


which can be neglected in the insulation calculations, and the exact procedure to follow for
both graphical and algebraic methods. The methods given here are the work of Richard
Hughes and Victor Deumango of the Badger Company and reported in Chemical Engineering
magazine.

SAVING ENERGY COSTS BY RELOCATING 
HEAT-GENERATING UNITS

A vacuum pump is driven by a 10-hp (7.5-kW) electric motor and is located in a refrigerated
packing room. Determine the energy saving if the vacuum pump and motor are moved out of the
room into a noncooled area. Find the energy cost if only the motor is removed from the room.
The refrigeration unit has a coefficient of performance of 2.5, the cost of electricity is $0.05 per
kilowatthour, the vacuum pump operates 75 percent of the time, and the packing room is cooled
2000 h/year.

Calculation Procedure

1. Determine the annual cooling load for the motor and pump. Use Fig. 12 to find the heat gain
for continuously operated electric motors and equipment. Entering Fig. 12 at 10 hp (7.5 kW) at the
bottom and projecting up to the top curve, we see that the amount of heat generated is 30,000 Btu/h
(8790 W).

2. Adjust the cooling load for the actual operating time. The pump operates 75 percent of the
packing-room annual schedule of 2000 h. Hence, annual cooling load = 0.75(30,000 Btu/h)(2000 h/
year) = 45 × 106 Btu/year (47.5 kJ/year).

3. Compute the energy saved. With a coefficient of performance (COP) of 2.5, the energy saved =
(annual cooling load, Btu/year) (2.93 × 10–4 kWh/Btu)/COP, or (45 × 106 Btu/year) (2.93 × 10–4

kWh/Btu)/2.5 = 5274 kWh/year. At $0.05 per kilowatthour for electric power, the annual saving =
($0.05) (5274) = $263.70.

4. Determine the saving if only the motor is removed. With only the motor removed from the
refrigerated room, the saving is smaller. Figure 12 shows a 4500-Btu/h (1318.5-W) heat gain for a
10-hp (7.5-kW) motor alone. From the assumptions from steps 3 and 4, annual cooling load = 0.75
(4500 Btu/h)(2000 h/year) = 6.75 × 106 Btu/year (7.12 kJ/year). Then, energy saved = (6.75 × 106

Btu/year)(7.12 kJ/year) (2.93 × 10–4 kWh/Btu)/2.5 = 786 kWh/year. The monetary saving is
($0.05)(786) = $39.30 per year.

Related Calculations This method of calculation can be used for any type of motor-driven
equipment located in air-conditioned or refrigerated areas. The total heat gain depends on the
nameplate (brake) horsepower of the motor and on the motor efficiency. Or, total heat gain, Btu/h
(W) = [2545 Btu/(hp⋅h)] (P/E), where P = brake horsepower; E = motor efficiency.

Heat given off by a motor or powered equipment can also be expressed as motor heat gain,
Btu/h = [2545 Btu/(hp⋅h)]P)(1 − E)/E. Also, equipment heat gain, Btu/h = [2545 Btu/(hp⋅h)]P.
Because smaller motors are less efficient, they contribute more of the total heat gain than large
motors. For example, 36 percent of the heat gain is contributed by a 0.25-hp (0.19-kW) motor,
but only 9 percent by a 250-hp (186.5-kW) motor.

Use this procedure for motor-driven equipment in commercial buildings, factories, ships,
aircraft, cold-storage warehouses, and other installations where the heat given off by the
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motor or equipment will place an extra or unwanted load on the air-conditioning system. The
procedure given here is the work of Walter A. Hendrix and William G. Moran, Engineering
Experiment Station, Georgia Institute of Technology, as reported in Chemical Engineering
magazine.

ENERGY SAVINGS FROM VAPOR RECOMPRESSION

Determine the energy savings possible in a plant where 15-lb/in2 (gage) (103.4-kPa) steam is vented
to the atmosphere while 5000 lb/h (2250 kg/h) of 40-lb/in2 (gage) (275.8-kPa) steam is used from the
boiler in another process, if the vented steam is recompressed in an electrically driven compressor to
the 40-lb/in2 (gage) (275.8-kPa) level. The boiler feedwater temperature is 80°F (26.7°C), the boiler
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FIGURE 12 Heat gain from electric motors and equipment. (Chemical Engineering.)
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efficiency is 80 percent, the boiler operates 8000 h/year, the cost of 150,000-Btu/gal no. 6 fuel oil is
$1.00 per gallon, and electricity costs $0.03 per kilowatthour.

Calculation Procedure

1. Compute the annual heat input to the boiler. The annual heat input to the boiler H = W(∆h)T/e,
where H = heat input, Btu/year (W); W = weight of steam used, lb/h (kg/h); ∆h = enthalpy change
in the boiler = enthalpy of steam – enthalpy of the feedwater, both expressed in Btu/lb (J/kg); T =
annual operating time of the boiler, h; e = boiler efficiency, expressed as a percentage. Substituting,
we find H = 5000(1176 – 48)(8000)/0.80 = 5.6 × 1010 Btu/year (5.91 × 1010 J/year).

2. Find the annual fuel cost for generating the steam in the boiler. The annual fuel cost C =
HP/hv, where C = annual fuel cost; P = price per gallon of fuel oil; hv = fuel heating value,
Btu/gal; other symbols as before. Substituting gives C = (5.6 × 1010)($1.00)/150,000 = $373.333
per year.

3. Determine the recompression energy input. When 15-lb/in2 (gage) (103.4-kPa) waste steam is
compressed to 40 lb/in2 (gage) (275.8 kPa) by an electrically driven compressor, the compressor ratio
is cr = Pd = discharge pressure, lb/in2 (abs) (kPa)/pi = inlet pressure, lb/in2 (abs) (kPa). Substituting
gives cr = (40 + 14.7)/(15 + 14.7) = 1.84. To find the recompression energy input, enter Fig. 13 at the
computed compression ratio and project vertically to the inlet pressure curve. At the left read the
energy input as 66 Btu/lb (153.5 kJ/kg) of steam recompressed.
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FIGURE 13 Recompression work input. (Chemical Engineering.)

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.

CHEMICAL AND PROCESS PLANT ENGINEERING



4. Compute the energy cost of recompression. The energy cost of recompression = (Btu/lb for
recompression) (WT) (0.000293 kWh/Btu) ($0.03 per kWh) = $23,000 per year.

5. Find the annual energy cost saving from recompression. The annual energy cost saving for
this installation would be $373,333 – $23,200 = $350,133.

Related Calculations It is common practice in many industrial plants to vent any steam at pres-
sures below 20 lb/in2 (gage) (137.9 kPa) to the atmosphere. At the same time, there may be sev-
eral users that require somewhat higher-pressure steam, 30 to 50 lb/in2 (gage) (206.9 to 344.6
kPa). Rather than reducing high-pressure boiler steam to supply these needs, it is possible to com-
press the waster low-pressure vapor to a higher pressure so that it can be reused. Although energy
must be supplied to the compressor to raise the steam pressure, this operation typically requires
only 5 to 10 percent of the energy necessary to generate the same steam in a boiler. In practice,
this principle is limited to situations where the compressor inlet pressure is above 14.7 lb/in2 (abs)
(101.4 kPa) and the compression ratio is less than about 2.0, owing to physical limitations of the
compressors used.

Vapor recompression has been used for years as a means of lowering the steam require-
ments of evaporators. In this application, the overhead vapors are compressed and recycled to
an evaporator steam chest where they evaporate more liquid. In this way, a single-effect evapo-
rator can achieve a steam economy equivalent to an evaporator with up to 15 effects.

Figure 13 indicates the energy required to compress steam as a function of the compression
ratio and inlet pressure. It is based on adiabatic compression with a compressor efficiency of
75 percent. Since the steam leaving the compressor is superheated, it is also assumed that water
at 80°F (26.7°C) is sprayed into the steam to eliminate the superhead. The graph can be used
in conjunction with standard steam tables to estimate the energy saving possible from employ-
ing vapor recompression.

The procedure given here can be used for any application—industrial, commercial, residen-
tial, marine, etc.—in which recompression of steam might prove economical. This procedure is
the work of George Whittlesey and John D. Muzzy, School of Chemical Engineering, Georgia
Institute of Technology, as reported in Chemical Engineering magazine.

EFFECTIVE STACK HEIGHT FOR DISPOSING PLANT 
GASES AND VAPORS

Acetylene (molecular weight 26) is being emitted from a process at 100 lb/min (0.76 kg/s). What
stack height is needed to achieve an allowable downwind concentration of 40 percent of the lower
explosive limit of 2.5?

Calculation Procedure

1. Convert the flow rate to moles. To convert from lb/min to mol/h, use the expression M = 60L /m,
where M = flow rate, mol/h; L = flow rate, lb/min; m = molecular weight of the flowing gas or vapor.
Substituting gives M = 60 (100)/26 = 230 mol/h.

2. Determine the allowable concentration of the vapor. Use the relation A = ELLe, where A =
allowable concentration downwind of the stack, in percent. Or, A = 2.5(0.40) = 1.00 volume percent.

3. Find the required stack height. Use Fig. 14 to determine the stack height, entering at the top
of the chart at the lower explosive limit of 1 volume percent and projecting vertically downward to
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the contaminant flow rate of 230 mol/h. The intersection is just below the stack height of 25 ft (7.6 m).
Use a height of 25 ft (7.6 m) because this height is accepted in industry as the minimum allowable.
This is the effective height for a 1-mi/h (1.6-km/h) wind.

4. Find the distance downwind from the stack. The distance downwind from the stack where the
maximum concentration will be found varies with the turbulence conditions in the area. Turbulence
parameters as given by Bosanquet-Pearson are as follows:

5.32 SECTION FIVE

The distance downwind from the stack for maximum concentration of the effluent is given by d =
H/2p, where d = distance, ft (m); H = stack height, ft (m); p = vertical diffusion coefficient. For low
turbulence, d = 25/2(0.02) = 625 ft (190.6 m). For moderate turbulence, d = 25/2(0.1) = 125 ft (38.1 m).

Related Calculations When designing emission control systems, be sure to consult the local air-
pollution control ordinance (if any) for the criteria which must be met. If an odorous pollutant is

p q p/q

Low turbulence 0.02 0.04 0.50
Average turbulence 0.50 0.08 0.63
Moderate turbulence 0.10 0.16 0.63

Note: p and q are the vertical and horizontal dimension-
less diffusion coefficients, respectively.

FIGURE 14 Stack height needed to dispose of plant gases and vapors. (Chemical
Engineering.)
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being emitted, the design basis will be the concentration below the odor threshold (Table 1) at
ground level outside the plant.

Do not design for emission directly to the atmosphere in areas where atmospheric tem-
perature inversions are known to occur. Use, instead, a closed system to rid the plant of the
gas or vapor. Extreme care in design is required to avoid the possibility of a legal nuisance
suit. Be sure that all applicable ordinances are reviewed before any final design work is
begun.

Figure 14 is based on the well-known Bosanquet-Pearson formula. Two solutions plotted
on Fig. 14 are for a contaminant flow rate of 3800 mol/h and a lower explosive limit of 0.25
volume percent, requiring a stack height of 150 ft (45.7 m); and a contaminant flow rate of 20
mol/h and a maximum allowable concentration of 31 ppm, requiring a stack height of 75 ft
(22.9 m).

As a general guide for stack design, the following relations are given by the above formula:

1. Concentration of an effluent downwind from a source is directly proportional to the discharge
quantity.

2. It is impossible to alter materially the downwind ground-level concentration of a contaminant
by diluting the effluent.

3. Concentrations downwind of a stack are inversely proportional to wind speed; doubling the
wind speed cuts pollutant concentration by half.

4. Pollutant concentration is inversely proportional to the square of the stack height. Doubling
the stack height reduces the maximum ground-level concentration to one-fourth the previous
level.

5. Location of the maximum ground-level concentration depends on atmospheric stability. When
atmospheric conditions are unstable—i.e., wind speeds are low or there is an inversion—
the maximum concentration occurs close to the stack. As the wind speed increases and the
inversion disappears, the maximum ground-level concentrations move farther away from the
stack.

6. Figure 14 is based on a wind speed of 1 mi/h (1.6 km/h) and p/q = 1. Further, a smooth, level
terrain was ensured for the equation from which the chart is plotted.

7. The effective height to which the plume from a stack rises before it begins to turn down-
ward is the actual height of the stack plus the plume rise created by the sum of the exit
velocity and the difference in density above the plume. Use the relation Hv =
4.77(Q1V/1.5)0.5, where HV = plume rise due to exit velocity, ft; V = stack exit velocity,
ft/s; Q1 = QV T1/530, in which QV = stack exit volume, ft3/s; T1 = 18.3 (molecular weight
of contaminant).

This procedure can be used for a variety of gases and vapors, including acetylene, ammonia,
amylene, benzene, butane, carbon monoxide, ethylene, hydrogen sulfide, methanol, propane, and
sulfur dioxide. Pertinent data for these effluents are given in Table 1.

This calculation procedure is the work of John D. Constance, Consultant, as reported in
Chemical Engineering magazine.

Where plant gases or vapors pollute the local environment, expensive pollution-abatement
equipment may be required. On the west coast of the United States certain chemical and
refining plants are gaining emissions credits for their stacks by eliminating pollution else-
where.

Thus, at the time of writing, one chemical company is paying $700 each for pre-1972 cars.
Each car and light truck purchased is cut up for scrap, thereby eliminating the smoke and pollu-
tion such vehicles emit. Emissions credits are issued to the chemical plant for each vehicle
scrapped. This approach to emissions control is in accord with federal regulations requiring com-
panies to either reduce their own pollution or obtain emissions credits by reducing other pollu-
tants generated in the area.
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SAVINGS POSSIBLE FROM USING LOW-GRADE WASTE 
HEAT FOR REFRIGERATION

An industrial plant presently exhausts low-pressure steam to the atmosphere. What would the
annual savings be if a mechanical chiller having a coefficient of performance (COP) of 4.0 pro-
ducing an average of 150 tons/year (527.4 kW) of refrigeration for 4000 h were replaced by an
absorption refrigeration unit using the exhaust steam? The cost of electricity is 3.0 cents per
kilowatthour.

Calculation Procedure

1. Sketch the refrigeration system being considered. Figure 15 shows the absorption refrigeration
unit being considered. The heat input from the exhaust steam is indicated as QC.

In an absorption refrigeration unit, the mechanical vapor compressor is replaced by the genera-
tor which uses steam or hot water to revaporize the refrigerant. But absorption refrigeration units are
characterized by a low COP, compared to the mechanical type. Hence, to be competitive, an absorp-
tion unit must use low-grade waste heat to power the generator. The low-pressure steam available in
this plant would be ideal for this purpose.

2. Determine the hourly savings possible. Use Fig. 16 to find the hourly savings. Enter at the
refrigeration load of 150 tons (527.4 kW) on the left, and project vertically to the COP value of 4.
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FIGURE 15 Absorption refrigeration system. (Chemical Engineering.)

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.

CHEMICAL AND PROCESS PLANT ENGINEERING



From the intersection with this curve, project horizontally to the right to intersect the electricity cost
curve of 3 cents per kilowatthour. At the bottom read the saving as $4 per hour.

3. Compute the annual savings. Use this relation: annual savings, $ = (hourly savings)(annual
number of operating hours) = ($4)(4000) = $16,000 per year.

