator, to serve as a heat transfer
medium for cooling the rotor, to flush particular matter out of the pump,
and sometimes to actuate auxiliary valves. A two-stage pump, such as
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differences in pump performance, conductance values of conduits are
also different for different gases. In common vacuum systems, engineering experience can be used for design with reasonable accuracy, but
in unusual installations, laborious estimations must be made to evaluate
the expected combined performance of pumps and systems.
The most significant performance aspects of pumps are: pumping
speed (related to volumetric flow), maximum steady-state throughput

capacity (related to mass flow and power), and the ultimate pressure
capability (related to limiting compression ratios and system gas evolution rates, called outgassing). This is indicated in Fig 14.4.3. A typical
performance curve for a transfer-type high-vacuum pumping system is
shown in Fig. 14.4.4 in the traditional mode, and the same data are
shown in Fig. 14.4.5, where the degree of achieved vacuum is shown on
the vertical axis versus the imposed mass flow (throughput).

Discharge
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Intersatge
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volume

Gas
ballast

Stage
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Inlet pressure
Stage
2

Fig. 14.4.3 General basic limitations of pump (or compressor) performance.
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Q = constant
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Fig. 14.4.4 Traditional way of presenting performance of a high-vacuum/
rough-vacuum pump combination. Qmax is the highest permissible steady-state gas
flow for the high-vacuum pump.

(b)

Fig. 14.4.6 (a) Two-stage-pump flow diagram. (b) Cross section of a twostage, oil-sealed, rotary-vane rough-vacuum pump. (Courtesy of Alcatel Vacuum
Technology.)

TURBOMOLECULAR PUMPS
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the one shown in Fig. 14.4.6, when attached to a small reservoir, can
produce inlet pressures below 1 3 1023 torr while exhausting to atmosphere. However, it should be noted that the pumping action itself does
not cease at that point for gases that are not present in high quantities in
atmosphere. For example, helium from the vacuum chamber is pumped
by such pumps at partial pressures of at least 10%10 torr.
Pumps of that type are not made in very large sizes (they become
expensive, noisy, and power consuming). To achieve lower pressures,
such pumps are often used in series with pumps of high pumping speed
such as Roots blowers, screw pumps, and other cam-type pumps. In
many applications, the presence of oil films at the inlet side of the pump
is objectionable, because at molecular flow conditions, oil molecules
can travel into the vacuum system and produce contamination. To prevent this, “oil-free” vacuum pumps have been developed, which do not
include deliberate introduction of oil into the vacuum space. This is
usually achieved by using several stages in series. Typically, it takes
three or four stages in series to produce performance similar to that of
a single-stage oil-sealed pump. For smaller “dry” pumps, multistaged
scroll and diaphragm pumps are also used.
TURBOMOLECULAR PUMPS

There are two types of pumps in this category: so-called drag pumps
and turbomolecular pumps. Drag pumps function by adding momentum
to “stationary” gas molecules during a collision with the fast-moving
solid surface of the rotor, thereby moving the molecules toward the discharge side of the pump. Three early versions of drag pumps are shown
in Fig. 14.4.7. There is no basic difference between the three types; they
differ only in the general geometric arrangement. All three concepts are
utilized in modern pumps in a variety of combinations. Turbomolecular
pumps are essentially axial-flow compressors designed for pumping rarefied gases, typically intended for molecular flow conditions at the inlet
to the pump. The basic structure in shown in Fig. 14.4.8, and a typical

Fig. 14.4.7 Three early versions of molecular drag high-vacuum pumps.

Stator
vanes

Rotor
vanes

Fig. 14.4.8 Partial cross section of an axial-flow pump. Two rotors and one
stator are shown.

Fig. 14.4.9 Cross section of a typical axial-flow pump (with 13 bladed rotors).

pump construction in shown in Fig. 14.4.9. The rotors of such pumps
are usually made of strong aluminum alloys to reduce the rotational
moment of inertia. The peripheral velocities of the rotor are usually in
the 200 to 300 m/s range. Usually, the rotor is supported by ceramic ball
bearings lubricated by special low-vapor-pressure grease. To avoid even
a suspicion of possible contamination, magnetic bearings are often
used, with auxiliary dry bearings engaged only during starting and stopping periods.
For the drag pump, the pumping speed of a stationary channel placed
in close proximity to the moving surface of the rotor can be estimated
by comparing the forward flow, due to the velocity of the rotor, to the
backflow, resulting from the developing pressure difference. Neglecting
leakages, the maximum compression ratio K obtained a channel of certain size and length is derived to be Kmax 5 eSO /C, where So is pumping
speed and C is conductance. In molecular flow, this indicates the dependency of compression ratios on the conductance, and thus on the molecular weight of the gas. The obtained compression ratios are much
smaller for lighter gases. In practice, such drag channels work best for
small flows, a few litres per second. In viscous flow conditions, the
pressure differences obtained in small pumps are in the range of a few
torr per circular loop (which may be called a “stage”).
The mechanism of pumping of the turbomolecular pumps is not completely different from that of axial-flow compressors, but in molecular
flow, because of the reduced amount of backflow, the compression
ratios obtained in high vacuum are much higher than those customary
in compressor technology (as high as 10 : 1 per rotor-stator pair). The
volumetric displacement of the bladed rotor can be estimated from the
velocity in the pumping direction, times the projected pumping area,
times a capture coefficient (ratio of pumped molecules to reflected
ones). For pumping speed estimates of typical turbomolecular pumps,
with first-row blade angles at 45$, the capture coefficient is near 0.6 for
air or nitrogen.
Because of the high compression ratios obtained in high-vacuum
pumps, the volumetric flow at the discharge side of the pump is rather
low. Also, the flow tends to get into the viscous range. Therefore, it
makes sense to combine the characteristics of drag pumps and turbine-type pumps into a hybrid design. An example of such a pump is
shown in Fig. 14.4.10. Figure 14.4.11 shows the comparative performances of a conventional turbomolecular pump for helium (left
side) and a hybrid pump (right side). A significant improvement is
obtained without an increase of pump size or motor power.
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fluid jet to ambient gas molecules. The device is basically similar to
steam ejectors but is highly specialized to function at molecular flow
conditions at its inlet port. Figure 14.4.13 is a schematic drawing of a
modern pump that has three downward-directed nozzles and one horizontal one, called an ejector, all connected in series. The motive fluid
used is usually an oil-like substance having a molecular weight in the
range of 400 to 500 (for example: tetramethyl-tetraphenyl-trisiloxane).
Such fluids must have a very low vapor pressure at room temperature but
be capable of producing a few torr of boiler pressure without undergoing excessive thermal decomposition at typical temperatures of 200 to
240$C). They should be also nontoxic and noncorrosive and have a viscosity range at water-cooling temperature that permits draining back into
the boiler by gravity.