Related Calculations This procedure can be used for an absorption refrigeration system by
using waste heat in the generator. The heat can be in the form of exhaust steam, hot waste liq-
uids, warm air, etc. The source of the heat is not important provided (1) the temperature of the
heating medium is high enough for use in the generator, (2) the supply of heat is steady, and (3)
the heat is not chargeable to the refrigeration process.

Given the above criteria as guidelines, the procedure given here can be used for absorption
refrigeration machines in industrial plants, commercial building, ships, and domestic applica-
tions. Where the COP of an equivalent mechanical refrigeration system is not known, it can be
approximated by applying data from known similar installations. Where the electricity cost
exceeds the plotted values, use half the actual cost and multiply the result by 2.

This procedure is the work of Guillermo H. Hoyos, Universidad de los Andes, and John D.
Muzzy, School of Chemical Engineering, Georgia Institute of Technology, as reported in Chem-
ical Engineering magazine.
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FIGURE 16 Savings using low-grade heat. (Chemical Engineering.)
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EXCESS-AIR ANALYSIS TO REDUCE WASTE-HEAT LOSSES

The fuel input to the primary reformer of an ammonia plant is a mixture of natural gas, tail gas, and
naphtha with these flow rates and compositions:

How much excess air is being fed to the reformer if the flue gas analysis shows 3.5 percent O2 and
11 percent CO2 on a dry basis?

Calculation Procedure

1. Calculate the hydrogen:carbon weight ratio. The given ratios are for carbon:hydrogen, or the
inverse of the required ratios. Hence, the carbon:hydrogen ratio r for each fuel can be found by
inverting the given values. Or, for fuel no.1, natural gas, r1 = 1/3.20 = 0.3125. For fuel no. 2, tail gas,
r2 = 1/2.40 = 0.4167; for fuel no. 3, naphtha, r3 = 1/5.35 = 0.1869.

2. Determine the weight of carbon in the fuel. The weight of carbon in the fuel c = fraction of
carbon × mass flow rate. Or, for natural gas, fuel no. 1, c1 = 0.723 × 6800 = 4915 kg/h (10,837.7 lb/h),
where 0.723 is the weight percent of carbon in the natural gas, expressed as a decimal and given in
the table above. Then, for fuel no. 2, tail gas, c2 = 0.174 × 3450 = 600.3 kg/h (1323.4 lb/h). For fuel
no. 3, naphtha, c3 = 0.842 × 7800 = 6568 kg/h (14,478.8 lb/h).

3. Determine the mole fraction (volume fraction for gases) of incombustibles in the fuel. Divide
the given percentage of incombustibles by 100 to get the mole fraction for each fuel. Or, for natural
gas, ai = 2.8/100 = 0.028; for tail gas, ai = 53.0/100 = 0.53; for naphtha, ai = nil/100 = nil.

4. Compute the value R for the fuel. Here R is defined as R = Σ(1 – ai)rici/Σ(1 – ai)ci,, where the
summations are over all fuels in the mixture. Substituting yields R = [(1 – 0.028)(0.3125)(4916) +
(1 – 0.53)(0.4167)(600) + (1 – 0)(0.1869)(6568)]/[(1 – 0.028)(4916) + (1 – 0.53)(600) + (1 – 0)
(6568)] = 0.2441.

5. Calculate the percentage of excess air. Use the relation, percentage of excess air = [100(%O2
in dry flue gas)]/(%CO2 in dry flue gas)(1 + 3R). Substituting the previously calculated values gives
percentage of excess air = 100(3.5)/11[1 + 3(0.2441)] = 18.36, say 18.4 percent.

Related Calculations Combustion processes require at least stoichiometric air to get complete
fuel utilization, but excess air should be limited to keep the waste heat carried away by flue gases
to a minimum. Because it is linked to energy usage, excess air is a key factor in evaluating com-
bustion processes. 

The method given here is useful for determining the percentage of excess air being fed to
a combustion process. It can be used for both liquid and gaseous fuels, singly or in mixtures,
as well as for fuels that contain incombustibles. The method only requires readily available
information such as fuel characteristics, flow rates, and flue-gas analysis and avoids the
laborious solution of simultaneous material-balance equations that is usually needed.

This calculation procedure is the work of S. Michael Antony, IFFCO, Ltd., as reported in
Chemical Engineering magazine. 

Natural gas Tail gas Naphtha

Fuel no. 1 2 3
Flow rate, kg/h 6800 3420 7800
C:H weight ratio 3.20 2.40 5.35
Weight % carbon 72.3 17.4 84.2
Volume % incombustibles 2.8 53.0 nil
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ESTIMATING SIZE AND COST OF VENTURI SCRUBBERS

Determine the size and cost of a venturi scrubber to handle 100,000 actual ft3/min (47.2 m3/s) of gas
entering the venturi in an air-pollution control system. The scrubber, Fig. 17, is to remove all parti-
cles larger than 0.6 mm.

Calculation Procedure

1. Determine the scrubber base cost. The cost of a venturi scrubber depends on the volumetric
flow, operating pressure, and materials of construction. Figure 18 gives flange-to-flange costs—
covering the venturi, elbow, separator, pumps, and controls—for base systems [i.e., constructed of
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FIGURE 17 Scrubber-separator in an air-pollution control system. (Chemical
Engineering.)

FIGURE 18 Base scrubber cost, flange-to-flange construction of 0.125-in (0.32-
cm) carbon steel. (Chemical Engineering magazine and Fuller Company.)
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0.125-in (0.32-cm) carbon steel] for different volumetric flow rates. Do not extend the curve or equa-
tion beyond 200,000 actual ft3/min (94.4 m3/s).

Whether a thickness other than 0.125 in (0.32 cm) is required can be determined from Fig. 19,
the thickness being a function of design operating pressure and shell diameter. The curves in Fig. 19
include a safety factor of 2, but no allowance is made for corrosion and erosion. Figure 19 is used
after the base cost is determined from Fig. 18.

Entering Fig. 18 at 100,000 ft3/min (47.2 m3/s) at the bottom and projecting vertically upward to
the curve, we find a base cost of $39,400. From the equation, the exact cost would be $39,417.

2. Find the pressure drop in the scrubber. For an efficiency that removes all particles larger than
0.6 mm, Fig. 20 shows that a 35-in water gage (w.g.) (88.9-cm w.g.) pressure drop is needed. Note
that as the particle size removed decreases, the pressure drop required for particle removal increases. 

3. Compute the metal thickness and scrubber cost. At the 35-in w.g. (88.9-cm w.g.) pressure
drop, Fig. 19 shows that a scrubber metal thickness of 0.25 in (0.64 cm) is required. (Always round
up to the next standard metal thickness when you use this procedure.) For 0.25-in (0.64-cm) carbon
steel, Fig. 21 gives a cost adjustment factor of 1.6. Hence, the scrubber cost will be 1.6 × $39,400 =
$63,040.

If the scrubber metal is to be 304 or 316 stainless steel, multiply the above cost estimate, $63,040,
by 2.3 or 3.2, respectively. And if the scrubber is to be equipped with a fiberglass lining to reduce
wear of the metal, multiply the Fig. 18 estimate of $39,400 by 0.15 to obtain $5910, and add this to
$63,040 to arrive at an estimate of $68,950.

4. Determine the cost of a rubber-lined scrubber. If the scrubber is to be lined with 0.1857-in
(0.476-cm) rubber, or any other thickness rubber, determine the internal surface area of the scrubber
from Fig. 22. For 100,000 actual ft3/min (47.2 m3/s), the scrubber internal area is 1500 ft2 (139.4 m2).
The unit cost for lining a scrubber with this thickness rubber is $4.69 per ft2 ($50.48 per m2). Hence,
the total cost = (1500 ft2)($4.69/ft2) = $7035. Adding this to the $63,040 gives an estimate of $70,075.
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FIGURE 19 Flow rate and design pressure dictate scrubber metal thickness.
(Chemical Engineering magazine and Fuller Company.)
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5. Determine the number and diameter of the scrubber trays. If the separator is to be equipped
for gas cooling, the number of trays needed must be determined, based on an average of 5 lb (2.3 kg)
of water removed per square foot of tray area, with an outlet gas temperature about 40°F (22.2°C)
higher than the inlet water temperature. [This is valid for typical scrubber outlet-gas temperatures of
200°F (93.3°C) or less, cooling-water temperature of about 70°F (21.1°C), and superficial gas veloc-
ities of 600 ft/min (3.05 m/s).] The total water to be removed is determined from the difference
between the absolute humidities of the inlet and outlet gas streams.

Find the diameter of each tray from Fig. 22 for a flow of 100,000 ft3/min as 13.5 ft (4.1 m).
Figure 23 gives a cost of $14,000 per tray. This includes the cost of the tray plus the cost of addi-
tional separator height to contain the tray.

If the separator requires six trays to achieve the dehumidification required, the $70,075 estimate
will be increased by $84,000 (= 6 × $14,000) to $154,075, say $154,000. (If the chart in Fig. 18 were
used instead of the equation, the total estimate would be $153,000 after rounding.) To update the esti-
mate to current costs, use a suitable cost index, as detailed below. 

Related Calculations Venturi scrubbers are highly efficient in removing submicron dust parti-
cles from gas streams.

Basically, the gas stream accelerates in the converging section of the venturi to maximum
velocity in the throat, where it is sprayed by a scrubbing liquor. The faster velocity of the gas
stream atomizes the liquor and promotes collisions between the particles and the droplets.
Agglomeration in the diverging section produces droplets, with entrapped particles, of a size
easily removed by mechanical means.
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FIGURE 20 Correlation gives efficiency performance of ven-
turi scrubbers. (Chemical Engineering magazine and AIChE.)
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FIGURE 22 Scrubber internal surface area and separator dimensions. (Chemical Engineering maga-
zine and Fuller Company.)

FIGURE 21 Factors adjust scrubber cost for flow rate and
metal thickness. (Chemical Engineering magazine and Fuller
Company.)
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Collection efficiency depends on the venturi pressure drop, which is a function of gas-stream
throat velocity and scrubbing-liquor flow rate. The smaller the particles, the higher the pressure
drop required. Venturis are normally operated at pressure drops between 6 in (15.2 cm) and 80 in
(203.2 cm) water gage, depending on the characteristics of the dust, and at liquor flow rates of 3
to 20 gal/min (0.19 to 1.26 L/s) per 1000 actual ft3/min (0.47 m3/s). Collection efficiencies range
from 99+ percent for 1-mm and larger particles to between 90 and 99 percent for those less than
1 mm.

Precise pressure drops can be obtained from Fig. 20, which represents 100 percent removal of
particle sizes indicated for a particular pressure drop. For instance, to remove all particles 0.4 mm
(10–6 m) and larger requires a pressure drop of 55 in (139.7 cm) w.g. (Also Pd = 15.4d–139, with
d the diameter in micrometers, also gives the pressure drop.)

A separator—normally a cylindrical tank having a low tangential inlet and a centered top gas
outlet—located immediately downstream of the scrubber removes the agglomerated liquor drops
from the gas stream by a cyclonic motion that forces them to impinge on the tank wall. Slurry
settles into a bottom cone, from which most of it is sent to the water treatment facility, with the
cleaner liquid above the sediment being recycled to the venturi (Fig. 17).

In hot processes, a considerable amount of water is vaporized in the scrubber and upstream equip-
ment (particularly the quencher). Unless this vapor is removed, it must be handled by the fan (com-
monly a radial-tip fan), which therefore must be of higher horsepower and so is more costly to operate.

A gas cooler can be incorporated into the separator to cool and dehumidify the gas stream.
Such a cooler can be one of several types, including one in which the gas stream passes through
spray banks of cooling water and then impinges on baffles, and another in which the stream rises
through perforated holes or bubble caps in trays flooded with cooling water.
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FIGURE 23 Cost per tray of separator internal cooler.
(Chemical Engineering magazine and Fuller Company.)
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The cost data in this procedure are based on 1977 values. They can be easily updated to the cur-
rent year by using a suitable cost index for the year in which the estimate is being made. Thus, if
the cost index (Chemical Engineering, EN-R, Marshall & Stevens, etc.) is 229 for the year 1977 and
245 for the design year, the cost of the scrubber in the design year will be $154,000(245/229) =
$164,759, say $165,000.

This procedure is the work of William M. Vatavuk of the U.S. Environmental Protection
Agency and Robert B. Neveril of Gard, Inc., as reported in Chemical Engineering magazine,
using data from an AIChE paper and Fuller Company.

Toxic air pollutants are now strictly controlled by the eleven titles of the U.S. Clean Air Act
Amendments (CAAA) passed in 1990. Title III deals with 189 chemicals designated as hazardous
air pollutants (HAP), which may be emitted by chemical process plants. EPA is required to issue
control standards based on maximum achievable control technologies (MACT) for sources des-
ignated to be “major” or “area” generators of hazardous pollutants.

Any facility that emits 10 or more tons per year of any single HAP, or 25 or more tons per
year of any combination of HAPs is considered a major source. Alternatively, an area source is
any facility that routinely emits HAPs but is not classified a major source. EPA is required to
ensure that 90 percent of the emissions from the 30 most serious area-source pollutants are reg-
ulated by the year 2000. For these reasons, scrubbers like those discussed above are becoming
more important to chemical engineers worldwide.

Title IV of the act will impose strict SO2 and NOx control requirements on electric utilities.
Title V requires operators of plants to apply for, and obtain, permits. These operating permits,
issued by the states, will establish emission limits, permit fees, and monitoring and reporting
requirements.

Volatile organic compounds (VOC) comprise half of all regulated toxic air pollutants. VOC
are regulated by Title I, which imposes strict compliance requirements on particulate matter and
ozone precursors, including some VOC. These regulations may exceed MACT requirements
under Title III. Data on toxic air pollutants as given here are from K. Sampeth Kumar, Rodney L.
Pennington, and Jan T. Zmuda, Research-Cottrell Co., a subsidiary of Air & Water Technologies
Corp., as reported in Chemical Engineering. 

SIZING DESUPERHEATER-CONDENSERS ECONOMICALLY

A reactor exhausts 27,958 lb/h (3.52 kg/s) of isobutane with a small amount of n-butane at 200°F
(93.3°C) and 85 lb/in2 (gage) (586.0 kPa). This gas becomes saturated at 130°F (54.4°C) and con-
denses completely at 125°F (51.7°C). The gas is to be cooled and condensed by a horizontal coun-
terflow heat exchanger like that in Fig. 24 using well water at 65°F (18.3°C) inlet temperature and
an outlet temperature of 100°F (37.8°C). How much heat-transfer area is required in this exchanger?

Calculation Procedure

1. Check for condensation at the hot end. Desuperheater-condensers are widely used in the
process, petrochemical, chemical, and power industries. Figure 24 shows a horizontal in-shell design
which might be used as a high-pressure feed heater, an inter- or aftercondenser in a steam-jet ejec-
tor system, or a gas cooler in a compressor system.

Conventional design practice splits the heat load and sizes the desuperheating and condensing
zones separately. This assumes that the superheated vapor cools as if it were a dry gas, which is true
only when the tube-wall temperature Tw in the desuperheating zone is greater than the vapor’s satu-
ration temperature Tsat.

When Tw is less than Tsat, the superheated vapor condenses directly, in the same way as saturated
vapor. Because the heat flux in condensation is much greater than in desuperheating, this situation
requires less heat-transfer area than the conventional design would prescribe.
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For a counterflow desuperheater-condenser with vapor on the shell side like that in Fig. 24, the
energy balance for the desuperheating zone is hd(T1 – Tw) = Ud(T1 – t2), where hd is the desuperheat-
ing heat-transfer coefficient; Ud is the overall heat-transfer coefficient; T1 is the vapor inlet temper-
ature; t2 is the cooling-medium outlet temperature. Using this energy-balance equation and the data
from Fig. 25, we find the tube-wall temperature at the hot end of the unit is 45.2(200 – Tw) =
42.3(200 – 100); Tw = 106.4°F (41.3°C). Since Tw is less than Tsat, condensation does take place as
soon as the superheated vapor enters the shell.
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FIGURE 24 Horizontal in-shell desuperheater-condenser. (Chem-
ical Engineering.)

FIGURE 25 Example shows importance of checking wall temperature.
(Chemical Engineering.)
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2. Determine the area required for the condensing load. Since condensation does take place, the
entire desuperheating load, 860,000 Btu/h (251.9 W), should be treated as a condensing load, by
using the condensing heat-transfer coefficient shown in Fig. 25. The heat-transfer area required for
this load is (Btu/h)/Uc(LMTD); or A = 860,000/158(33) = 165 ft2 (15.3 m2).

3. Compare the conventional approach to this approach. Using the conventional approach, such
as that in Kern—Process Heat Transfer, McGraw-Hill, and in the heat-exchanger calculation proce-
dures given elsewhere in this handbook (see index), shows that the heat duty for the exchanger is
split into two zones—condensing and desuperheating. The area required for the condensing zone is
523 ft2 (48.6 m2); for the desuperheating zone it is 323 ft2 (30 m2). Important data for the desuper-
heating zone are shown in Fig. 25.

The total heat-transfer area, when the approach given here is used, will be the condensing-zone area
from the conventional approach + desuperheating area computed in step 2. Or, Atotal = 523 + 165 =
688 ft2 (63.9 m2). This compares with 523 + 323 = 846 ft2 (78.6 m2) for the conventional approach,
or 23 percent greater area.

Note that the desuperheat was a sizable fraction (over 20 percent) of the total heat load in this
exchanger, which is cooling an organic vapor. With steam, the importance of desuperheating is gen-
erally less.

Related Calculations Energy conservation studies often show a longer breakeven period and a
smaller payout because equipment costs are excessive. Higher equipment costs lead to greater
cost of money for the heat-recovery unit or units. Hence, it is important that any equipment
chosen to conserve heat be sized properly. The procedure given here shows how a saving of
nearly 25 percent can be made in the area of certain types of heat exchangers. Such savings can
significantly reduce the required investment, leading to an earlier breakeven and higher payout.
Thus, energy conservation will be easier to justify when this procedure is used.

Since this procedure is relatively simple, it should be applied in selecting a heat exchanger which
involves desuperheating. The method is applicable in land, marine, chemical, petrochemical, and
process heat-exchanger selection. This procedure is the work of P. S. V. Kurmarao, Ph.D., EDC
(Heat Exchangers) Bharat Heavy Electricals Ltd., as reported in Chemical Engineering magazine.

SIZING VERTICAL LIQUID-VAPOR SEPARATORS

Find the diameter needed for a vertical vessel to separate a liquid having a density d = 58.0 lb/ft3 (928.6
kg/m3) from 2000 mol/h of vapor having a molecular weight of 25.0 at an operating temperature of
300°F (148.7°C) and 250 lb/in2 (gage) (1723.5 kPa). The compressibility factor Z = 1.0 for the vapor.

Calculation Procedure

1. Find the vapor volumetric flow rate V. Using the gas law PV = nRTZ, let V = ft3/s and n =
2000/3600 mol/s. Solving yields V = nRTZ /P = (2000/3600)(10.73)(760)(1.0)/264.7 = 17.1 ft3/s
(48,393 m3/s). In this equation, R = the gas constant; T = absolute temperature, °R = 460 + operating
temperature, °F; P = absolute pressure of the vapor, lb/in2 (abs).

2. Determine the density of the vapor dv. Use the relation dv = (mol/h) (molecular weight)/
volumetric flow rate, lb/h. Or, dv = (2000)(25)/(17.1)(3600 s/h) = 0.812 lb/ft3 (13.0 kg/m3).

3. Compute the terminal vapor velocity vt. Use the relation vt = K′[(d – dv)/dv]
0.5, where K′ is

a constant which ranges between 0.1 and 0.35, with 0.227 being the value for many satisfactory
designs and recommended except when special considerations are warranted. Substituting, we find
vt = 0.227[(58.0 – 0.812)/0.812]0.5 = 1.91 ft/s (0.58 m/s).
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4. Find the allowable vapor velocity va. Use the relation va = 0.15vt, where the constant 0.15 is
based on an allowable vapor velocity of 15 percent of vt to ensure good liquid disentrainment during
the normal flow surges. For usual designs, researchers have determined that va should be 15 percent
of vt. By substituting, va = 0.15(1.91) = 0.286 ft/s (0.087 m/s).

5. Determine the separator cross-sectional area and diameter. The separator cross-sectional area
A = V/va = 17.1/0.286 = 59.8 ft2 (5.6 m2). Then the separator diameter D = [(4)(59.8)/p]0.5 = 8.7 ft
(2.65 m). A diameter of 9 ft (2.74 m) would be chosen. 

Related Calculations Vertical liquid-vapor separators are used primarily to disengage a liquid
from a vapor when the volume of the first is small compared with that of the second. The sepa-
ration is accomplished by providing an environment (i.e., a vessel) in which the liquid particles
are directed by the force of gravity rather than the force of the flowing vapor.

Devices have been developed to agglomerate liquid particles in a vapor stream and enhance dis-
entrainment. Some act as baffles, causing multiple changes in the direction of vapor flow. Inertia
keeps the liquid particles from changing direction, and they impinge on the baffles. As the parti-
cles coalesce on the baffles, they agglomerate into droplets, which fall because of gravity.

Other devices, such as packing and grids, provide a large surface area for liquid coalescence and
agglomeration. One such device that has gained wide acceptance—because it is highly efficient and
relatively inexpensive and causes negligible pressure drop—is the mist elimination pad. Usually
a mesh formed by knitting metal wire, it comes in a variety of standard thicknesses and densities.
For general process-separator and compressor-suction knockout-pot services, a stainless-steel pad
of 4-in (10.2-cm) thickness and nominal 9-lb/ft3 (144.1-kg/m3) density is the most economical.

A separator equipped with a mist eliminator can be considerably smaller in diameter than one
not having it. Indeed, design practice permits ignoring the 15 percent safety factor and letting the
allowable vapor velocity be equal to the terminal vapor velocity (that is, va = vt). 

In the separator above, therefore, the required cross-sectional area of the vertical separator
A now becomes A = 18.1/1.91 = 9.0 ft2 (2.74 m2). And the separator diameter D becomes D =
[(4 × 9.0)/p]0.5 = 3.4 ft (1.04 m). A diameter of 3 ft 6 in (1.07 m) would now be chosen.

The height of the liquid level in a vertical separator, Fig. 26, depends primarily on the residence
time dictated by process considerations. Suppose that the residence time for the above separator is
chosen as 5 min. For the 3.5-ft (1.07-m) diameter separator, the cross-sectional area is A =
(p/4)(3.5)2 = 9.62 ft2 (0.89 m2).

CHEMICAL AND PROCESS PLANT ENGINEERING 5.45

FIGURE 26 (a) Inlet configuration, diameter � 30 in (9.1 cm). (b) Inlet configuration, diameter < 30 in (9.1
cm). (c) Top head configuration of pipe separators, diameter < 30 in (9.1 cm). (Chemical Engineering.)
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Assuming that liquid is entering the separator at a rate of 2000 gal/h (2.1 L/s), or 4.64 ft3/ min
(0.00219 m3/s), we find the liquid level for a 5-min residence time is L = (ft3/min) (residence time,
min)/A = 4.46(5)/9.62 = 2.32 ft (0.71 m). Choose a sump height of 2.5 ft (0.76 m). A vertical sep-
arator is usually specified when a short liquid holdup time is permitted.

The following procedure is standard in the process design of vertical liquid-vapor separators.
A standardized design procedure and vessel configuration saves much engineering time. A sepa-
rator is usually relatively inexpensive, and the application of a rigorous, sophisticated procedure
to achieve an optimum design is seldom warranted. Only in special cases, such as when a sepa-
rator is built of extra thick laminated shells, does it become economical to attain an optimum
design, because the saving in fabrication cost can be significant.

The standard procedure stipulates the following:

1. The allowable vapor velocity va in a separator shall be equal to the terminal velocity vt, cal-
culated by rounding up the vessel diameter to the nearest 6 in (15.2 cm), when a mist elimi-
nator is used. However, va shall be no greater than 15 percent of vt when the separator is not
equipped with a mist eliminator.

2. The disengaging space, the distance between any inlet and the bottom of the mist elimination
pad (see Fig. 26), shall be equal to the diameter of the separator. However, when the diame-
ter of the separator is less than 3 ft 0 in (0.91 m), the height of the disengaging space shall be
a minimum of 3 ft (0.91 m).

3. The distance between the inlet nozzle and the maximum liquid level shall be equal to one-half
the vessel diameter, or a minimum of 2 ft (0.61 m).

4. The dimension between the top tangent line of the separator and the bottom of the mist elim-
ination pad shall be a minimum of 1 ft 3 in (38.1 cm) (Fig. 26).

5. Vessel diameters 3 ft 0 in (0.91 m) and larger shall be specified in increments of 6 in (15.2
cm). Diameters of shell plate vessels shall be specified as inside diameters. Vessel lengths
shall be specified in 3-in (7.6-cm) increments.

6. Separators of 30-in (76.2-cm) diameter and smaller shall be specified as fabricated from pipe.
Diameter dimensions shall represent pipe outside diameters. Top heads shall be specified as
full-diameter flanges, with blind flange covers (Fig. 26). Bottom heads shall be standard heads
or pipe caps.

7. Inlets shall have an internal arrangement to divert flow downward. Vessels 3 ft 0 in (0.91 m)
and larger shall have a hood, attached to the shell, covering the inlet nozzle (Fig. 26).

8. Outlets shall have antivortex baffles.

9. Mist elimination pads shall be specified as 4-in (10.2-cm) thick, nominal 9-lb/ft3 (144.1-kg/
m3) density and stainless steel. Spiral-wound pads are not acceptable.

The method given here is valid for vertical separators used in process, chemical, petrochemical,
power, marine, and a variety of other plants. This procedure is the work of Arthur Gerunda, Vice
President of Commercial Development, The Heyward-Robinson Co., as reported in Chemical Engi-
neering magazine.

SIZING A HORIZONTAL LIQUID-VAPOR SEPARATOR

Design a horizontal vessel to separate 7000 gal/h (7.36 L/s) of liquid having a density of 60 lb/ft3 (960.6
kg/m3) from 1000 mol/h of vapor having a molecular weight of 28 if the holding time for the liquid is
to be 8 min when the operating temperature is 100°F (37.8°C), the operating pressure is 300 lb/in2

(gage) (2068.2 kPa), and Z = 1.0.
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Calculation Procedure

1. Find the volumetric flow rate V. Using the gas law as in the previous calculation procedure with
n = 1000/3600 mol/s and A = 1.0, we get V = (1000/3600)(10.73)(560)(1.0) = 5.3 ft3/s (15,004 m3/s).

2. Compute the density of the vapor dv. As in the previous calculation procedure, dv = (mol/h)
(molecular weight)/(V) (3600) = 1.47 lb/ft3 (23.5 kg/m3).

3. Determine the terminal vapor velocity vt . Use the relation vt = 0.227[(dl – dv)/dv]
0.5, where dl =

density of liquid. Or vt = 0.227[(60 – 1.47)/1.47]0.5 = 1.43 ft/s (0.44 m/s). The constant 0.227 is
obtained in the same way as described in the previous calculation procedure.

4. Decide what sets the size of the separator. Either the rate of liquid separation from the vapor or the
liquid holding time will set the size of the separator. By liquid separation, D = [V/3(p/4)(0.15)(Vt)]

0.5

where D = separator diameter, ft. Or, D = [5.3/(4p/4)(0.15 × 1.43)]0.5 = 2.8 ft (0.85 m).
By holding time, D = [thVi/3(p/4) f ]0.333, where th = holding time, min; Vi = volumetric flow rate of

the liquid, ft3/min; f = fraction of the separator area occupied by the liquid. Assuming an L/D ratio, i.e.,
separator length/diameter, of 4, and with 7000 gal/h = 15.6 ft3/min (0.01 m3/s), make a first approxi-
mation with an assumed liquid-space area f of 0.70: D = [8(15.6)/4(p/4)(0.70)]0.333 = 3.84 ft (1.17 m).

Since the larger diameter is set by the holding time, this is the determining factor in the sizing of
the separator.

Next, examine a 4-ft (1.22-m) diameter vessel with f = 0.70. With L/D = 4, L = 4D = 4(4) = 16 ft (4.9 m).
With the area of the vapor space = 30 percent (that is, 1.00 – 0.70), the fractional height of the

vapor space fhv = 0.342, from the geometry of the tank. The height of the vapor space then is 0.342
(46 in) = 15.7 in (39.9 cm), where the 46 in (116.8 cm) is the approximate actual internal diameter
of the vessel. Make the vapor-space height 18 in (45.7 cm). This gives a vapor-space area fraction fav
of 0.36 and a liquid-space area fraction fal of 0.64.

The holding time th now is th = [(p/4)(42)(0.64)(16)]/15.6 = 8.25 min. Hence, the final separator size
is as follows: diameter = 4 ft (1.22 m), length = 16 ft (4.88 m), and liquid height = 2.5 ft (0.76 m). As
with a vertical separator, when a horizontal separator is equipped with a mist elimination pad, the allow-
able vapor velocity va can be taken to be the same as the terminal velocity vt in the vessel diameter cal-
culations. Figure 27 shows some typical arrangements of mist eliminators in horizontal liquid-vapor
separators.

Related Calculations The chief concern in designing a horizontal liquid separator is to have the
vapor velocity sufficiently low to give the liquid particles just enough time to settle out before the
vapor leaves the vessel. Figure 28 shows the approximate traverse of a liquid particle for which
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FIGURE 27 Mist eliminators in horizontal sepa-
rators. (Chemical Engineering.)

FIGURE 28 Traverse of liquid particle. (Chemical
Engineering.)
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the minimum time has been allowed for its disentrainment from the vapor. Indicated in the cross
section are the fraction of area fav and height fhv taken up by the vapor space.

As with a vertical separator, empirical findings have shown that for safe design the allowable
vapor velocity va in a horizontal separator should be no greater than 15 percent of the calculated
terminal velocity vt. Another restriction found necessary is that fav be no less than 15 percent of
the cross-sectional area.

For horizontal separators L/D ratios are dictated by economics and plot restrictions. As a gen-
eral guide, the following provides economic designs:

5.48 SECTION FIVE

Operating pressure

lb/in2 (gage) kPa L/D ratio

0–250 0–1723.5 3.0
251–500 1730.4–3447.0 4.0
501 and higher 3423.9 and higher 5.0

For a first trial size, set the liquid level at the centerline of the separator, so that fh = fa = 0.5.
Now, D = [V/(3)(p/4)(0.15 × vt)]

0.5, or D = [V/(0.35 × vt)]
0.5.

These equations provide a good starting point for trial-and-error calculations to determine the
size of a liquid-vapor horizontal separator operating at less than 251 lb/in2 (gage) (1730.4 kPa).
Note that the terminal vapor velocity vt has, in effect, been replaced by the allowable vapor veloc-
ity va, because vt is multiplied by the safety design factor, 0.15.