Orifices

Cold cap

Baffle

Fig. 14.4.10 A comparison of an axial flow pump and a hybrid pump. On the
left side of the vertical axis there are 11 bladed rotors (interspersed with 10 bladed
stators). On the right side is the hybrid pump with 7 bladed rotors and 4 solid discs
rotating in 4 drag channels connected in series. (Varian V-60.)
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Fig. 14.4.13 Schematic cross section of a four-stage vapor jet pump (Varian).
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Fig. 14.4.11 Compression ratios for two pump types (Fig. 14.4.10), for helium,
depending on the pressure of helium at the exit. Upper curve, hybrid pump
(Varian V-250); bottom curve, all-axial pump (V-200.)

Turbomolecular pumps are usually manufactured in sizes from 50 to
2,000 L/s, but they can be made larger.

The practical pressure difference that can be sustained by high-vacuum
jet pumps is 0.5 to 1 torr, so they must be operated only when attached
to a backing pump that provides necessary primary vacuum. Also, in
order to prevent a possibility of rapid deterioration of and even combustion of the fluid, vapor jet pumps cannot be exposed to atmospheric
air while at operating temperature. Therefore, they must be protected
from an accidental air release by appropriate valves. An example of a
system arrangement is shown in Fig. 14.4.14. In operation, the fluid is
vaporized in the boiler by electric heaters, the vapor issues from the
nozzles at velocities of a few hundred metres per second, and then condenses at the water-cooled walls and returns to the boiler.
Ionization
gage

VAPOR JET PUMPS (DIFFUSION PUMPS)

Vapor jet pumps (often called diffusion pumps) have been the most commonly used pumps for production of high vacuum throughout the major
part of the twentieth century and into the twenty-first century. The principle of operation of vapor jet pumps is illustrated in Fig. 14.4.12. The
pumping action is due to the momentum transfer from a high-velocity
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Fig. 14.4.14 Typical arrangement of valves for a vapor-jet pump system.

Distance

Fig. 14.4.12 Pumping effect of a fluid jet. Solid lines are for the motive fluid,
dashed lines for pumped gas; P0 , P1, are initial pressures and Pf is final pressure.

A typical performance curve of a vapor-jet pump is shown in
Fig. 14.4.15. Such performance curves are usually measured by using
total-pressure gages, with air as the pumped gas. The decay of the
pumping speed at the left of the graph represents the onset of compression ratio limits. The region called “overload” in the graph should never

CRYOGENIC PUMPS

Constant speed

P/P
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Fig. 14.4.15 Pumping speed versus inlet pressure in four different performance
regions.

be used in any continuous operation. Here, the reduction of pumping
speed is caused by a complete collapse of function in one of the jets
(usually one near the inlet). The overloaded vapor stream may not reach
the wall and may produce a serious amount of backstreaming into the
vacuum chamber. At the inlet of the pump, a small number of vapor molecules can leave the condensed liquid and migrate into the chamber. To
prevent this possibility of contamination, water-cooled baffles and traps
cooled to cryogenic temperature are used, as shown in Fig. 14.4.14.
Vapor-jet pumps are made in sizes ranging from 50 to 50,000 L/s,
corresponding to inlet diameters from 2 to 36 in. The larger pumps may
use five or six stages instead of the four shown in Fig. 14.4.13.
There also exist so-called diffusion-ejector pumps, which utilize
motive fluids of lower molecular weight and have higher boiler pressures. These pumps extend the full pumping speed region of operation
toward higher inlet pressures. Such pumps are made in sizes from 4,000
to 12,000 L/s.
CRYOGENIC PUMPS

One way of creating high vacuum is to lower the temperature of the gas
until it condenses into a liquid or a solid. In industrial practice, instead of
cooling the entire chamber, it is sufficient to use a cryocooled pump. The
vapor pressure curves in Fig. 14.4.16 demonstrate that it is not practical to
cool gases of low molecular weight by condensation alone. Therefore,
some internal surfaces of cryopumps are usually cooled by gaseous helium
refrigeration to temperatures of 10 to 20 K combined with surfaces covered with absorbent layers. A schematic drawing of a typical cryopump is
shown in Fig. 14.4.17. Inside the pump is a two-stage cryogenerator consisting of two connected reciprocating pistons filled with heat exchange
materials. The pump is connected to a special helium compressor, which
is used to circulate helium through the expander assembly and to recompress it. Industrial cryopumps utilize specially modified refrigeration

Fig. 14.4.16 Vapor pressure curves of some common gases.

Fig. 14.4.17 Schematic drawing of a typical cryopump.

compressors. Effective filtering devices must be used to prevent lubricating oil from reaching areas cold enough to freeze the lubricant.
The pumping surfaces of a cryopump are arranged in three distinct
varieties. The first is a metal surface kept at 50 to 80 K. It may be shaped
as a cylinder with the closed end attached to the first stage of refrigeration and the open end connected to a baffle structure. This part of the
pump can condense the water vapor, which is one of the main gases left
in a vacuum system after an initial evacuation by coarse vacuum pumps.
The second section is a metal surface attached to the second stage of the
refrigerator, which is kept at 10 to 20 K. This section is used for pumping such gases as nitrogen, oxygen, and argon. The third section is at the
same temperature as the second but includes a layer of charcoal (or activated alumina) bonded to the inner surfaces of the second-stage cryoarrays. Charcoal may have internal surface area approaching 1,000 m2/g as
well as small enough pores to hold molecules of light gases.
The pumping speed of a condensation and sorption pump depends on
the arrival rate of the gas, capture probability, and surface area.
Figure 14.4.18 shows an example of the performance of an industrial
cryopump having an inlet diameter of 20 cm. From the kinetic theory of
gases, the maximum pumping speed can be calculated to be for hydrogen 44.6 L/s for each square centimetre of surface; the corresponding
value for water vapor is 14.9 and for nitrogen 11.9, provided that access
to the surface is not impeded by conductance limitations. In practice, full
pumping speed may be realized for water vapor because of the open
exposure of the cooled baffle at the inlet, but the speed for nitrogen is
typically 3 L/s ? cm2 and for hydrogen 5.6 L/s ? cm2. Because the gas is
not removed form the pump, the pumping speed will decline in time. For
example, for the pump of Fig. 14.4.18, the decline of pumping speed for
hydrogen begins after about 7,000 torr-L of gas are pumped. The values
given for pumping speed are measured under ideal conditions. In use, the
actual speed may depend on amounts and types of gases previously
pumped. Cryopumps do not have a continuously functioning exhaust
port, therefore they become saturated after a certain period of operation.
At high-vacuum inlet pressures, they can function continuously for
several months, but eventually regeneration becomes necessary. The
need for regeneration arises when the pump cannot maintain expected
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Fig. 14.4.20 Pumping speeds of gettering pumps of various sizes.

Fig. 14.4.18 Pumping speed of a cryopump for different gases.

pressure or evacuation time. Regeneration requires warming of the pump
and may take several hours. It involves several steps of gradual warming
and purging so as not to drive certain unwanted gases into the inlet
space, and so as to properly manage the disposal of dangerous gases.
GETTER AND ION PUMPS

When gases are rarefied to high-vacuum and ultrahigh-vacuum levels, a
surface can hold larger quantities of the gases, as compared to the
amount of the gas in space. Properly prepared surfaces (with and without additional absorbing layers) can then be used as a pumping
medium. Many chemically active materials can be used to enhance the
quantity of gas held on the surface, a process called gettering. Often the
material used is titanium. To produce a pumping surface, all that is
needed is to form a fresh (unoxidized) layer of material on a sufficiently
large surface. An example of a simple arrangement of a gettering pump
is shown in Fig. 14.4.19. As is the case with cryopumps, the performance
Control unit
Gettering surface

(o) Titanium
sublimes

(o) Active gas atoms form
stable compounds with
titanium on gettering surface

From hot source

Fig. 14.4.19 Typical arrangement of titanium gettering pump.

of a gettering pump cannot be predicted exactly because of its dependency on the mixture of gases, the presence of chemically inert gases,
the temperature, and the previous history of the surface. Approximate
pumping speeds are shown in Table 14.4.1, where it can be seen that the
inert gases are not pumped. In Fig. 14.4.20 actual pumping speeds are
shown for air for pumps of various sizes.
There also exist so-called nonevaporated getter pumps. In such pumps
the active material is not evaporated, but remains in a specially prepared,
very porous intermetallic compound. The pumping action involves an
adsorption event followed by diffusion of the pumped gas into the material. The material is in the form of thick films deposited on a ribbon of
nickel-iron or stainless steel. A common composition for the pumping
compound is 84% zirconium and 16% aluminum and may include other
transition metals. In operation, the gettering action is activated by heating,
which produces structural transformation in the material, making it
porous. Then, it may have real physical area 100 times greater than the
projected area. Figure 14.4.21 is an example of a pumping cartridge placed
in a cylinder that can be attached to a vacuum chamber at the top flange.
To provide pumping action for inert gases, ion-getter or sputter-ion
pumps were developed. A basic cell of such a pump is shown in
Fig. 14.4.22. Electrons are emitted from the essentially cold cathode by
the action of the electric field of 5 to 7 kV applied between the electrodes. Long trajectories of electrons are produced by the action of the
magnet, to improve chances of collision and subsequent ionization.
Positive ions bombard the anode at high energies, producing the phenomenon called sputtering, which is an ejection of atoms from the titanium cathode surface. The deposited titanium film reacts with active
gases; inert gases are pumped when highly accelerated ions collide with
and penetrate the surface structure. The details of pumping mechanisms
of sputter-ion pumps are more complex than outlined here, but it is clear
that various gases are pumped in different ways, at different pumping

Table 14.4.1 Typical* Pumping Speeds per Square Centimetre of Titanium Sublimation
Surface for Various Gases (L/s)
Surface
temperature
($C)

H2

N2

O2

CO

CO2

H2O

CH4

A

He

20
%195

20
65

30
65

60
70

60
70

50
60

20
90

0
0

0
0

0
0

*Actual speeds vary with the condition of the deposits; usable speed is reduced by the conductance between the pumping area and
the process area in the vacuum chamber.

GETTER AND ION PUMPS
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F

Fig. 14.4.21 The view of a nonevaporated getter pump. H and 1—electric heater,
W—water cooling (for large pumps), C and 3—the getter ribbon; 2—inlet flange.

speeds and different saturation effects. Some pumping speed values are
shown in Table 14.4.2. It is also clear that eventually cathodes become
exhausted and must be replaced.
For practical designs of sputter-ion pumps the cells are between 15
and 25 mm, which is suitable for magnetic fields of 1 to 1.5 kG. The
pumping speed of a cell is between 0.3 and 2 L/s. Multiple cell structures are used for larger pumps. Pumps are commonly manufactured in
speeds up to 200 L/s. They are delivered prepumped and sealed to keep
internal surfaces clean. To achieve ultrahigh vacuum, the entire vacuum
system, including the pumps, is backed for several hours at temperatures up to 400$C, while being pumped by some clean auxiliary pumps.

Table 14.4.2

(+)
(−)

(−)

Magnet
Fig. 14.4.22 Basic cell of an ion-getter pump.

Relative Pumping Speeds of Ion-Getter Pumps for Various Gases*

Gas

Diode
pump
(3.5 kV)

Triode
pump
(5.2 kV)

H2
CH4
NH3
H2O
Air
N2
CO
CO2
O2
He
Ar

2.5–3.0
2.7
1.7
1.3
1.0
0.98
0.86
0.82
0.55
0.11
0.01

2.0
0.9–1.05

1.0
0.95
1.0
0.57
0.3
0.3

*Taken from manufacturers’ catalogs. Air speed taken as unity.

Diode pump
with
slotted cathode
(7.3 kV)

Diode pump
with
Mo and Ti
cathodes

2.7

1.0
1.0
1.0
1.0
1.0
0.57
0.1
0.06

1.0

0.25
0.2
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14.5

FANS

by Robert Jorgensen
REFERENCES: Jorgensen, “Fan Engineering,” 9th ed., Howden Buffalo. “Standards
Handbook,” AMCA Publication 99-86 (R 1998). “Fans and Systems,” AMCA
Publication 201:2002. “Field Performance Measurement of Fan Systems,” AMCA
Publication 203-90. “Balance Quality and Vibration Levels for Fans,”
AMCA Standard 204-96. “Laboratory Methods of Testing Fans for Aerodynamic
Rating,” American National Standard ANSI/AMCA 210-1999 and ANSI/ASHRAE
51-1999. “Reverberant Room Method for Sound Testing of Fans,” AMCA Standard
300-96. “Laboratory Methods of Sound Testing of Fans Using Sound Intensity,”
Proposed American National Standard, BSR/AMCA Standard 320. “Laboratory
Method of Testing to Determine the Sound Power in a Duct,” ANSI/ASHRAE
Standard 68-1997 and ANSI/AMCA 330-97. “Industrial Process/Power Generation
Fans: Specification Guidelines,” AMCA Publication 801-01. “Industrial Process/
Power Generation Fans: Establishing Performance Using Laboratory Models,”
AMCA Publication 802-02. “Industrial Process/Power Generation Fans: Site
Performance Test Standard,” AMCA Publication 803:2002. “ASME Performance
Test Codes, Fans,” ANSI/ASME PTC 11-1984.

FAN TYPES AND NOMENCLATURE

Any device which produces a current of air may be called a fan. This
discussion will be limited to fans which have a rotating impeller to produce the flow and a stationary casing to guide the flow into and out of
the impeller (see Fig. 14.5.1). The form of the casing or the impeller
may vary widely.