The following specifications are generally standard in the design of horizontal separators: (1)
The maximum liquid level shall provide a minimum vapor space height of 15 in (38.1 cm) but
not be below the centerline of the separator. (2) The volume of dished heads is not taken into
account in vessel sizing calculations. (3) Inlet and outlet nozzles shall be located as closely as
practical to the vessel tangent lines. (4) Liquid outlets shall have antivortex baffles.

When the size of a horizontal separator is set by the holdup time for the liquid, the diameter
of the vessel must be determined by trial-and-error calculations. If fal = the fraction of area occu-
pied by the liquid, the holdup time th is given by th = [(p/4)D2falL]Vt. Here, L = vessel length and
Vt = volumetric flow rate of the liquid. When the operating pressure is below 251 lb/in2 (gage)
(1730.4 kPa), L /D = 3.0. Solving for D yields D = [thVt /3(p/4)fal]

0.333.
This procedure is the work of Arthur Gerunda, Vice-President, Commercial Development,

Heyward-Robinson Co., as reported in Chemical Engineering magazine.

SIZING RUPTURE DISKS FOR GASES AND LIQUIDS

What diameter rupture disk is required to relieve 50,000 lb/h (6.3 kg/s) of hydrogen to the atmos-
phere from a pressure of 80 lb/in2 (gage) (551.5 kPa)? Determine the diameter of a rupture disk
required to relieve 100 gal/min (6.3 L/s) of a liquid having a specific gravity of 0.9 from 200 lb/in2

(gage) (1378.8 kPa) to atmosphere.

Calculation Procedure

1. Determine the rupture disk diameter for the gas. For a gas, use the relation d = (W/146P)0.5

(1/Mw)0.25, where d = minimum rupture-disk diameter, in; W = relieving capacity, lb/h; P = relieving
pressure, lb/in2 (abs); Mw = molecular weight of gas being relieved. By substituting, d = [50,000/
146(94.7)]0.5 (1/2)0.25 = 1.60 in (4.1 cm).
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2. Find the rupture-disk diameter for the liquid. Use the relation d = 0.236(Q)0.5(Sp)0.25/P0.25,
where the symbols are the same as in step 1 except that Q = relieving capacity, gal/min; Sp = liquid
specific gravity. So d = 0.236(100)0.5(0.0)0.25/(214.7)0.25 = 0.60 in (1.52 cm).

Related Calculations Rupture disks are used in a variety of applications—process, chemical,
power, petrochemical, and marine plants. These disks protect pressure vessels from pressure
surges and are used to separate safety and relief valves from process fluids of various types.

Pressure-vessel codes give precise rules for installing rupture disks. Most manufacturers will
guarantee rupture disks they size according to the capacities and operating conditions set forth in
a purchase requisition or specification.

Designers, however, often must know the needed size of a rupture disk long before bids are
received from a manufacturer so the designer can specify vessel nozzles, plan piping, etc. 

The equations given in this procedure are based on standard disk sizing computations. They
provide a quick way of making a preliminary estimate of rupture-disk diameter for any gas or
liquid whose properties are known. The procedure is the work of V. Ganapathy, Bharat Heavy
Electricals Ltd., as reported in Chemical Engineering magazine.

TIME NEEDED TO EMPTY A STORAGE VESSEL 
WITHOUT DISHED ENDS

How long will it take to empty a 10-ft (3-m) diameter spherical tank filled to a height of 8 ft (2.4 m)
with ethanol, a newtonian fluid, if the drain is a short 2-in (5.1-cm) diameter tube of double extra-
strong pipe?

Calculation Procedure

1. Determine the discharge coefficient for the drain. Figure 29 shows that the discharge coeffi-
cient is Cd = 0.80 for a short, flush-mounted tube.

2. Compute the discharge time. Substitute the appropriate values in the equation in Fig. 29 for spher-
ical storage tanks. Or, t = (2)0.5(p)(8)1.5[10 – (0.6 × 8)]/[3(0.8)(1.774/144)(32.2)0.5] = 3116 s, or 51.9 min.
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FIGURE 29 Time to empty tanks. (Chemical Engineering.)
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Related Calculations Figure 29 gives the equations for computing the emptying time for four
common tank geometrics. The discharge coefficient Cd is constant for newtonian fluids in turbu-
lent flow, but the coefficient depends on the shape of the orifice. Water flowing through sharp-
edged orifices of 0.25-in (0.64-cm) diameter, or larger, is always turbulent. Thus, the assumption
of a constant Cd is valid for most practical applications. Figure 29 lists accepted Cd values.

The relations given here are valid for storage tanks used in a variety of applications—chemical
and petrochemical plants, power plants, waterworks, ships and boats, aircraft, etc. This procedure
is the work of Thomas C. Foster, as reported in Chemical Engineering magazine.

COST ESTIMATION OF HEAT EXCHANGERS AND STORAGE
TANKS VIA CORRELATIONS

Using correlations, estimate the cost of a fixed-head, carbon-steel heat exchanger rated for 150 lb/in2

(gage) (1034 kPa) having a total heat-transfer area of 1500 ft2 (139.4 m2). Using the same approach, esti-
mate the cost of a cone-roof storage tank made of carbon steel having a total capacity of 677,000 gal
(2,562,445 L). Show how to update the costs from the base year (cost index = 200.8) to a year in which
the cost index is 265.

Calculation Procedure

1. Compute the base cost of the head exchanger. Using Table 2, substitute the area A in the rela-
tion CB – exp [8.551 – 0.30863 ln A + 0.06811 (ln A)2]. Or, CB = exp [8.551 – 0.30863 ln 1500 +
0.06811 (ln 1500)2] = $20,670.

2. Determine the exchanger-type cost factor for the heat exchanger. Again, by using Table 2 for
a fixed-head exchanger, FD = exp (–1.1156 + 0.090606 ln A), where FD = exchanger-type cost factor.
Substituting yields FD = exp (–1.1156 + 0.090606 ln 1500) = 0.6357.

3. Find the design-pressure cost factor for the exchanger. From Table 2, the design-pressure cost
factor for a pressure in the 100 to 300-lb/in2 (gage) range (700 to 2100-kPa range) is FP = 0.7771 +
0.04981 ln A. Substituting, we find FP = 0.7771 + 0.04981 ln 1500 = 1.1414.
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TABLE 2 Correlations for Costs of Heat Exchangers*

USCS units SI units

Base cost for carbon-steel, floating-head, 100 lb/in2 Base cost for carbon-steel, floating-head,
(gage) exchanger: 700-kN/m2 exchanger:

CB = exp [8.551 – 0.30863 ln A + 0.06811 (ln A)2] CB = exp [8.202 + 0.01506 ln A + 0.06811 (ln A)2]

Exchanger-type cost factor: Exchanger-type cost factor:

Fixed-head: FD = exp (–1.1156 + 0.0906 ln A) Fixed-head: FD = exp (–0.9003 + 0.0906 ln A)
Kettle reboiler: FD = 1.35 Kettle reboiler: FD = 1.35
U-tube: FD = exp (−0.9816 + 0.0830 ln A) U-tube: FD = exp (−0.7844 + 0.0830 ln A)

Design-pressure cost factor: Design-pressure cost factor:

100 to 300 lb/in2 (gage): FP = 0.7771 + 0.04981 ln A 700–2100 kN/m2: FP = 0.8955 + 0.04981 ln A
300 to 600 lb/in2 (gage): FP = 1.0305 + 0.07140 ln A 2100–4200 kN/m2: FP = 1.2002 + 0.07140 ln A
600 to 900 lb/in2 (gage): FP = 1.1400 + 0.12088 ln A 4200–6200 kN/m2: FP = 1.4272 + 0.12088 ln A

A in ft2; lower limit: 150 ft2, upper limit: 12,000 ft2 A in m2; lower limit: 14 m2, upper limit: 1100 m2.

*Chemical Engineering.
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4. Find the materials-of-construction cost factor. The materials-of-construction cost factor, FM,
for carbon steel is unity, or 1.0. Factors for other materials of construction are shown in Table 3.

5. Compute the heat-exchanger cost. Use the relation CE = CBFDFPFM, where CE = exchanger
cost. Or, CE = ($20,670)(0.6357)(1.1414)(1.0) = $15,000.

6. Update the heat-exchanger cost. The base-year cost index—for 1976, the year on which the
above costs are based—is 200.8. For the year in which the cost estimate is being made, the cost index
is 265 (obtained from any of the standard, widely accepted cost indices). Updating the heat-exchanger
cost reveals CEU = $15,000(265/200.8) = $19,796. In this relation, the updated cost is CEU = CE
(current-year equipment cost index/base-year cost index).

7. Compute the storage-tank cost. Using Table 4, apply the relation CB = exp [11.362 – 0.6104
ln V + 0.045355 (ln V)2], where CB = base cost of field-erected tank in carbon steel; V = tank
volume, gal. Substituting gives CB = exp [11.362 – 0.6104 ln 677.000 + 0.045355 (ln 677,000)2] =
$84,300. Updating the cost, as before, we find CBU = $84,300(265/200.8) = $111,252. Table 5
shows materials of construction cost factors for storage tanks.

Related Calculations The approach given here correlates the cost of shell-and-tube heat
exchangers and heat-transfer area. This contrasts with cost estimation procedures that take into

CHEMICAL AND PROCESS PLANT ENGINEERING 5.51

TABLE 4 Correlations for Costs of Storage Tanks*

USCS units SI units

Base cost for carbon-steel, shop-fabricated tanks: Base cost for carbon-steel, shop-fabricated tanks:

CB = exp [2.331 + 1.3673 ln V – 0.063088 (ln V )2] CB = exp [7.994 + 0.6637 ln V − 0.063088 (ln V)2]

V in gallons; lower limit: 1300 gal, upper limit: V in m3; lower limit: 5 m3, upper limit: 80 m3

21,000 gal Base cost for carbon-steel, field-erected tanks:
Base cost for carbon-steel, field-erected tanks: CB = exp [9.369 − 0.1045 ln V + 0.045355 (ln V)2]
CB = exp [11.362 – 0.6104 ln V + 0.045355 (ln V )2] V in m3; lower limit: 80 m3, upper limit: 45,000 m3

V in gallons; lower limit: 21,000 gal, upper limit:
11,000,000 gal

*Chemical Engineering.

TABLE 3 Material-of-Construction Cost Factors for Heat Exchangers*

USCS units, A in ft2 SI units, A in m2

FM = g1 + g2 ln A FM = g1 + g2 ln A

Material g1 g2 g1 g2

Stainless steel 316 0.8608 0.23296 1.4144 0.23296
Stainless steel 304 0.8193 0.15984 1.1991 0.15984
Stainless steel 347 0.6116 0.22186 1.1388 0.22186
Nickel 200 1.5092 0.60859 2.9553 0.60859
Monel 400 1.2989 0.43377 2.3296 0.43377
Inconel 600 1.2040 0.50764 2.4103 0.50764
Incoloy 825 1.1854 0.49706 2.3665 0.49706
Titanium 1.5420 0.42913 2.5617 0.42913
Hastelloy 0.1549 1.51774 3.7614 1.51774

*Chemical Engineering.
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account shell diameter, number and length of the tubes, types of heads, and other construction
details. The accuracy of the simple correlation of cost versus area is sufficient for preliminary cost
estimates.

Correlations for base cost are given in both USCS and SI units in the accompanying tables.
The base-cost basis for the equipment is given in each table. While heat-exchanger costs are
based on area, storage-tank costs are based on the total tank volume. The tank volume is calcu-
lated (for the base cost) from residence time, a fixed overcapacity factor of 20 percent, and vol-
umetric flow rate.

Omitted from the cost estimation procedure given here are the number and sizes of nozzles
and manholes and other design details. These details cause variations in cost that are usually
within the accuracy of preliminary estimates.

Data on the cost of shell-and-tube heat exchangers in a wide range of heat-transfer areas and
design pressures were used in developing the correlations for 10 different materials of construc-
tion and three design types. PDQ$, Inc., supplied these and the cost data for cylindrical carbon-
steel tanks having cone roofs and flat bottoms in a wide range of volumes. The cost of
field-erected tanks includes the cost of platforms and ladders, but not of foundations and other
installation materials (piping, electric instrumentation, etc.). The cost of the shop-fabricated tanks
does not include any of the installation materials. 

This procedure is the work of Armando B. Corripio, Louisiana State University, and Katherine
S. Chrien and Lawrence B. Evans, both of the Massachusetts Institute of Technology, as reported
in Chemical Engineering magazine.

ESTIMATING CENTRIFUGAL-PUMP AND ELECTRIC-MOTOR 
COST BY USING CORRELATIONS

Determine the cost of a ductile-steel pump to deliver 1430 gal/min (90.2 L/s) at a differential head
of 77 ft⋅lbf/lb (230.2 J/kg). A horizontally split case one-stage pump running at 3550 r/min is spec-
ified. The specific gravity of the fluid being pumped is 0.952
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TABLE 5 Material-of-Construction Cost Factors for Storage
Tanks*

Material of construction Cost factor FM

Stainless steel 316 2.7
Stainless steel 304 2.4
Stainless steel 347 3.0
Nickel 3.5
Monel 3.3
Inconel 3.8
Zirconium 11.0
Titanium 11.0
Brick-and-rubber- or brick-and-polyester- 2.75
lined steel

Rubber- or lead-lined steel 1.9
Polyester, fiberglass-reinforced 0.32
Aluminum 2.7
Copper 2.3
Concrete 0.55

*Chemical Engineering.
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Calculation Procedure

1. Determine the size parameter S. The size parameter is defined as S = QH0.5, where Q = design
capacity of the pump, gal/min (m3/s), and H is the required head for the pump, ft⋅lb/lb or J/kg. Sub-
stituting, we get S = 1430(77)0.5 = 12,550, closely.

2. Find the pump base cost CB. Use the base cost relation from Table 6, or CB = exp [8.3949 –
0.6019 ln S + 0.0519 (ln S)2]. So CB = exp [8.3949 – 0.6019 ln 12,550 + 0.0519 (ln 12,550)2] =
$1536.

3. Compute the pump design-type factor FT. Table 6 shows that the design-type factor for a one-
stage, 3550-r/min HSC pump is found from FT = exp [b1 + b2 ln S + f3 (ln S)2]. Substituting the values
given in the table, we see FT = exp [0.0632 +
0.2744 ln 12,550 – 0.0253 (ln 12,550)2] = 1.491.

4. Find the materials-of-construction factor FM.
From Table 7 for ductile iron, FM = 1.15.

5. Compute the pump cost CP with base plate
and coupling. Use the relation CP = CBFTFM,
where the symbols are as given above. Thus, CP =
($1536)(1.491)(1.15) = $2630.

6. Determine the required horsepower for the
motor. Use the relation PB = pQH/33,000NP,
where PB = bhp input to pump; p = fluid density,
lb/gal; NP = pump efficiency, percent; other sym-
bols as given earlier. In this method of cost esti-
mating, NQ = –0.316 + 0.24015 (ln Q) – 0.01199
(ln Q)2.