Symbols

A " area, ft2 (m2)
b " barometric pressure, in Hg (Pa)
D " diameter, ft (m)
Ds " specific diameter, ft (m)
H " fan power input, hp (W)
H0 " fan power output, hp (W)
h " head, ft (m)
Kp " compressibility factor, dimensionless
Lp " sound pressure level, dB
Lw " sound power level, dB
Lws " specific sound power level, dB
log " logarithm to base 10
M " molecular weight, dimensionless
N " speed of rotation, r/min
Ns " specific speed, r/min
n " number or polytropic exponent
ps " fan static pressure, in wg (Pa)
pt " fan total pressure, in wg (Pa)
pv " fan velocity pressure, in wg (Pa)
psx " static pressure at plane x, in wg (Pa)
Ptx " total pressure at plane x, in wg (Pa)
Pvx# " velocity pressure at plane x, in wg (Pa)
3
3
Q
# " fan capacity, ft /min (m /s)
Qx " volumetric flow rate at plane x, ft3/min
(m3/s)
T " absolute temperature, $R (K)
W " power, W
x " factor used to determine Kp, dimensionless
z " factor used to determine Kp, dimensionless
g " isentropic exponent, dimensionless
hs " fan static efficiency, per unit
ht " fan total efficiency, per unit
r " fan air density, lbm/ft3 (kg/m3)
rx " air density at plane x, lbm/ft3 (kg/m3)
Subscripts

1 " fan inlet plane
2 " fan outlet plane
a " absolute
b " basic known conditions
c " calculated condition
r " reading
x " plane 1, 2, 3, or other
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Fig. 14.5.1 Elements of fans and preferred terminology. (a) Centrifugal fans;
(b) axial fans. (Based on AMCA Publ. 201.)
Fan Classification

One of the characteristics by which fans are classified is the nature of
the flow through the blade passages of the impeller. Axial flow, radial
flow, mixed flow, and cross flow are all possible in fan impellers.
Certain fan names result from these classifications. Other fan names
derive from other characteristics.
Propeller fans, tube-axial fans, and vane-axial fans all utilize axialflow impellers, but their casings differ. Propeller fans may be mounted in
a ring or panel. Tube-axial fans and vane-axial fans both use tubular
casings, but for vane-axial fans they are equipped with stationary guide
vanes. A great deal of the energy transferred to the air in axial-flow
machines is in kinetic form. Some of this kinetic energy can be transformed into pressure energy by straightening the swirl, e.g., with vanes,
or by reducing the exit velocity, e.g., with a diffuser. Propeller fans
effect very little transformation and hence have very low pressure-producing capability. Vane-axial fans can be equipped for maximum transformation as well as high transfer of energy and hence have high
pressure-producing potential depending on tip speed and blade angles.
High hub ratios promote high energy transfer.

FAN PERFORMANCE AND TESTING

Centrifugal fans and tubular centrifugal fans both utilize radialflow impellers. Centrifugal fans usually employ a volute or scroll-type
casing, the flow entering the casing axially and leaving tangentially.
Tubular centrifugals use tubular casings so that the flow both entering and leaving the casing is axial. A considerable portion of the
energy transferred to the air in a radial-flow machine is due to centrifugal action; hence the name centrifugal fan. Since centrifugal
action varies with blade depth, the pressure-producing capability of
radial-flow fans will vary with this factor as well as tip speed and
blade angles.
Mixed-flow impellers can be used in either axial or scroll-type casings. They are characterized as mixed flow because both axial and
radial flow take place in the blading. Mixed-flow impellers used in
axial-flow casings have a hub similar to a pure axial-flow impeller,
but the inlet portion of the blading extends down over the face of the
hub, thereby giving some radial guidance. Mixed-flow impellers used
in scroll-cased fans have blades which give most of the axial guidance
in the inlet portion and most of the radial guidance in the discharge
portion.
In a cross-flow impeller, the air passes through the blading twice,
entering more or less tangentially through the tip, passing across the
impeller and out the other side. The casings are designed to provide this
transverse flow. Cross-flow fans are also known as tangential fans or
transverse-flow fans. Pressure-producing potential is low and depends
on the formation of a vortex as the air leaves the impeller.

All fan types may have direct or indirect drive arrangements. Various
standards including arrangement numbers have been adopted by
AMCA. Arr. 1 signifies an overhung impeller on a fan shaft with two
bearings on a base; Arr. 3 signifies an impeller on a fan shaft between
bearings; Arr. 4 is for overhung impeller on a motor shaft; Arr. 7 is Arr. 3
with a motor base; Arr. 8 is Arr. 1 with an extended base for motor; Arr. 9
is Arr. 1 with motor mounted on side of unit; Arr. 10 is Arr. 1 with motor
mounted inside of base. Rotation is specified as cw or ccw when viewed
from the drive side. All fans can be equipped with variable-speed
drives, variable inlet vanes, or dampers, but controllable-pitch axials do
not need speed or vane control.
FAN PERFORMANCE AND TESTING

The conventional terms used to describe fan performance in the United
States are defined below.
Fan Air Density Air density is the mass per unit volume of the air.
The density of a perfect gas is a function of its molecular weight, temperature, and pressure as indicated by
rx 5

M 529.7 bx
386.7 Tx 29.92

where the subscript x indicates the plane of the measurements. For dry
air this reduces to
rx 5 1.325bx >Tx

Fan Details

Propeller fans and other axial fans may use blades shaped to airfoil sections or blades of uniform thickness. Blading may be fixed, adjustable
at standstill, or variable in operation. Propeller fans have very small
hubs. Hub-to-tip diameter ratios ranging from 0.4 to 0.7 are common in
vane-axial fans. The larger the hub, the more important it is to have an
inner cylinder approximately the hub size located downstream of the
impeller. The guide vanes of a vane-axial fan are located in the annular
space between the tubular casing and the inner cylinder. Diffusers are
generally used between the fan and the discharge ductwork.
Centrifugal fans use various types of blading. Forward-curved blades
are shallow and curved so that both the tip and the heel point in the
direction of rotation. Radial and radial-tip blades both are radial at
the tip, but the latter are curved at the heel to point in the direction of
rotation. Backward-curved and backward-inclined blades point in the
direction opposite rotation at the tip and in the direction of rotation at
the heel. All the above blades are of uniform thickness and are designed
for radial flow. Airfoil blades have backward-curved chord lines so that
the leading edge of the airfoil is at the heel pointing forward and the
trailing edge at the tip pointing backward with respect to rotation.
Impellers for all blade shapes are usually shrouded and may have single or double inlets. Blade widths are related to the inlet-to-tip-diameter ratio. Tip angles may vary widely, but heel angles should be set to
minimize entrance losses. Scroll casings may be fitted with a streamlined inlet bell, an inlet cone, or simply a collar.
Tubular centrifugals may be designed for backward-curve, air foil, or
mixed-flow impellers. An inlet bell and discharge guide vanes are
required for good performance.
Cross-flow fans utilize impellers with blading similar to that of a
forward-curved centrifugal, but the end shrouds have no inlet holes.
Blade-length-to-tip-diameter ratios are limited only by structural
considerations.
Power roof ventilators may use either axial- or radial-flow impellers.
The casings will include either a propeller fan mounting ring or a tubular casing to guide the flow for an axial-flow impeller. If a radial-flow
impeller is used, an inlet bell is required, but the scroll case may be
replaced by the ventilator hood.
Plenum fans and plug fans are fans without traditional casings. Plenum
fans are used to move air through a system. They utilize centrifugal
impellers and their drives are inside the plenum. Plug fans are used to
circulate air or gas within a chamber or system. They may have either
centrifugal or axial impellers and their drives are outside the chamber.

14-47

This expression will usually be accurate enough even when moist air is
involved. Fan air density is the density of the air corresponding to the
total pressure and total temperature at the fan inlet
r 5 r1
Fan Capacity Volume flow rate is usually determined from pressure measurements, e.g., a velocity-pressure traverse taken with a Pitot
static tube or a pressure drop across a flowmeter. The average velocity
pressure for a Pitot traverse is

pvx 5 s g 2pvxr /nd2
where subscript x indicates the plane of the measurements, subscript r
indicates a reading at one station, n is the number of stations, and . is
the summation sign. The corresponding capacity is:
#
Q x 5 1,097Ax 2pvx >rx
For a flowmeter
#
Qx 5 1,097CAxY 2#p/rx /F
where C " coefficient of discharge of meter, Y " expansion factor for
gas, #p " measured pressure drop, and F " velocity-of-approach
factor for the meter installation. Fan capacity is the volumetric flow rate
at fan air density
#
#
Q 5 Qx rx /r
Fan Total Pressure Fan total pressure is the difference between the
total pressure at the fan outlet and the total pressure at the fan inlet

pt 5 pt2 2 pt1
When the fan draws directly from the atmosphere.
pt1 5 0
When the fan discharges directly to the atmosphere,
pt2 5 pv2
If either side of the fan is connected to ductwork, etc., and the measuring plane is remote, the measured values should be corrected for the
approximate pressure drop
pt2 5 ptx 1 #p22x

pt1 5 ptx 1 #px21
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Fan Velocity Pressure Fan velocity pressure is the pressure corresponding to the average velocity at the fan outlet
#
Q2 /A2 2
b r2
pv 5 a
1,097

Fan static pressure is the difference between
the fan total pressure and the fan velocity pressure. Therefore, fan static pressure is the difference between the static pressure at the fan outlet and the total pressure at the fan inlet
Fan Static Pressure

ps 5 pt 2 pv 5 ps2 2 pt1
Fan Speed Fan speed is the rotative speed of the impeller.
Compressibility Factor
The compressibility factor is the ratio of

the fan total pressure prt that would be developed with an incompressible fluid to the fan total pressure pt that is developed with a compressible fluid, all other conditions being equal:
prt
[n/sn 2 1d][s pt2a /pt1a dsn21d/n 2 1]
Kp 5 p 5
t
s pt2a /pt1a d 2 1
Compressibility factor can be determined from test measurements using
x 5 pt >pt1a

#
z 5 [sg 2 1d/g] 6356H/Qpt1a

Kp 5 [z log s1 1 xd]/ [x log s1 1 zd]
Fan power output is the product of fan capacity
and fan total pressure and compressibility factor
#
Ho 5 Qpt Kp /6,356
Fan Power Output

Fan Power Input Fan power input is the power required to drive the
fan and any elements in the drive train which are considered a part of
the fan. Power input can be calculated from appropriate measurements
for a dynamometer, torque meter, or calibrated motor.
Fan Total Efficiency Fan total efficiency is the ratio of the fan
power output to the fan power input
#
ht 5 QptKp /6,356H
Fan Static Efficiency Fan static efficiency is the fan total efficiency
multiplied by the ratio of fan static pressure to fan total pressure

hs 5 ht ps /pt
Fan sound power level is 10 times the logarithm (base 10) of the ratio of the actual sound power in watts to 10%12
watts,
Fan Sound Power Level

Lw 5 10 log sW/10212d
The total sound power level of a fan is usually assumed to be 3 dB
higher than either the inlet or outlet component. The casing component
varies with construction but will usually range from 15 to 30 dB less
than the total.
The frequency content of fan noise is usually expressed in octave
bands, but may be given in narrow bands or even as an overall value. The
sound power level can be calculated from sound pressure measurements
or sound intensity measurements. The reverberant room method utilizes
a known sound source to calibrate the room and a microphone to measure the sound pressures. The sound intensity method utilizes two microphones in a sound-intensity probe to measure the sound intensities over
an enveloping surface. The in-duct method utilizes anechoic terminations to facilitate sound pressure measurements without end reflections.
Head The difference between head and pressure is important in fan
engineering. Both are measures of the energy in the air. Head is energy
per unit weight and can be expressed in ft ! lb/lb, which is often abbreviated to ft (of fluid flowing). Pressure is energy per unit volume and
can be expressed in ft ! lb/ft3, which simplifies to lb/ft2 or force per unit
area. The use of the inch water gage (in wg) is a convenience in fan
engineering reflecting the usual methods of measurement. It sounds like a
head measurement but is actually a pressure measurement corresponding

to 5.192 lb/ft2, the pressure exerted by a column of water 1 inch high.
Pressures can be converted into heads and vice versa:
p 5 rh/5.192

h 5 5.192p/r
3

For instance, for air at 0.075 lbm/ft density, 1 in wg corresponds to
69.4 ft of air. That is, a column of air at that density would exert a pressure of 5.192 lb/ft2. Lighter air would exert less pressure for a given
head. For a given pressure, the head would be higher with lighter air.
Although it is not widely used in the United States, head is commonly
used in a number of European countries.
Fans, like other turbomachines, can be considered constant-headconstant-capacity (volumetric) machines. This means that a fan will
develop the same head at a given capacity regardless of the fluid handled, all other conditions being equal. Of course, this also means that a
fan will develop a pressure proportional to the density at a given capacity, all other conditions being equal.
All the preceding equations are based on the U.S. Customary Units
listed under Symbols. If SI units are to be used, certain numerical coefficients will have to be modified. For instance, substitute 22 for 1,097 in
the flow equations when using Pa for pressure, kg/m3 for density, and m3/s
for capacity. Similarly, substitute 1.0 for 6,356 in the power equations
when using Pa for pressure, m3/s for capacity, and W for power.
Common metric practice in fan engineering leads to other numerical
coefficients. When mm wg is used for pressure, m3/s for capacity, kW
for power, and kg/m3 for density, substitute 4.424 for 1,097 in the flow
equations and 102.2 for 6,356 in the power equations.
The preceding discussion utilized what may be termed the volumeflow-rate-pressure approach to expressing fan performance. An alternative, the mass-flow-rate-specific-energy approach is equally valid but not
generally used in the United States. Refer to ASME PTC-11 for additional details.
FAN AND SYSTEM PERFORMANCE
CHARACTERISTICS

The performance characteristics of a fan are best described by a graph.
The conventional method of graphing fan performance is to plot a series
of curves with capacity as abscissa and all other variables as ordinates.
System characteristics can be plotted in a similar manner.
System Characteristics

Most systems served by a fan have characteristics which can be described
by a parabola passing through the origin; i.e., the energy required to produce flow through the system (which can be expressed as pressure or head)
varies approximately as the square of the flow. In some cases, the system
characteristics will not pass through the origin because the energy required
to produce flow through an element of the system may be controlled at a
particular value, e.g., with venturi scrubbers. In some cases, the system
characteristic will not be parabolic because the flow through an element of
the system is laminar rather than turbulent, e.g., in some types of filters.
Whatever the case, the system designer should establish the characteristics
by determining the energy requirements at various flow rates. The energy
requirement (pressure drops or head losses) for each element can be determined by reference to handbook or manufacturer’s literature or by test.
The true measure of the energy requirement for a system element is
the total pressure drop or the total head loss. Only if the entrance velocity for the element equals the exit velocity will the change in static pressure equal the total pressure drop. There are some advantages in using
static pressure change, but the system designer is usually well advised
to use total pressure drops to avoid errors in fan selection. The sum of
the total pressure losses for elements on the inlet side of the fan will
equal % pt1. This should include energy losses at the entrance to the system but not the energy to accelerate the air to the velocity at the fan
inlet, which is chargeable to the fan. The sum of the total pressure losses
for elements on the discharge side of the fan will equal pt2. This should
include the kinetic energy of the stream issuing from the system. The
total system requirement will be the arithmetic sum of all the appropriate losses or the algebraic difference pt2 % pt1, which is also pt.