Find the fluid density from p = specific gravity
(8.33 lb/gal) = 0.952(8.33) = 7.93 lb/gal (0.94 kg/L).
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TABLE 6 Correlations for Costs of Centrifugal Pumps*

USCS units SI units

Base cost for one-stage, 3550 r/min, VSC cast-iron pump: Base cost for one-stage, 3550-r/min, VSC cast-iron pump:

CB = exp [8.3949 – 0.6019 ln S + 0.0519(ln S)2] CB = exp [7.2234 + 0.3451 ln S + 0.0519(ln S)2]

Here, S = Q , with Q in gal/min and H in ft⋅lbf/lb Here, S = Q , with Q in m3/s, and H in J/kg or m2/s2.
(ft of head). Cost factor for pump type:
Cost factor for pump type: FT = exp [b1 + b2 ln S + b3 (ln S)2]

FT = exp [b1 + b2 ln S + b3 (ln S)2]

Type b1 b2 b3 Type b1 b2 b3

One-stage, 1750-r/min, VSC 5.1029 –1.2217 0.0771 One-stage, 1750-r/min, VSC 0.3740 0.1851 0.0771
One-stage, 3550-r/min, HSC 0.0632 0.2744 –0.0253 One-stage, 3550-r/min, HSC 0.4612 –0.1872 –0.0253
One-stage, 1750-r/min, HSC 2.0290 –0.2371 0.0102 One-stage, 1750-r/min, HSC 0.7147 –0.0510 0.0102
Two-stage, 3550-r/min, HSC 13.7321 –2.8304 0.1542 Two-stage, 3550-r/min, HSC 0.7445 –0.0167 0.1542
Multistage, 3550-r/min, HSC 9.8849 –1.6164 0.0834 Multistage, 3550-r/min, HSC 2.0798 –0.0946 0.0834

*Chemical Engineering and Richardson Engineering Services, Inc.

HH

TABLE 7 Cost Factors for Material of 
Construction*

(Source: Monsanto Co.’s FLOWTRAN 
pump-costing subprogram.)

Material Cost factor FM

Cast steel 1.35
304 or 316 fittings 1.15
Stainless steel, 304 or 316 2.00
Cast Gould’s alloy no.20 2.00
Nickel 3.50
Monel 3.30
ISO B 4.95
ISO C 4.60
Titanium 9.70
Hastelloy C 2.95
Ductile iron 1.15
Bronze 1.90

*Chemical Engineering.
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TABLE 8 Correlation for Cost of Electric Motors*

Cost of 60-Hz standard-voltage motor and insulation, discounted: 
CM = exp [a1 + a2 ln P + a3(ln P)2]
P is the nominal size in horsepower

Coefficients

a1 a2 a3 hp limits kW limits

Open, drip-proof:
3600 r/min 4.8314 0.09666 0.10960 1–7.5 0.75–5.6

4.1514 0.53470 0.05252 7.5–250 5.6–186.5
4.2432 1.03251 –0.03595 250–700 186.5–522.2

1800 r/min 4.7075 –0.01511 0.22888 1–7.5 0.75–5.6
4.5212 0.47242 0.04820 7.5–250 5.6–186.5
7.4044 −0.06464 0.05448 250–600 186.5–447.6

1200 r/min 4.9298 0.30118 0.12630 1–7.5 0.75–5.6
5.0999 0.35861 0.06052 7.5–250 5.6–186.5
4.6163 0.88531 –0.02188 250–500 186.5–373.0

Totally enclosed, fan-cooled:
3600 r/min 5.1058 0.03316 0.15374 1–7.5 0.75–5.6

3.8544 0.83311 0.02399 7.5–250 5.6–186.5
5.3182 1.08470 –0.05695 250–400 186.5–298.4

1800 r/min 4.9687 –0.00930 0.22616 7.5–250 5.6–186.5
4.5347 0.57065 0.04609

1200 r/min 5.1532 0.28931 0.14357 1–7.5 0.75–5.6
5.3858 0.31004 0.07406 7.5–350 5.6–261.1

Explosion-proof:
3600 r/min 5.3934 –0.00333 0.15475 1–7.5 0.75–5.6

4.4442 0.60820 0.05202 7.5–200 5.6–149.2
1800 r/min 5.2851 0.00048 0.19949 1–7.5 0.75–5.6

4.8178 0.51086 0.05293 7.5–250 5.6–186.5
1200 r/min 5.4166 0.31216 0.10573 1–7.5 0.75–5.6

5.5655 0.31284 0.07212 7.5–200 5.6–149.2

*Chemical Engineering.

TABLE 9 Flow, Head, and Power Limits for Centrifugal Pumps*

Flow, gal/min (m3/s) Head, ft⋅lbf/lb (J/kg)
Motor

Lower limit Upper limit Lower limit Upper limit kW

One-stage, 3550 50 (0.00315) 900 (0.568) 50 (150) 400 (1200) 75 55.95
r/min, VSC

One-stage, 1750 50 (0.00315) 3500 (0.2208) 50 (150) 200 (600) 200 149.2
r/min, VSC

One-stage, 3550 100 (0.00631) 1500 (0.0946) 100 (300) 450 (1350) 150 111.9
r/min, HSC

One-stage, 1750 250 (0.01577) 5000 (0.3155) 50 (150) 500 (1500) 250 186.5
r/min, HSC

Two-stage, 3550 50 (0.00315) 1100 (0.0694) 300 (900) 1100 (3300) 250 186.5
r/min, HSC

Multistage, 3550 100 (0.00631) 1500 (0.0946) 650 (2000) 3200 (9600) 1450 1081.7
r/min, HSC

*Chemical Engineering.

Motor
hp,

upper
limit
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The pump efficiency, from the previous relation,
is NP = –0.316 + 0.24015 (ln 1430) – 0.01199
(ln 1430)2 = 0.796.

Substituting in the power relation yields
PB = 7.93 (1430)(77)/33,000(0.796) = 33.2 hp
(24.8 kW). A 40-hp (29.8⋅kW) motor is
required for this pump.

7. Compute the cost of the electric motor.
Use the appropriate correlation from Table 8.
Assume a 3600-r/min totally enclosed fan-
cooled motor is needed. Then the motor cost
CM = exp [3.8544 + 0.8331 (ln PB) + 0.02399
(ln PB)2] = exp [3.8544 + 0.8331 (ln 40) + 0.02399 (ln 40)2] = $1410.

8. Determine the total cost of the pump and motor. Find the sum of CP + CM. Or, CP + CM =
$2630 + $1410 = $4040.

9. Compute the pump power consumption. Use the relation UM + 0.80 = 0.0319 (ln PB) – 0.00182
(ln PB)2 to find the efficiency of the motor. By substituting, NM = 0.80 + 0.0319 (ln 33.2) – 0.00182
ln (33.2)2 = 0.889. Then the pump power consumption PC = PB/NM = 33.2/0.889 = 37.3 hp (27.8 kW).

Related Calculations This procedure can be used for centrifugal pumps and electric motors in
a variety of industries and applications provided the pump and motor are of the type listed in the
tables. Typical industries and applications include chemical, petroleum, petrochemical, power,
marine, air-conditioning, heating, and food processing.

Data on the cost of centrifugal pumps and electric motors were taken from Vol. 4 of the data
book by Richardson Engineering Services (Solana Beach, CA), Process Plant Construction
Estimating Standards. The material-of-construction cost factors for pumps were taken from
Monsanto Co.’s FLOWTRAN pump-costing subprograms.

Although the cost of a pump includes the cost of the driver coupling, cost correlations for belt-,
chain-, and variable-speed drive couplings were obtained from the U.S. Bureau of Mines equipment-
costing program. These correlations were escalated from their original data of 1967 to the first quar-
ter of 1979 by using the chemical engineering pumps and compressors index ratio of 270/11.2 = 2.43.
All other cost data were for the first quarter of 1979, when the pumps and compressors index was
270 and the electrical equipment index was 175.5. To update the costs to the year in which an esti-
mate is being made, simply apply the current index, as detailed in the preceding procedure.

Table 9 gives the flow, head, and power limits for the centrifugal pumps considered in this pro-
cedure. Table 10 shows the correlations for the cost of drive couplings for the pumps. 

This procedure is the work of Armando B. Corripio, Louisiana State University; Katherine S.
Chrien of J.S. Dweck, Consultant, Inc.; and Lawrence B. Evans, Massachusetts Institute of Technol-
ogy, as reported in Chemical Engineering magazine.

DETERMINING THE FRICTION FACTOR FOR FLOW
OF BINGHAM PLASTICS

REFERENCES

[1] E. Buckingham, On Plastic Flow Through Capillary Tubes, ASTM Proc., Vol. 21, 1154 (1921); [2] R. W.
Hanks and D. R. Pratt, On the Flow of Bingham Plastic Slurries in Pipes and between Parallel Plates, Soc.
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TABLE 10 Correlations for Cost of Drive Coupling*

Cost of belt-drive coupling:

CC = exp (3.689 + 0.8917 ln P)

Cost of chain-drive coupling:

CC = exp (5.329 + 0.5048 ln P)

Cost of variable-speed-drive coupling:

CC = 1/[1.562 × 10–4 + (7.877 × 10–4/P)]

Upper limit = 75 hp; S = nominal motor size in hp

*Chemical Engineering and U.S. Bureau of Mines.
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Petrol. Eng. J., Vol. 1, 342 (1967); [3] R. W. Hanks and B. H. Dadia, Theoretical Analysis of the Turbulent Flow
of Non-Newtonian Slurries in Pipes, AIChE J., Vol. 17, 554 (1971); [4] S. W. Churchill, Friction-factor Equa-
tion Spans All Fluid-flow Regimes, Chem. Eng., Nov. 7, 1977, pp. 91–92; [5] S. W. Churchill and R. A. Usagi,
A General Expression for the Correlation of Rates of Transfer and Other Phenomena, AIChE J., Vol. 18, No. 6,
1121–1128 (1972); [6] R. L. Whitmore, Rheology of the Circulation, Pergamon Press, Oxford, 1968; [7] N.
Casson, A Flow Equation for Pigment-Oil Dispersions of the Printing Ink Type, Ch. 5 in Rheology of Disperse
Systems, C. C. Mill (ed.), Pergamon Press, Oxford, 1959; [8] R. Darby and B. A. Rogers, Non-Newtonian Vis-
cous Properties of Methacoal Suspensions, AIChE J., Vol. 26, 310 (1980); [9] G. W. Govier and A. K. Aziz, The
Flow of Complex Mixtures in Pipes, Van Nostrand Reinhold, New York, 1972; [10] E. H. Steiner, The Rheol-
ogy of Molten Chocolate, Ch. 9 in C. C. Mill (ed.), op. cit.; [11] R. B. Bird, W. 1. Stewart, and E. N. Lightfoot.
Transport Phenomena, John Wiley & Sons, New York, 1960.

A coal slurry is being pumped through a 0.4413-m (18-in) diameter schedule 20 pipeline at a flow
rate of 400 m3/h. The slurry behaves as a Bingham plastic, with the following properties (at the rel-
evant temperature): t0 = 2 N/m2 (0.0418 lbf/ft2); m∞ = 0.03 Pa⋅s (30 cP); r = 1500 kg/m3 (93.6 lbm/ft3).
What is the Fanning friction factor for this system?

Calculation Procedure

1. Determine the Bingham Reynolds number and the Hedstrom number. Engineers today
often must size pipe or estimate pressure drops for fluids that are nonnewtonian in nature—
coal suspensions, latex paint, or printer’s ink, for example. This procedure shows how to find
the friction factors needed in such calculations for the many fluids that can be described by the
Bingham-plastic flow mode. The method is convenient to use and applies to all regimes of pipe
flow.

A Bingham plastic is a fluid that exhibits a yield stress; that is, the fluid at rest will not flow
unless some minimum stress t0 is applied. Newtonian fluids, in contrast, exhibit no yield stress, as
Fig. 30 shows.

The Bingham-plastic flow model can be expressed in terms of either shear stress t versus shear
rate , as in Fig. 30, or apparent viscosity h versus shear rate:

(1)

(2)

Equation 2 means that the apparent viscosity of a Bingham plastic depends on the shear rate.
The parameter m• is sometimes called the coefficient of rigidity, but it is really a limiting vis-
cosity. As Eq. 2 shows, apparent viscosity approaches m• as shear rate increases indefinitely.
Thus, the Bingham plastic behaves almost like a newtonian at sufficiently high shear rates,
exhibiting a viscosity of m• at such conditions. Table 11 shows values of t0 and m• for several
actual fluids.

For any incompressible fluid flowing through a pipe, the friction loss per unit mass F can be
expressed in terms of a Fanning friction factor f:

(3)

where L is the lengths of the pipe section, D is its diameter, and v is the fluid velocity. 
An exact description of friction loss for Bingham plastics in fully developed laminar pipe flow

was first published by Buckingham [1]. His expression can be rewritten in dimensionless form

F
fLv

D
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as follows:

(4)

where NRe is the Bingham Reynolds number (Dvp/m•) and NHe is the Hedstrom number (D2pt0/m2).
Equation 4 is implicit in fL, the laminar friction factor, but can be readily solved either by Newton’s
method or by iteration. Since the last term in Eq. 4 is normally small, the value of f obtained by omit-
ting this term is usually a good starting point for iterative solution.

For this pipeline

2. Find the friction factor fL for the laminar-flow regime. Substituting the values for NRe and NHe
into Eq. 4, we find fL = 0.007138.
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TABLE 11 Values of t0 and m∞

Fluid t0, N/m2 m∞, Pa⋅s Ref.

Blood (45% hematocrit) 0.005 0.0028 [6]
Printing-ink pigment in varnish (10% by wt.) 0.4 0.25 [7]
Coal suspension in methanol (35% by vol.) 1.6 0.04 [8]
Finely divided galena in water (37% by vol.) 4.0 0.057 [9]
Molten chocolate (100°F) 20 2.0 [10]
Thorium oxide in water (50% by vol.) 300 0.403 [11]

FIGURE 30 Bingham plastics exhibit a yield stress. (Chemical
Engineering.)
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3. Determine the friction factor fT for the turbulent-flow regime. Equation 4 describes the laminar-
flow sections. An empirical expression that fits the turbulent-flow regime is

(5)

where

(6)

We now have friction-factor expressions for both laminar and turbulent flow. Equation 6 does not
apply when NHe is less than 1000, but this is not a practical constraint for most Bingham plastics with
a measurable yield stress.

When NHe is above 300,000, the exponential term in Eq. 6 is essentially zero. Thus, a = −1.378
here, and Eq. 5 becomes

fT = 10−1.378(16,030)−0.193

= 0.006463

4. Find the friction factor f. Combine the fL and fT expressions to get a single friction factor valid
for all flow regimes:

(7)

where fL and fT are obtained from Eqs. 4 and 5, and the power m depends on the Bingham Reynolds
number:

(8)

The values of f predicted by Eq. 7 coincide with Hanks’s values in most places, and the general
agreement is excellent. Relative roughness is not a parameter in any of the equations because the
friction factor for nonnewtonian fluids, and particularly plastics, is not sensitive to pipe roughness.

Substituting yields m = 1.7 + 40,000/16,030 = 4.20, and f = [(0.007138)4.20 + (0.006463)4.20]1/4.20 =
0.00805.

If m had been very large, the bracketed term above would have approached zero. Generally, when
NRe is below 4000, Eq. 8 should be solved by taking f equal to the greater of fL and fT.

Related Calculations This procedure is valid for a variety of fluids met in many different indus-
trial and commercial applications. The procedure is the work of Ron Darby, Professor of Chem-
ical Engineering, Texas A & M University, College of Engineering, and Jeff Melson,
Undergraduate Fellow, Texas A & M, as reported in Chemical Engineering magazine. In their
report they cite works by Hanks and Pratt [2], Hanks and Dadia [3], Churchill [4], and Churchill
and Usagi [5] as important in the procedure described and presented here.