FAN AND SYSTEM PERFORMANCE CHARACTERISTICS

A system characteristic curve based on total pressure is plotted in
Fig. 14.5.2. A characteristic based on static pressure is also shown. The
latter recognizes the definition of fan static pressure so that the only difference is the velocity pressure corresponding to the fan outlet velocity.
This system could operate at any capacity provided a fan delivered the
exact pressure to match the energy requirements shown on the system
curve for that capacity. The advantages of plotting the system characteristics on the fan graph will become evident in the following discussions.

Fig. 14.5.2 Fan and system characteristics.
Fan Characteristics

The constant-speed performance characteristics of a fan are illustrated
in Fig. 14.5.2. These characteristics are for a particular size and type of
fan operating at a particular speed and handling air of a particular density. The fan can operate at any capacity from zero to the maximum
shown, but when applied on a particular system the fan will operate
only at the intersection of the system characteristics with the appropriate fan pressure characteristic. For the case illustrated, the fan will operate at Q " 27,300 ft3/min and pt " 3.4 in wg or ps " 3 in wg, requiring
H " 18.3 hp at the speed and density for which the curves were drawn.
The static efficiency at this point of operation is 73 percent, and the total
efficiency is 80 percent. If the system characteristic had been lower, it
would have intersected the fan characteristic at a higher capacity and
the fan would have delivered more air. Contrariwise, if the system characteristic had been higher, the capacity of the fan would have been less.
Capacity reduction can be accomplished, in fact, by creating additional
resistance, as with an outlet damper.
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Figure 14.5.3 illustrates the characteristics of a fan with damper control, variable inlet vane control, and variable speed control. These particular characteristics are for a backward-curved centrifugal fan, but the
general principles apply to all fans. Outlet dampers do not affect the
flow to the fan and therefore can alter fan performance only by adding
resistance to the system and producing a new intersection. Point 1 is for
wide-open dampers. Points 2 and 3 are for progressively closed
dampers. Note that some power reduction accompanies the capacity
reduction for this particular fan. Variable-inlet vanes produce inlet
whirl, which reduces pressure-producing capability. Point 4 is for wideopen inlet vanes and corresponds to point 1. Points 5 and 6 are for progressively closed vanes. Note that the power reduction at reduced
capacity is better for vanes than for dampers. Variable speed is the most
efficient means of capacity control. Point 7 is for full speed and points
8 and 9 for progressively reduced speed. Note the improved power savings over other methods. Variable speed also has advantages in terms of
lower noise and reduced erosion potential but is generally at a disadvantage regarding first cost.
Figure 14.5.4 illustrates the characteristics of a fan with variable
pitch control. These characteristics are for an axial-flow fan, but comparisons to the centrifugal-fan ratings in Fig. 14.5.3 can be made. Point
10 corresponds to points 1, 4, or 7. Reduced ratings are shown at points
11 and 12 obtained by reducing the pitch. Power savings can be almost
as good as with speed control. Notice that in all methods of capacity
control, operation is at the intersection of a system characteristic with a
fan characteristic. With variable vanes, variable speed, and variable
pitch, the fan characteristic is modified. With damper control, the effect
could be considered a change in fan characteristics, but it generally
makes more sense to consider it a change in system characteristics.
Fan-System Matching

It has already been observed in the discussions of both system and fan
characteristics that the point of operation for one fan on a particular system will be at the intersection of their characteristics. Stated another
way, the energy required by the system must be provided by the fan
exactly. If the fan delivers too much or too little energy, the capacity
will be more or less than desired. The effects of utilizing dampers, variable speed, variable-inlet vanes, and variable pitch were illustrated, but
in all cases the fan was preselected. The more general case is the one
involving the selection or design of a fan to do a particular job. The

Fig. 14.5.3 Fan characteristics with (a) damper control, (b) variable-inlet vane control, (c) variable speed control.
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Fig. 14.5.4 Characteristics of an axial-flow fan with variable-pitch control.

design of a fan from an aerodynamicist’s point of view is beyond the
scope of this discussion. Fortunately, most fan problems can be solved
by selecting a fan from the many standard lines available commercially.
Again, the crux of the matter is to match fan capability with system
requirements.
Most fan manufacturers have several standard lines of fans. Each line
may consist of various sizes all resembling each other. If the blade
angles and proportions are the same, the line is said to be homologous.
There is only one fan size in a line of homologous fans that will operate at the maximum efficiency point on a given system. If the fan is too
big, operation will be at some point to the left of peak efficiency on a
standard characteristic plot. If the fan is too small, operation will be to
the right of peak. In either case it will be off peak. A slightly undersized
fan is often preferred for reasons of cost and stability.
Selecting and rating a fan from a catalog is a matter of fan-system
matching. When it is recognized that many of the catalog sizes may be
able to provide the capacity and pressure, selection becomes a matter of
trying various sizes and comparing speed, power, cost, etc. The choice
is a matter of evaluation.
There are various reasons for using more than one fan on a system.
Supply and exhaust fans are used in ventilation to avoid excessive pressure build-up in the space being served. Forced and induced-draft fans
are used to maintain a specified draft over the fire. Two fans may fit the
available space better than one larger fan. Capacity control by various
fan combinations may be more economical than other control methods.
Multistage arrangements may be necessary when pressure requirements
exceed the capabilities of a single-stage fan. Standby fans are frequently
required to ensure continuous operation.
When two fans are used, they may be located quite remote from each
other or they may be close enough to share shaft and bearings or even
casings. Double-width, double-inlet fans are essentially two fans in parallel in a common housing. Multistage blowers are, in effect, two or
more fans in series in the same casing. Fans may also be in series but at
opposite ends of the system. Parallel-arrangement fans may have almost
any amount of their operating resistance in common. At one extreme,
the fans may have common inlet and discharge plenums. At the other
extreme, the fans may both have considerable individual ductwork of
equal or unequal resistance.
Fans in series must all handle the same amount of gas by weight measurements, assuming no losses or gains between stages. The combined
total pressure will be the sum of the individual fans’ total pressures. The
velocity pressure of the combination can be defined as the pressure corresponding to the velocity through the outlet of the last stage. The static pressure for the combination is the difference between its total and
velocity pressures and is therefore not equal to the sum of the individual fan static pressures. The volumetric capacities will differ whenever
the inlet densities vary from stage to stage. Compression in one stage

will reduce the volume entering the next if there is no reexpansion
between the two. As with any fan, the pressure capabilities are also
influenced by density.
The combined total pressure-capacity characteristic for two fans in
series can be drawn by using the volumetric capacities of the first
stage for the abscissa and the sum of the appropriate total pressures for
the ordinate. Because of compressibility, the volumetric capacities of
the second stage will not equal the volumetric capacities of the first
stage. The individual total pressures must be chosen accordingly before
they are combined. If the gas can be considered incompressible, the pressures for the two stages may be read at the same capacity. In the area
near free delivery, it may be necessary to estimate the negative pressure
characteristics of one of the fans in order to combine values at the
appropriate capacity.
Fans in parallel must all develop sufficient pressure to overcome the
losses in any individual ductwork, etc., as well as the losses in the common portions of the system. When such fans have no individual ductwork but discharge into a common plenum, their individual velocity
pressures are lost and the fans should be selected to produce the same
fan static pressures. If fan velocity pressures are equal, the fan total
pressures will be equal in such cases. When the fans do have individual
ducts but they are of equal resistance and joined together at equal velocities, the fans should be selected for the same fan total pressures. If fan
velocity pressures are equal, fan static pressures will be equal in this
case. If the two streams join together at unequal velocities, there will be
a transfer of momentum from the higher-velocity stream to the lowervelocity stream. The fans serving the lower-velocity branch can be
selected for a correspondingly lower total pressure. The other fan must
be selected for a correspondingly higher total pressure than if velocities
were equal.
The combined pressure-capacity curves for two fans in parallel can be
plotted by using the appropriate pressures for ordinates and the sum of the
corresponding capacities for abscissa. Such curves are meaningful only
when a combined-system curve can be drawn. In the area near shutoff, it
may be necessary to estimate the negative capacity characteristics of one
of the fans in order to combine values at the appropriate pressure.
Figure 14.5.5 illustrates the combined characteristics of two fans
with slightly different individual characteristics (A-A and B-B). The
combined characteristics are shown for the two fans in series (C-C) and
in parallel (D-D). Only total-pressure curves are shown. This is always
correct for series arrangements but may introduce slight errors for parallel arrangements. An incompressible gas has been assumed. The questionable areas near shutoff or free delivery have been omitted. Two
different system characteristics (E-E and F-F ) have been drawn on the

Fig. 14.5.5 Combined characteristics of fans in series and parallel.
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chart. With the two fans in series, operation will be at point EC or FC
if the fan is on system E or F, respectively. Parallel arrangement will
lead to operation at ED or FD. Single-fan operation would be at the
point indicated by the intersection of the appropriate fan and system
curves provided the effect of an inoperative second fan is negligible.
Some sort of bypass is required around an inoperative fan in series
whereas an inoperative fan in parallel need only be dampered shut.
Parallel operation yields a higher capacity than series operation on system F, but the reverse is true on system E. For the type of fan and system characteristics drawn there is only one possible point of operation
for any arrangement.
Fan Laws

The fan laws are based on the experimentally demonstrable fact that any
two members of a homologous series of fans have performance curves
which are homologous. At the same point of rating, i.e., at similarly situated points of operation on their characteristic curves, efficiencies are
equal and other variables are interrelated according to the fan laws. If
size and speed are considered independent variables and if compressibility effects are ignored, the fan laws can be written as follows:
h# tc
Qc
ptc
Hc
Lwc

5
5
5
5
5

h# tb
Qb sDc /Dbd3 sNc /Nbd
ptb sDc /Dbd2 sNc /Nbd2 src /rbd
Hb sDc /Dbd5 sNc /Nbd3 src /rbd
Lwb 1 70 log sDc /Dbd 1 50 log sNc /Nbd
1 20 log src /rbd

The above laws are useful, but they are dangerous if misapplied. The
calculated fan must have the same point of rating as the known fan.
When in doubt, it is best to reselect the fan rather than attempt to use
the fan laws.
The fan designer utilizes the fan laws in various ways. Some of the more
useful relationships in addition to those above derive from considering fan
capacity and fan total pressure as the independent variables. This leads to
specific diameter, specific speed, and specific sound power level:
#
Ds 5 Dspt /rd1>4/Q1>2
# 1/2
Ns 5 NQ /spt >rd3/4
#
Lws 5 Lw 2 10 log Q 2 20 log pt
Ds , Ns , and Lws are the diameter, speed, and sound power level of a
homologous fan which will deliver 1 ft3/min at 1 in wg at the same point
of rating as Q and pt for D and N. Ds and Ns can be used to advantage
in fan selection. They can also be used by a designer to determine how
well a line will fit in with other lines. This is illustrated in Fig. 14.5.6.
Each segment represents a particular fan line. Note the trends for each
kind of fan. Incidentally, some fan engineers utilize different formulas
for specific diameter and specific speed
# 1/2
#
Dse 5 Dp1/4
Nse 5 NQ1/2 >p3/4
te /Q
te
where pte is the equivalent total pressure based on standard air. This
makes Dse " Ds & 1.911 and Nse " Ns & 6.978.
Specific sound power level is useful in predicting noise levels as
well as in comparing fan designs. There appears to be a lower limit of
Lws in the vicinity of 45 dB for the more efficient types ranging to 70 dB
or more for cruder designs. Actual sound power levels can be figured
from
#
Lw 5 Lws 1 10 log Q 1 20 log pt
Another useful parameter which derives from the fan laws is orifice
ratio
#
Ro 5 Q/D2 spt /rd1/2
This ratio can be plotted on a characteristic curve for a known fan. If the
ratio is determined for a calculated homologous fan, the point of rating
can be established by inspection.
Other ratios can be used in the same
#
manner including pv /pt , pt >Q2, Ds, and Ns.

Fig. 14.5.6 Specific diameter and efficiency versus specific speed for singleinlet fan types.
Stability Considerations