TIME NEEDED TO EMPTY A STORAGE VESSEL WITH DISHED ENDS

A tank with a 6-ft (1.8-m) diameter cylindrical section that is 16 ft (4.9 m) long has elliptical ends,
each with a depth of 2 ft (0.7 m), and is half-full with ethanol, a newtonian fluid. How long will it take
to empty the tank if it is set horizontally and fitted at the bottom with a drain consisting of a short tube
of 2-in (5.1-cm) double extrastrong pipe? How long will it take to empty the tank if it is set vertically
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and fitted at the bottom with a drainpipe of 2-in (5.1-cm) double extrastrong pipe? The drain system
extends 4 ft (1.2 m) below the dished bottom and has an equivalent length of 250 ft (76.2 m).

Calculation Procedure

1. Determine the discharge coefficient for, and orifice area of, the drain tube. Figure 29 shows
the discharge coefficient is Cd = 0.80 for a short, flush-mounted tube. Baumeister, in Mark’s Stan-
dard Handbook for Mechanical Engineers, indicates the internal section area of the tube is An =
1.774 in2 (11.4 cm2).

2. Compute the discharge time for the tank in a horizontal position. Substitute the appropri-
ate values in the equation for tp shown under the storage tanks in Fig. 31. Thus, tp =
[(8)0.5/[3(0.80)(1.774/144)(32.2)0.5]{16[(6)1.5 – (6 – 3)1.5] + [2p(3)1.5/6][6 – (3/5)(3)]} = 2948 s,
or 49.1 min.

3. Determine the internal diameter and friction factor for the drainpipe. From Baumeister,
Mark’s Standard Handbook for Mechanical Engineers, the internal diameter of the pipe is d = 1.503
in (3.8 cm), or 0.125 ft (0.038 m) and the Moody friction factor is f = 0.020 for the equivalent length,
l = 250 ft (76.2 m), of pipe. 

4. Compute the initial and final height above the drainpipe outlet for the cylindrical section. Initial
height of the liquid is H1 = a + b + ho = [(16/2) + 2 + 4] = 14.0 ft (4.3 m). Final height is HF = b + ho =
2 + 4 = 6 ft (1.8 m).

CHEMICAL AND PROCESS PLANT ENGINEERING 5.59

FIGURE 31 Time to drain tanks. (a) Top and (b) front view of horizontal cylinder with dished ends.
(c) Vertical cylinder with dished-end and drainpipe system. (Chemical Engineering).
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5. Compute the time required to drain the cylindrical section of the tank. Substitute the appro-
priate values in the equation for tc shown under the storage tanks in Fig. 31. Hence, tc =
[(6)2/(0.125)2]{(2/32.2)[1 + (0.020 × 250/0.125)]}0.5[(14)0.5 – (6)0.5] = 4751 s, or 79.2 min.

6. Compute the initial and final liquid height above the drainpipe outlet for the elliptically dished head.
Initial height of the liquid is H1 = b + ho = 2 + 4 = 6 ft (1.8 m). Final height is H2 = ho = 4 ft (1.2 m).

7. Compute how long it will take to empty the dished bottom of the tank. In order to solve for te
it is necessary to determine the following values: B = ho + b = 4 + 2 = 6 ft (1.8 m); E2 = h2

o + 2bho =
(4)2 + 2(2)(4) = 32 ft2 (3.0 m2); C = [D/(db)]2{[1/(2g)][1+ (f1/d)]}0.5 = [6/(0.125 × 2)]2{[1/(2 ×
32.2)][1 + ([0.02 × 250 ]/0.125)]}0.5 = 459.6, s/ft5/2 (s/m5/2).

Then, use the values for B, E2, C, and other relevant dimensions to find te from the equation
shown under the storage tanks in Fig. 31. Thus, te = 459.6 [(2 × 42/5) – (4 × 6 × 4/3) + 2(32)](4)0.5 –
[(2 × 62/5) − (4 × 6 × 6/3) + 2(32)](60.5) = 1073 s, or 17.9 min. 

8. Compute the time it will take to drain the half-full vertical tank. Total time is tv + tc + te = 4751 +
1073 = 5824 s, or 96.1 min.

Related Calculations Figure 31 shows the equation for computing the emptying time for a hor-
izontal cylindrical tank with elliptically dished ends and equations for calculating the emptying
time for a vertical cylindrical tank with an elliptically dished bottom end fitted with a drain
system. The symbols An, g, t, and Cd are defined as in the previous problem for a storage vessel
without dished ends, except that An is now the drainpipe internal area.

The term associated with the second pair of brackets in the equation for tp accounts for the
dished ends of the horizontal tank. For hemispherical ends b = D/2 and for flat ends, b = 0.

When seeking the time required to drain a portion of the cylindrical part of the vertical tank
use the formula for tc with the appropriate values for H1 and HF and other pertinent variables. To
find the time it takes to drain a portion of the dished bottom of the vertical tank use the formula
for te with given values of H1 and H2 and other applicable variables.

The relations given here are valid for storage tanks used in a variety of applications—chemical
and petrochemical plants, power plants, waterworks, ships and boats, aircraft, etc. The procedure
for a horizontal cylindrical tank with dished ends is the work of Jude T. Sommerfeld, and the pro-
cedure for a vertical cylindrical tank with a dished bottom end is the work of Mahnoosh Shoael
and Jude T. Sommerfeld, as reported in Chemical Engineering magazine.

CHECKING THE VACUUM RATING OF A STORAGE VESSEL

Check the vacuum rating of a cylindrical flat-ended process tank which is 12.75 ft (3.9 m) tall and
4 ft (1.22 m) in diameter. It contains fresh water at 190°F (87.8°C) and is located where g = 32.0 ft/s2

(9.8 m/s2) and the atmospheric pressure is 14.7 lb/in2 (101.3 kPa). What is its maximum vacuum
when the tank is gravity-drained? Find both the final tank vacuum and final height of liquid above
the tank bottom when the tank is initially 75 percent full, first with gravity drain and then using a
pumped drain, each discharging to the atmosphere. The pumped-drain piping system consists of
double extra-strong 2-in (5.1-cm) pipe with an equivalent length of 75 ft (22.9 m) and a pump which
can discharge 40 gal/min (151 L/min) with its suction centerline 2 ft (0.61 m) below the tank bottom
and has a net positive suction head of 4.5 ft (1.4 m).

Calculation Procedure

1. Find the density of the fresh water. From a suitable source such as Baumeister, Mark’s Stan-
dard Handbook for Mechanical Engineers, freshwater density r = 60.33 lb/ft3 (966.7 kg/m3) at the
given conditions.
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2. Compute the maximum vacuum rating with gravity drain. A shortcut method gives the max-
imum vacuum rating by use of the equation for Ps in Fig. 32 where H = overall vertical dimension
of the tank; r = density of the fresh water; g = acceleration due to gravity at the tank’s location; and
gc = 32.174 lb⋅ft/lb⋅s2, a conversion factor. Substituting appropriate values gives Ps = 2.036(12.75)
(60.33)(32.0/[144 × 32.174]) = 10.82 in Hg (36.64 kPa).

3. Compute the head space volume when the tank is 75 percent full. Airspace volume Vo = (1.00 –
0.75)(H × 0.7854 D2) = 0.25(12.75 × 0.7854 × 42) = 40.1 ft3 (1.14 m3).

4. Compute the final height of liquid above the tank bottom created by gravity drain. By trial
and error, the final height of liquid can be computed by solving the equation for hfg shown in Fig. 32
where the ambient atmospheric pressure Po = 14.7 lb/in2 (101.3 kPa); tank radius R = 2 ft (0.61 m);
initial fluid height above tank bottom ho = 0.75H = 0.75(12.75) = 9.56 ft (2.91 m); ratio of molar

CHEMICAL AND PROCESS PLANT ENGINEERING 5.61

FIGURE 32 Vacuum rating of tanks.
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specific heats, Cp/Cv, is γ = 1.4 for diatomic gases. Assuming a reasonable initial value of hfg on the
right-hand side of the equation and substituting appropriate other values, too, gives hfg = 144(14.7)(1 –
{40.1/[40.1 + p(22)(9.56 – hfg)]}1.4)/(60.33 × 32.0/32.174) = 7.18 ft (2.19 m), where the left-hand side
value is used to repeat the interation process until the hfg values on either side of the equal sign are in
close agreement.

5. Compute the final tank vacuum under gravity drain. Use the equation for Pg shown in Fig. 32
to find the final tank vacuum. Thus, Pg = 29.92 × 7.18 × 60.33 × 32.0/(144 × 14.7 × 32.174) = 6.09
in Hg (20.62 kPa).

6. Compute the water velocity in the pumped-drain system piping. Pump’s flow rate q = (40 gal/
min)/([7.48 gal/ft3][60 s/min]) = 0.0891 ft3/s (0.0025 m3/s). The sectional area of the 2 in (5.1 cm)
double extra-strong pipe is a = 0.7854d2 = 0.7854(1.503/12)2 = 0.0123 ft2 (0.00114 m2). Thus, water
mean velocity v = q/a = 0.0891/0.0123 = 7.24 ft/s (2.2 m/s).

7. Determine the fluid’s viscosity. From Baumeister, Mark’s Standard Handbook for Mechanical
Engineers, fresh water at 190°F (87.8°C) has a dynamic viscosity of m = 6.75 × 10–6 lb⋅s/ft2 (323.2 ×
10–6 Pa⋅s).

8. Compute the Reynold’s number for the drain system piping. Using pertinent values found pre-
viously, Reynold’s number = Re = rvd/m = (60.33 × 7.24)(1.1503/12)/(6.75 × 10–6) = 8,088,690.

9. Find the friction factor for the drain system piping. Baumeister, Mark’s Standard Handbook
for Mechanical Engineers, indicates that the relative roughness factor for the drain piping is �/d =
150 × 10–6/0.12 = 0.0012, hence the Moody friction factor is f = 0.02 for the above value of NR.

10. Compute the friction loss of the pumped-drain piping system. Friction loss F1 = (fL/d)(v2/2g)
where F1 is in feet (m) of fresh water and L is the equivalent length of the piping system in ft (m).
Substituting, F1 = (0.02 × 75/0.125)(7.242/[2 × 32.174]) = 9.77 ft (1.98 m).

11. Compute the final height of liquid above the tank bottom created by the pumped drain. In the
equation for hfp shown in Fig. 32, the net positive suction head (NPSH) = 4.5 ft (1.37 m); freshwater
vapor pressure Vp = 22.29 ft (6.79 m) of water (Baumeister, Mark’s Standard Handbook for Mechanical
Engineers); height between tank bottom and centerline of pump suction hi = 2 ft (0.61 m). Substituting
appropriate values gives hfp = 4 + 9.77 + 22.29 – 2 – 144(14.7){40.1/[40.1 + p(22)(9.56 – hfp)]}1.4/
(60.33 × 32.0/32.174) = 6.94 ft (2.12 m), by trial and error, as was done for the gravity drain. From 4 to
10 trials should do it.

12. Compute the final tank vacuum for the pumped drain. Final tank vacuum is found by solving
the equation for Pp shown in Fig. 32, thus, Pp = 2.036(14.7){1 – (40.1/[40.1 + (p × 22)(9.56)])1.4} =
19.44 in Hg (65.83 kPa).

Related Calculations Specifying an appropriate vacuum rating could prevent the collapse of a
storage vessel as the contents are being drained while the vent is inadvertently blocked. Vacuum
ratings range from full vacuum to no vacuum. A full vacuum rating is advisable for tanks such as
those for steam-sterilized sanitary service and those with pumped discharge. Tanks with vents
that cannot be blocked require no vacuum rating.

That the maximum gravity-drain vacuum rating occurs at 100 percent full capacity was borne
out by the above calculations for Ps and Pg. However, the pumped-drain vacuum rating Pp, under
more favorable conditions, still turned out to be 3.19 times greater than Ps, the maximum for
gravity drain. This varies with pump capacity and the drain system piping size. These calcula-
tions assume ideal gas behavior in the head space above the fluid surface and the process is con-
sidered isothermal for drain times longer than 5 min. If the initial fluid height is set too low, it is
possible for the tank to be emptied by pump drain before maximum vacuum occurs. The calculations
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presume a centrifugal pump will not deliver if the NPSH requirements are not met and then back-
flow into the tank starts. Use the equation for Pp to find the final tank vacuum if it is expected
that the tank will be emptied before backflow occurs.

The procedure presented here allows the designer to choose a vacuum rating appropriate to
the tank. However, it is suggested that the designer perform applicable code calculations before
making a final decision on the vacuum rating for a tank. This presentation is based upon an arti-
cle by Barry Wintner of Life Sciences International, and which appeared in Chemical Engineer-
ing magazine.

DESIGNING PRISMATIC PRESSURE VESSELS

A closed-top tank filled with fresh water, Fig. 33a, is constructed of 0.3125 in (0.79 cm) medium
steel-plate sides. Plate’s allowable bending stress = 19,330 lb/in2 (133.3 MPa) and modulus of elas-
ticity = 27.9 × 106 lb/in2 (192.4 Gpa). Where should horizontal stiffeners be located and what size
should they be if their allowable bending stress is 16,000 lb/in2 (110.32 Gpa)?

Calculation Procedure

1. Check out an initial tentative height for the lowest plate, panel No. 1. Assume the vertical
dimension of panel No. 1 is one-third the tank height, or b1 = H/3 = 135/3 = 45 in (1.14 m). Varia-
tion of the liquid’s horizontal pressure is symbolized by the inclined line shown in Fig. 33b. Aver-
age pressure distribution over the entire panel is considered to be represented by the pressure head
at a level two-thirds down the panel, as indicated by h1 in Fig. 33c. Thus, the applied uniform pres-
sure is p1 = h1g , where p1 is in lb/in2 (Pa); h1 is in in (m); specific weight g is in lb/in3 (N/m3). Hence,
p1 = [H – (b1/3)][g] = [135 – (45/3)][62.4/1728] =
120(0.0361) = 4.33 lb/in2 (29.85 kPa).

Then, since the panel dimension ratio a/b =
60/45 = 1.33 select, by interpolation from Table 12,
deflection parameter a = 0.0213 and bending
parameter b = 0.4173. The equation for calculat-
ing the panel height is b = (sbt

2/b p)1/2, where b is
in in (m); allowable bending stress sb = 19,330
lb/in2 (133.3 MPa); plate thickness t = 0.3125 in
(0.79 × 10–2 m); other symbols are as determined
previously. Substituting, b1 = [(19,330 × 0.31252)/
(0.4173 × 4.33)]1/2 = 32.32 in (0.82 m). Since the
result is much smaller than the assumed value, it
is necessary to iterate again. Solutions emerge
quickly for low-pressure gradients such as those
for water or oil.

2. Review a revised tentative height for panel
No. 1. Repeating the previous procedure, but with b1 = 29 in (0.74 m), p1 = [H – (b1/3)](0.0361) =
[135 – (29/3)](0.0361) = 4.48 lb/in2 (30.89 kPa). Also, a/b1 = 60/29 = 2.07, a = 0.0279, and b =
0.4979. Then b1 = [(19,330 × 0.31252)/(0.4979 × 4.48)]1/2 = 29.1 in (0.74 m), and is tentatively
acceptable as 29 in (0.74 m).