The flow through a system and its fan will normally be steady. If the
fluctuations occasioned by a temporary disturbance are quickly damped
out, the fan system may be described as having a stable operating characteristic. If the unsteady flow continues after the disturbance is
removed, the operating characteristic is unstable.
To ensure stable operation the slopes of the pressure-capacity curves for
the fan and system should be of opposite sign. Almost all systems have a
positive slope; i.e., the pressure requirement or resistance increases with
capacity. Therefore, for stable operation the fan curve should have a negative slope. Such is the case at or above the design capacity.
When the slopes of the fan and system characteristics are of opposite
sign, any system disturbance tending to produce a temporary decrease
in flow is nullified by the increase in fan pressure. When the slopes
are of the same sign, any tendency to decrease flow is strengthened by
the resulting decrease in fan pressure. When fan and system curves
coincide over a range of capacities, the operating characteristics are
extremely unstable. Even if the curves exactly coincide at only one
point, the flow may vary over a considerable range.
There may or may not be any obvious indication of unstable operation. The pressure and power fluctuations that accompany unsteady
flow may be so small and rapid that they cannot be detected by any but
the most sensitive instruments. Less rapid fluctuations may be detected
on the ordinary instruments used in fan testing. The changes in noise
which occur with each change in flow rate are easily detected by ear as
individual beats if the beat frequency is below about 10 Hz. In any
event, the overall noise level will be higher with unsteady flow than
with steady flow.
The conditions which accompany unsteady flow are variously
described as pulsations, hunting, surging, or pumping. Since these conditions occur only when the operating point is to the left of maximum
pressure on the fan curve, this peak is frequently referred to as the surge
point or pumping limit.
Pulsation can be prevented by rating the fan to the right of the surge
point. Fans are usually selected on this basis, but it is sometimes necessary to control the volume delivered to the value below that at the surge
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point. This may lead to pulsation, particularly if the fan pressure
exceeds 10 in wg.
If the required capacity is less than that at the pumping limit, pulsation can be prevented in various ways, all of which in effect provide a
negatively sloping fan curve at the actual operating point. To accomplish this effect the required pressure must be less than the fan capabilities at the required capacity. One method is to bleed sufficient air for
actual operation to be beyond the pumping limit. Other possible methods are the use of pitch, speed, or vane control for volume reduction. In
any of these cases, the point of operation on the new fan curve must be
to the right of the new surge point. Although in the section on Capacity
Control dampers were considered a part of the system, they may also be
considered a part of the fan if located in the right position. Accordingly,
pulsations may be eliminated in a supply system if the damper is on the
inlet of the blower. Similarly, dampering at the outlet of the exhauster
may control pulsation in exhaust systems.
Another condition frequently referred to as instability is associated
with flow separation in the blade passages of an impeller and is evidenced by slight discontinuities in the performance curve. There may be
a small range of capacities at which two distinctly different pressures
may be developed depending on which of the two flow patterns exists.
Such a condition usually occurs at capacities just to the left of peak
efficiency. Still another condition of unsteady flow may develop at
extremely low capacities. This is known as blowback or puffing because
air puffs in and out of a portion of the inlet. Operation in the blowback
range should be avoided, particularly with high-energy fans.
A different type of unsteady flow may occur when two or more fans
are used in parallel. If the individual fan characteristics exhibit a dip in
pressure between shutoff and design, the combined characteristic will
contain points where the point of operation of the individual fans may
be widely separated even for identical fans. If the system characteristic
intersects the combined-fan characteristic at such a point, the individual
fans may suddenly exchange loads. That is, the fan operating at high
capacity may become the one operating at low capacity and vice versa.
This can produce undesirable shocks on motors and ducts. Careful
matching of fan to system is required for either forward-curved centrifugals or most axials for this reason.
Fan Applications

The selection of a particular size and type of fan for a particular application
involves considerations of aerodynamic, economic, and functional suitability. Many of the factors involved in aerodynamic suitability have been
discussed above. Determination of economic suitability requires an evaluation of first cost and operating costs. The functional suitability of various
types of fans with respect to certain applications is discussed below.
Heating, ventilating, and air-conditioning systems may require supply and
exhaust or return air fans. Historically, high-efficiency centrifugal fans,
using either backward-curved or airfoil blades have been used for supply
on duct systems. In low-pressure applications these types can be used
without sound treatment. In high-pressure applications, sound treatment
is almost always required. Axials have long been used for shipboard ventilation because they generally can be made smaller than centrifugals.
Both adjustable axials and tubular centrifugals have proved popular on
duct systems for exhaust service in building ventilation. Centrifugals with
variable inlet vanes and axials with pitch control are being used for supply in variable-air-volume systems. Propeller fans and power roof ventilators are used for either supply or exhaust systems when there is little or
no ductwork. Heating, ventilating, and air-conditioning applications are
considered clean-air service. Various classes of construction are available
in standard lines for different pressure ranges. Both direct and indirect
drive are used, the latter being most common.
Industrial exhaust systems generally require fans that are less susceptible to the unbalance that may result from dirty-gas applications than
the clean-air fans used for heating, ventilating, and air conditioning.
Simple, rugged, industrial exhausters are favored for applications up to
200 hp. They have a few radial blades and relatively low efficiency. Most

are V-belt-driven. Extra-heavy construction may be required where significant material passes through the fan.
Process air requirements can be met with either centrifugal or axial
fans; the latter may be used in single or double stage. The higher pressure ratings are usually provided by a single-stage centrifugal fan with
radial blades, known as a pressure blower. These units are generally
direct connected to the driver. They not only compete with centrifugal
compressors but resemble them.
Large industrial process and pollution-control systems involving more
than about 200 hp are generally satisfied with a somewhat more sophisticated fan than an industrial exhauster or pressure blower. Centrifugal
fans with radial-tip blades are frequently used on the more severe service. For the less severe requirements, backward-curved or airfoil blades
may be used. Rugged fixed-pitch axials have also been used. Industrial
fans are usually equipped with inlet boxes and independently mounted
bearings and are usually direct-driven. Journal bearings are usually preferred. Inlet-box damper control can be used to approximate the power
saving available from variable-inlet vane control. Variable-speed
hydraulic couplings may be economically justified in some cases.
Special methods or special construction may be required to provide protection against corrosion or erosion. These fans tend to take on the name
of the application such as sintering fan, scrubber exhaust fan, etc.
Mechanical draft systems may utilize any of the fan types described in connection with the above applications. Ventilating fans, industrial exhausters,
and pressure blowers have been used for forced draft, induced draft, and primary air service on small steam-generating units. The large generating units
are generally equipped with the most efficient fans available consistent with
the erosion-corrosion potential of the gas being handled.
Both centrifugals and axials are used for forced and induced draft.
Axials have predominated in Europe, and there is a growing trend
throughout the rest of the world toward axials. Centrifugals have been
used almost exclusively in the United States until very recently.
Forced-draft centrifugals invariably have airfoil blade impellers.
Induced-draft centrifugals may have airfoil-blade impellers, but for
scrubber exhaust, radial-tip blades are more common. This is due, in
part, to the high pressures required for scrubber operation and in part to
the erosion-corrosion potential downstream of a scrubber. Gas recirculating fans are usually of the radial-tip design. Forced-draft control may
be by variable speed but is more likely to be variable vanes on centrifugal fans. Variable inlet vanes or inlet-box dampers may be used to
control induced-draft fans. All large centrifugals are direct-connected
and have independent pedestal-mounted bearings. Journal bearings are
almost always used.
Forced-draft axials are likely to be of the variable-pitch full-airfoilsection design. Hydraulic systems are almost always used for pitch control, but pneumatic and mechanical systems have been tried. Bearings
are usually of the antifriction type. Fixed-pitch axials are usually used
for induced-draft duty. Control is by variable-inlet vanes. Either journal
or antifriction bearings may be used.
Other Systems

Fans are incorporated in many different kinds of machines. Electronic
equipment may require cooling fans to prevent hot spots. Driers use
fans to circulate air to carry heat to, and moisture away from, the product. Air-support structures require fans to inflate them and maintain the
supporting pressure. Ground-effect machines use fans to provide the lift
pressure. Air conditioners and other heat exchangers incorporate fans.
Aerodynamic, economic, and functional considerations will dictate the
type and size of fan to be used.
Tunnel ventilation can be achieved by using either axial or centrifugal fans. Transverse ventilation utilizes supply and exhaust fans connected to the tunnel by ductwork. These fans are rated in the manner
described above. Another method utilizes specially tested and rated
axial fans called jet fans. The fans, which are placed in the tunnel,
increase the momentum of some of the air flowing with the traffic. This
air induces additional flow.