3. Check panel No. 1 for bending stress. Although the calculated value is very close to the assumed
value of b1, it is best to check the actual plate stress by sb = bpb2/t2, or sb1 = 0.4979 × 4.48 ×

CHEMICAL AND PROCESS PLANT ENGINEERING 5.63

TABLE 12 Deflection and Bending Parameters
(Machine Design).

Dimension Deflection Bending
ratio parameter parameter
a/b a b

1.0 0.0138 0.3078
1.2 0.0188 0.3834
1.4 0.0226 0.4356
1.6 0.0251 0.4680
1.8 0.0267 0.4872
2.0 0.0277 0.4974
2.2 0.0282 0.4999
∞ 0.0284 0.5000
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292/0.31252 = 19,210 lb/in2 (132.4 MPa). This is less than the allowable bending stress; hence, the
panel height is still tentatively acceptable as 29 in (0.74 m).

4. Check panel No. 1 for deflection. Although the bending stress is acceptable, the panel should
now be checked for deflection, which may not exceed one-half the plate thickness t/2 = 0.3125/2 =
0.156 in (0.40 cm). The formula for deflection is d = apb4/Et3, where d = plate deflection, in (m);
modulus of elasticity E = 27.9 × 106 lb/in2 (192.4 Gpa); other variables are as previously determined.
Thus, d1 = 0.0279 × 4.48 × 294/(27.9 × 106 × 0.31253) = 0.104 in (0.26 cm). Since the deflection is
within the allowable limit, the value of b1 = 29 in (0.74 m) is now acceptable.

5.64 SECTION FIVE

FIGURE 33 (a) Tank dimensions. (b) Tank pressure distribution. (c) Tank elevation.
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5. Size the stiffener for panel No. 1. The stiffener is continuous around the tank; therefore, the ends
are practically fixed. Uniform loading along the length a of the stiffener is considered to be the sum
of the pressure loading acting on half of the panels on either side of the stiffener. Average pressure
exists at the horizontal centerline of the loaded area. This centerline is below the fluid surface at a dis-
tance d12 = b4 + b3 + (b2/2) + [(b2 + b1)/2] = 33 + 39 + (34/2) + [(34 + 29)/4] = 104.75 in (2.66 m).
Average pressure pa1 = 0.0361d12 = 0.0361 × 104.75 = 3.78 lb/in2 (26.06 kPa). Thus, the stiffener is
subjected to a uniform load W1 = pa1(b1 + b2)/2 = 3.78(29 + 34)/2 = 119.07 lb/in (20.85 kN/m). The
required composite section modulus of the stiffener and plate can be calculated from S = WL2/(12sa),
where S = section modulus, in3 (m3); L = a = length of the stiffener, in (m); sa = stiffener allowable
bending stress, lb/in2 (Pa). Thus, S1 = 119.07 × 602/(12 × 16,000) = 2.24 in3 (3.79 × 10–5 m3).

6. Check out an initial tentative height for panel No. 2. Assume b2 = (H – b1)/3 = (135 – 29)/3 =
35.3 in (0.90 m). Applied pressure p2 = h2(0.0361) = [H – b1 – (b2/3)](0.0361) = [135 – 29 –
(35.3/3)](0.0361) = 3.40 lb/in2 (23.44 kPa). And, a/b = 60/35.3 = 1.70, where a = 0.0259 and b =
0.4776. Substituting in the equation for panel height b2 = [(19,330 × 0.31252)/(0.4776 × 3.40)]1/2 = 34.1
in (0.87 m). This is so close to the assumed value that a tentative value of b2 = 34 in (0.86 m) can be set.

7. Check panel No. 2 for bending stress. Substituting in the equation for bending stress sb2 =
0.4776 × 3.40 × 342/0.31252 = 19,220 lb/in2 (132.5 MPa). This is within the allowable limit of the
bending stress.

8. Check panel No. 2 for deflection. Substituting in the equation for deflection d2 = 0.0259 × 3.40 ×
344/(27.9 × 106 × 0.31253) = 0.138 in (0.35 cm). Since this value is less than the allowable deflec-
tion of 0.156 in (0.40 cm), the height of panel 2 is now acceptable as 34 in (0.86 m).

9. Size the stiffener for panel No. 2. Pressure head d23 = b4 + (b3/2) + [(b3 + b2)/4] = 33 + (39/2) +
[(39 + 34)/4] = 70.75 in (1.80 m). Average pressure pa2 = 0.0361d2 = 0.0361(70.75) = 2.55 lb/in2

(17.56 kPa). Uniform load W2 = pa2(b2 + b3)/2 = 2.55(34 + 39)/2 = 93.08 lb/in (16.30 kN/m). Com-
posite section modulus S2 = W2a

2/(12sa) = 93.08 × 602/(12 × 16,000) = 1.75 in3 (2.94 × 10–5 m3).

10. Check out an initial tentative height for panel No. 3. Following the previous procedures,
assume panel height b3 = (135 – 29 – 34)/3 = 24 in (0.61 m). Applied pressure p3 = [135 – 29 – 34 –
(24/3)](0.0361) = 2.31 lb/in2 (15.93 kPa). Then, since a/b = 60/24 = 2.50, a = 0.0284 and b = 0.5000
for infinity because corresponding values for a/b = 2.50 are not much less. Substituting in the equa-
tion for panel height b3 = [19,330 × 0.31252/(0.5000 × 2.31)]1/2 = 40.4 in (1.23 m). Because the result
is much greater than the assumed value, it is necessary to iterate again. 

11. Check out a revised tentative height for panel No. 3. Repeating the previous procedure, but
with b3 = 48 in (1.22 m), p3 = h3(0.0361) = [135 – 29 – 34 – (48/3)](0.0361) = 2.02 lb/in2 (13.94 kPa).
Also, a/b = 60/48 = 1.25 and, by interpolation, a = 0.0201 and b = 0.4023. Again, solving for b3 =
[19,330 × 0.31252/(0.4023 × 2.02)]1/2 = 48.2 in (1.22 m). This result is very close to the assumed
value; hence b3 = 48 in (1.22 m) is tentatively acceptable.

12. Check panel No. 3 for bending stress. The actual plate stress sb3 = 0.4023 × 2.02 × 482/
(0.3125)2 = 19,170 lb/in2 (132.17 MPa). This stress is less than the allowable 19,330 lb/in2 (133.3 MPa),
hence the height of panel No. 3 may be less, but not more, than 48 in (1.22 m).

13. Check panel No. 3 for deflection. Substituting in the equation for deflection d3 = 0.0201 ×
2.02 × 484/(27.9 × 106 × 0.31253) = 0.253 in (0.64 cm). Since this deflection exceeds 0.156 in (0.40
cm), it is necessary to select a smaller value for b3.

14. Check panel No. 3 for deflection with its height reduced. With b3 = 39 in (0.99 m), h3 = 135 –
29 – 34 – (39/3) = 59 in (1.5 m) and p3 = 59 × 0.0361 = 2.13 lb/in2 (14.69 kPa). Also, for a/b = 60/39 =
1.54 the value of a = 0.0243. Then, d3 = 0.0243 × 2.13 × 394/(27.9 × 106 × 0.31253) = 0.141 in
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(0.36 cm). This deflection is close enough to 0.156 in (0.40 cm) to stop iterating for a value of b3
greater than 39 in (0.99 m) and less than 48 in (1.22 m) wherein the bending stress does not exceed
the allowable value.

15. Size the stiffener for panel No. 3. Pressure head d34 = (b4/2) + [(b4 + b3/4] = (33/2) + [(33 +
39)/4] = 34.5 in (0.88 m). Average pressure pa3 = 0.0361d3 = 0.0361 × 34.5 = 1.25 lb/in2 (8.62 kPa).
Uniform load W3 = pa3(b3 + b4)/2 = 1.25(39 + 33)/2 = 45 lb/in (7.88 kN/m). Composite section mod-
ulus S3 = W3a

2/(12sa) = 45.0 × 602/(12 × 16,000) = 0.84 in3 (1.42 × 10–5 m3).

16. Determine if there is a need for reinforcing panel No. 4. The height of the uppermost panel is
b4 = 135 – 29 – 34 – 39 = 33 in (0.84 m). Applied water pressure p4 = h4(0.0361) = (2 × 33/3)
(0.0361) = 0.79 lb/in2 (5.45 kPa). Panel dimension ratio a/b = 60/33 = 1.82, hence a = 0.0268 and
b = 0.4882. Then, b4 = [19,330 × 0.31252/(0.4882 × 0.79)]1/2 = 70.0 in (1.78 m). Since this calcu-
lated height is much greater than the actual height of the panel, it shows that panel No. 4 is ade-
quate without an additional stiffener.

Related Calculations Stiffeners divide the vessel faces into rectangular plates whose edges are
considered to be fixed. Plate thickness can be minimized to an optimum size which provides
panel heights within preferred magnitudes while maintaining maximum stress or deflection just
within allowable limits. For more accuracy in obtaining values for a and b and to avoid interpo-
lation, values may be obtained from graphs plotted from the listed values. 

The solution to this example is based upon the method shown in an article written by R. Jay
Smith and G.L.B. Knight in the November 26, 1981, issue of Machine Design magazine. Both
authors were associated with the Davy McKee Corp., Lakeland, Florida. 

MINIMUM-COST PRESSURE VESSELS

Find the diameter that minimizes the cost to construct a pressure tank with the following design char-
acteristics: volume V = 1400 ft3 (40 m3); allowable stress, s = 16,000 lb/in2 (110 MPa); welding effi-
ciency e = 85 percent; internal pressure p = 400 lb/in2 (2760 kPa); corrosion allowance tc = 0.05 in
(1.27 × 10–3 m). Also, find the length-to-diameter ratio of the tank.

Calculation Procedure

1. Compute the approximate diameter. Use the equation for the approximate diameter, Da =
[V(0.2898V1/3 + Z1)/(1.426V1/3 + Z2)]

1/3, where Z1 = 0.2829tc[(se/p) – 0.6] and Z2 = 0.2175tc[(se/p) – 0.6].
Substituting Z1 = 0.2829 × 0.05[(16,000 × 0.85/400) – 0.6] = 0.4724 and Z2 = 0.2175 × 0.05[(16,000 ×
0.85/400) – 0.6] = 0.3632. Then Da = {1400[0.2898(1400)1/3 + 0.4724]/[1.426(1400)1/3 + 0.3632]}1/3 =
6.83 ft (2.08 m).

2. Compute the exact diameter. The equation for the exact diameter is D = [V(0.4244D +
Z1)/(2.088D + Z2)]

1/3. For a first trial use the approximate diameter; hence, D = {1400[(0.4244 × 6.83)
+ 0.4724]/[(2.088 × 6.83) + 0.3632)}1/3 = 6.87 ft (2.09 m). Next, try D = 6.87 ft (2.09 m). Thus, D =
{1400[(0.4244 × 6.87) + 0.4724]/[(2.088 × 6.87) + 0.3632]}1/3 = 6.86 ft (2.09 m). Iterating once
more, D = {1400[(0.4244 × 6.86) + 0.4724]/[(2.088 × 6.86) + 0.3632]}1/3 = 6.86 ft (2.09 m); the
exact diameter.

3. Determine the length-to-diameter ratio of the tank. The length-to-diameter ratio L/D = 4V/pD3 =
(4 × 1400)/(p × 6.863) = 5.52.

5.66 SECTION FIVE
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Related Calculation The approximate equation directly provides the size of a diameter within
3 percent, or less, of the exact size. Greater accuracy can be obtained by iterating the exact equation
which converges rapidly. The length-to-diameter ratio varies accordingly. For metric calculations,
the coefficient for Z1 should be 3.420 instead of 0.2829 and for Z2 it should be 2.629 instead of
0.2175. 

This example is based on an article written by J. Zigrang and N.D. Sylvester, professor and
dean, respectively, at the University of Tulsa, Tulsa, Oklahoma. The piece appeared in the
December 12, 1985, issue of Machine Design magazine.

CHEMICAL AND PROCESS PLANT ENGINEERING 5.67
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WATER-SUPPLY SYSTEM FLOW-RATE
AND PRESSURE-LOSS ANALYSIS

A water-supply system will serve a city of 100,000 population. Two water mains arranged in a par-
allel configuration (Fig. 1a) will supply this city. Determine the flow rate, size, and head loss of each
pipe in this system. If the configuration in Fig. 1a were replaced by the single pipe shown in Fig. 1b,
what would the total head loss be if C = 100 and the flow rate were reduced to 2000 gal/min (126.2 L/s)?
Explain how the Hardy Cross method is applied to the water-supply piping system in Fig. 3.

Calculation Procedure

1. Compute the domestic water flow rate in the system. Use an average annual domestic water
consumption of 150 gal/day (0.0066 L/s) per capita. Hence, domestic water consumption = (150 gal
per capita per day)(100,000 persons) = 15,000,000 gal/day (657.1 L/s). To this domestic flow, the
flow required for fire protection must be added to determine the total flow required.

2. Compute the required flow rate for fire protection. Use the relation Qf = 1020(P)0.5 [1 −
0.01(P)0.5], where Qf = fire flow, gal/min; P = population in thousands. Substituting gives Qf =
1020(100)0.5 [1 − 0.01(100)0.5] = 9180, say 9200 gal/min (580.3 L/s).

6.2 SECTION SIX

FIGURE 1 (a) Parallel water distribution system; (b) single-pipe distribution
system.
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3. Apply a load factor to the domestic consumption. To provide for unusual water demands, many
design engineers apply a 200 to 250 percent load factor to the average hourly consumption that is deter-
mined from the average annual consumption. Thus, the average daily total consumption determined in
step 1 is based on an average annual daily demand. Convert the average daily total consumption in step 1
to an average hourly consumption by dividing by 24 h or 15,000,000/24 = 625,000 gal/h (657.1 L/s).
Next, apply a 200 percent load factor. Or, design hourly demand = 2.00(625,000) = 1,250,000 gal/h
(1314.1 L/s), or 1,250,000/60 min/h = 20,850, say 20,900 gal/min (1318.6 L/s).

4. Compute the total water flow required. The total water flow required = domestic flow, gal/min +
fire flow, gal/min = 20,900 + 9200 = 30,100 gal/min (1899.0 L/s). If this system were required to
supply water to one or more industrial plants in addition to the domestic and fire flows, the quantity
needed by the industrial plants would be added to the total flow computed above.

5. Select the flow rate for each pipe. The flow rate is not known for either pipe in Fig. 1a. Assume
that the shorter pipe a has a flow rate Qa of 12,100 gal/min (763.3 L/s), and the longer pipe b a flow
rate Qb of 18,000 gal/min (1135.6 L/s). Thus, Qa + Qb = Qt = 12,100 + 18,000 = 30,100 gal/min
(1899.0 L/s), where Q = flow, gal/min, in the pipe identified by the subscript a or b; Qt = total flow
in the system, gal/min.

6. Select the sizes of the pipes in the system. Since neither pipe size is known, some assumptions
must be made about the system. First, assume that a friction-head loss of 10 ft of water per 1000 ft
(3.0 m per 304.8 m) of pipe is suitable for this system. This is a typical allowable friction-head loss
for water-supply systems.

Second, assume that the pipe is sized by using the Hazen-Williams equation with the coefficient
C = 100. Most water-supply systems are designed with this equation and this value of C.

Enter Fig. 2 with the assumed friction-head loss of 10 ft/1000 ft (3.0 m/304.8 m) of pipe on the
right-hand scale, and project through the assumed Hazen-Williams coefficient C = 100. Extend this
straight line until it intersects the pivot axis. Next, enter Fig. 2 on the left-hand scale at the flow rate in
pipe a, 12,100 gal/min (763.3 L/s), and project to the previously found intersection on the pivot axis.
At the intersection with the pipe-diameter scale, read the required pipe size as 27-in (686-mm) diameter.
Note that if the required pipe size falls between two plotted sizes, the next larger size is used.

Now in any parallel piping system, the friction-head loss through any branch connecting two
common points equals the friction-head loss in any other branch connecting the same two points.
Using Fig. 2 for a 27-in (686-mm) pipe, find the actual friction-head loss at 8 ft/1000 ft (2.4 m/304.8
m) of pipe. Hence, the total friction-head loss in pipe a is (2000 ft long)(8 ft/1000 ft) = 16 ft (4.9 m)
of water. This is also the friction-head loss in pipe b.

Since pipe b is 3000 ft (914.4 m) long, the friction-head loss per 1000 ft (304.8 m) is total head
loss, ft/length of pipe, thousands of ft = 16/3 = 5.33 ft/1000 ft (1.6 m/304.8 m). Enter Fig. 2 at this
friction-head loss and C = 100. Project in the same manner as described for pipe a, and find the
required size of pipe b as 33 in (838.2 mm).

If the district being supplied by either pipe required a specific flow rate, this flow would be used
instead of assuming a flow rate. Then the pipe would be sized in the same manner as described above.

7. Compute the single-pipe equivalent length. When we deal with several different sizes of pipe
having the same flow rate, it is often convenient to convert each pipe to an equivalent length of a
common-size pipe. Many design engineers use 8-in (203-mm) pipe as the common size. Table 1
shows the equivalent length of 8-in (203-mm) pipe for various other sizes of pipe with C = 90, 100,
and 110 in the Hazen-Williams equation.

From Table 1, for 12-in (305-mm) pipe, the equivalent length of 8-in (203-mm) pipe is 0.14 ft/ft
when C = 100. Thus, total equivalent length of 8-in (203-mm) pipe = (1000 ft of 12-in pipe)(0.14 ft/ft) =
140 ft (42.7 m) of 8-in (203-mm) pipe. For the 14-in (356-mm) pipe, total equivalent length =
(600)(0.066) = 39.6 ft (12.1 m), using similar data from Table 1. For the 16-in (406-mm) pipe, total
equivalent length = (1400)(0.034) = 47.6 ft (14.5 m). Hence, total equivalent length of 8-in (203-mm)
pipe = 140 + 39.6 + 47.6 = 227.2 ft (69.3 m).

WATER AND WASTE-WATER ENGINEERING 6.3
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6.4 SECTION SIX

8. Determine the friction-head loss in the pipe. Enter Fig. 2 at the flow rate of 2000 gal/min
(126.2 L/s), and project through 8-in (203-mm) diameter to the pivot axis. From this intersection,
project through C = 100 to read the friction-head loss as 100 ft/1000 ft (30.5 m/304.8 m), due to
the friction of the water in the pipe. Since the equivalent length of the pipe is 227.2 ft (69.3 m), the
friction-head loss in the compound pipe is (227.2/1000)(110) = 25 ft (7.6 m) of water.

Related Calculations Two pipes, two piping systems, or a single pipe and a system of pipes are
said to be equivalent when the losses of head due to friction for equal rates of flow in the pipes
are equal.

FIGURE 2 Nomogram for solution of the Hazen-Williams equation for pipes flowing full.
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To determine the flow rates and friction-head losses in complex waterworks distribution sys-
tems, the Hardy Cross method of network analysis is often used. This method1 uses trial and error
to obtain successively more accurate approximations of the flow rate through a piping system. To
apply the Hardy Cross method: (1) Sketch the piping system layout as in Fig. 3. (2) Assume a flow
quantity, in terms of percentage of total flow, for each part of the piping system. In assuming a flow
quantity note that (a) the loss of head due to friction between any two points of a closed circuit must
be the same by any path by which the water may flow, and (b) the rate of inflow into any section of
the piping system must equal the outflow. (3) Compute the loss of head due to friction between two
points in each part of the system, based on the assumed flow in (a) the clockwise direction and
(b) the counterclockwise direction. A difference in the calculated friction-head losses in the two
directions indicates an error in the assumed direction of flow. (4) Compute a counterflow correc-
tion by dividing the difference in head, ∆h ft, by n(Q)n−1, where n = 1.85 and Q = flow, gal/min.
Indicate the direction of this counterflow in the pipe by an arrow starting at the right side of the
smaller value of h and curving toward the larger value, Fig. 3. (5) Add or subtract the counterflow
to or from the assumed flow, depending on whether its direction is the same or opposite. (6) Repeat
this process on each circuit in the system until a satisfactory balance of flow is obtained.

To compute the loss of head due to friction, step 3 of the Hardy Cross method, use any stan-
dard formula, such as the Hazen-Williams, that can be reduced to the form h = rQnL, where h =
head loss due to friction, ft of water; r = a coefficient depending on the diameter and roughness of
the pipe; Q = flow rate, gal/min; n = 1.85; L = length of pipe, ft. Table 2 gives values of r for 1000-
ft (304.8-m) lengths of various sizes of pipe and for different values of the Hazen-Williams coef-
ficient C. When the percentage of total flow is used for computing Σh in Fig. 3, the loss of head
due to friction in ft between any two points for any flow in gal/min is computed from h = [Σh(by
percentage of flow)/100,000] (gal/min/100)0.85. Figure 3 shows the details of the solution using
the Hardy Cross method. The circled numbers represent the flow quantities. Table 3 lists values
of numbers between 0 and 100 to the 0.85 power.

WATER-SUPPLY SYSTEM SELECTION

Choose the type of water-supply system for a city having a population of 100,000 persons. Indicate
which type of system would be suitable for such a city today and 20 years hence. The city is located
in an area of numerous lakes.

WATER AND WASTE-WATER ENGINEERING 6.5

1O’Rourke—General Engineering Handbook, McGraw-Hill.

TABLE 1 Equivalent Length of 8-in (203-mm) Pipe for C = 100

Pipe
diameter

in mm C = 90 C = 100 C = 110

2 51 1012 851 712
4 102 34 29 24.3
6 152 4.8 4.06 3.4
8 203 1.19 1.00 0.84

10 254 0.40 0.34 0.285
12 305 0.17 0.14 0.117
14 356 0.078 0.066 0.055
16 406 0.040 0.034 0.029
18 457 0.023 0.019 0.016
20 508 0.0137 0.0115 0.0096
24 610 0.0056 0.0047 0.0039
30 762 0.0019 0.0016 0.0013
36 914 0.00078 0.00066 0.00055
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Calculation Procedure

1. Compute the domestic water flow rate in the system. Use an average annual domestic water
consumption of 150 gal per capita day (gcd) (6.6 mL/s). Hence, domestic water consumption = (150 gal
per capita day)(100,000 persons) = 15,000,000 gal/day (657.1 L/s). To this domestic flow, the flow
required for the fire protection must be added to determine the total flow required.

6.6 SECTION SIX

TABLE 2 Values of r for 1000 ft (304.8 m) of Pipe Based on the Hazen-Williams Formula*

d, in (mm) C = 90 C = 100 C = 110 C = 120 C = 130 C = 140

4 (102) 340 246 206 176 151 135
6 (152) 47.1 34.1 28.6 24.3 21.0 18.7
8 (203) 11.1 8.4 7.0 6.0 5.2 4.6

10 (254) 3.7 2.8 2.3 2.0 1.7 1.5
12 (305) 1.6 1.2 1.0 0.85 0.74 0.65
14 (356) 0.72 0.55 0.46 0.39 0.34 0.30
16 (406) 0.38 0.29 0.24 0.21 0.18 0.15
18 (457) 0.21 0.16 0.13 0.11 0.10 0.09
20 (508) 0.13 0.10 0.08 0.07 0.06 0.05
24 (610) 0.052 0.04 0.03 0.03 0.02 0.02
30 (762) 0.017 0.013 0.011 0.009 0.008 0.007

Example: r for 12-in (305-mm) pipe 4000 ft (1219 m) long, with C = 100, is 1.2 × 4.0 = 4.8.
*Head loss in ft (m) = r × 10–5 × Q1.85 per 1000 ft (304.8 m), Q representing gal/min (L/s).

FIGURE 3 Application of the Hardy Cross method to a water distribution system.
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2. Compute the required flow rate for fire protection. Use the relation Qf = 1020(P)0.5 [1 −
0.01(P)0.5], where Qf = fire flow, gal/min; P = population in thousands. So Qf = 1020(100)0.5 [1 − 0.01 ×
(100)0.5] = 9180, say 9200 gal/min (580.3 L/s).

3. Apply a load factor to the domestic consumption. To provide for unusual water demands, many
design engineers apply a 200 to 250 percent load factor to the average hourly consumption that is
determined from the average annual consumption. Thus, the average daily total consumption deter-
mined in step 1 is based on an average annual daily demand. Convert the average daily total con-
sumption in step 1 to an average hourly consumption by dividing by 24 h, or 15,000,000/24 =
625,000 gal/h (657.1 L/s). Next, apply a 200 percent load factor. Or, design hourly demand =
2.00(625,000) = 1,250,000 gal/h (1314.1 L/s), or 1,250,000/(60 min/h) = 20,850, say 20,900 gal/min
(1318.4 L/s).

4. Compute the total water flow required. The total water flow required = domestic flow, gal/min +
fire flow, gal/min = 20,900 + 9200 = 30,100 gal/min (1899.0 L/s). If this system were required to
supply water to one or more industrial plants in addition to the domestic and fire flows, the quantity
needed by the industrial plants would be added to the total flow computed above.

5. Study the water supplies available. Table 4 lists the principal sources of domestic water sup-
plies. Wells that are fed by groundwater are popular in areas having sandy or porous soils. To deter-
mine whether a well is suitable for supplying water in sufficient quantity, its specific capacity (i.e.,
the yield in gal/min per foot of drawdown) must be determined.

Wells for municipal water sources may be dug, driven, or drilled. Dug wells seldom exceed 60 ft
(18.3 m) deep. Each such well should be protected from surface-water leakage by being lined with
impervious concrete to a depth of 15 ft (4.6 m).

WATER AND WASTE-WATER ENGINEERING 6.7

TABLE 3 Value of the 0.85 Power of Numbers

N 0 1 2 3 4 5 6 7 8 9

0 0 1.0 1.8 2.5 3.2 3.9 4.6 5.2 5.9 6.5
10 7.1 7.7 8.3 8.9 9.5 10.0 10.6 11.1 11.6 12.2
20 12.8 13.3 13.8 14.4 14.9 15.4 15.9 16.4 16.9 17.5
30 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5 22.0 22.5
40 23.0 23.4 23.9 24.3 24.8 25.3 25.8 26.3 26.8 27.3
50 27.8 28.2 28.7 29.1 29.6 30.0 30.5 31.0 31.4 31.9
60 32.4 32.9 33.3 33.8 34.2 34.7 35.1 35.6 36.0 36.5
70 37.0 37.4 37.9 38.3 38.7 39.1 39.6 40.0 40.5 41.0
80 41.5 42.0 42.4 42.8 43.3 43.7 44.1 44.5 45.0 45.4
90 45.8 46.3 46.7 47.1 47.6 48.0 48.4 48.8 49.2 49.6

TABLE 4 Typical Municipal Water Sources

Source Collection method Remarks

Groundwater Wells (artesian, ordinary, 30 to 40 percent of an area’s
galleries) rainfall becomes groundwater

Surface freshwater Pumping or gravity flow from Surface supplies are important 
(lakes, rivers, streams, submerged intakes, tower intakes, in many areas
impounding reservoirs) or surface intakes

Surface saltwater Desalting Wide-scale application under
study at present
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Driven wells seldom are more than 40 ft (12.2 m) deep or more than 2 in (51 mm) in diameter
when used for small water supplies. Bigger driven wells are constructed by driving large-diameter
casings into the ground.

Drilled wells can be several thousand feet deep, if required. The yield of a driven well is usually
greater than any other type of well because the well can be sunk to a depth where sufficient ground-
water is available. Almost all wells require a pump of some kind to lift the water from its subsurface
location and discharge it to the water-supply system.

Surface freshwater can be collected from lakes, rivers, streams, or reservoirs by submerged-,
tower-, or crib-type intakes. The intake leads to one or more pumps that discharge the water to the
distribution system or intermediate pumping stations. Locate intakes as far below the water surface
as possible. Where an intake is placed less than 20 ft (6.1 m) below the surface of the water, it may
become clogged by sand, mud, or ice.

Choose the source of water for this system after studying the local area to determine the most
economical source today and 20 years hence. With a rapidly expanding population, the future water
demand may dictate the type of water source chosen. Since this city is in an area of many lakes, a
surface supply would probably be most economical, if the water table is not falling rapidly.

6. Select the type of pipe to use. Four types of pipes are popular for municipal water-supply sys-
tems: cast iron, asbestos cement, steel, and concrete. Wood-stave pipe was once popular, but it is now
obsolete. Some communities also use copper or lead pipes. However, the use of both types is
extremely small when compared with the other types. The same is true of plastic pipe, although this
type is slowly gaining some acceptance.

In general, cast-iron pipe proves dependable and long-lasting in water-supply systems that are not
subject to galvanic or acidic soil conditions.

Steel pipe is generally used for long, large-diameter lines. Thus, the typical steel pipe used in
water-supply systems is 36 or 48 in (914 or 1219 mm) in diameter. Use steel pipe for river crossings,
on bridges, and for similar installations where light weight and high strength are required. Steel pipe
may last 50 years or more under favorable soil conditions. Where unfavorable soil conditions exist,
the life of steel pipe may be about 20 years.

Concrete-pipe use is generally confined to large, long lines, such as aqueducts. Concrete pipe is
suitable for conveying relatively pure water through neutral soil. However, corrosion may occur
when the soil contains an alkali or an acid.

Asbestos-cement pipe has a number of important advantages over other types. However, it does
not flex readily, it can be easily punctured, and it may corrode in acidic soils.

Select the pipe to use after a study of the local soil conditions, length of runs required, and the
quantity of water that must be conveyed. Usual water velocities in municipal water systems are in
the 5-ft/s (1.5-m/s) range. However, the velocities in aqueducts range from 10 to 20 ft/s (3.0 to 6.1 m/s).
Earthen canals have much lower velocities—1 to 3 ft/s (0.3 to 0.9 m/s). Rock- and concrete-lined
canals have velocities of 8 to 15 ft/s (2.4 to 4.6 m/s).

In cold northern areas, keep in mind the occasional need to thaw frozen pipes during the winter.
Nonmetallic pipes—concrete, plastic, etc., as well as nonconducting metals—cannot be thawed by
electrical means. Since electrical thawing is probably the most practical method available today,
pipes that prevent its use may put the water system at a disadvantage if subfreezing temperatures are
common in the area served.

7. Select the method for pressurizing the water system. Water-supply systems can be pressurized
in three different ways: by gravity or natural elevation head, by pumps that produce a pressure head,
and by a combination of the first two ways.

Gravity systems are suitable where the water storage reservoir or receiver is high enough above
the distribution system to produce the needed pressure at the farthest outlet. The operating cost of a
gravity system is lower than that of a pumped system, but the first cost of the former is usually
higher. However, the reliability of the gravity system is usually higher because there are fewer parts
that may fail.

6.8 SECTION SIX
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Pumping systems generally use centrifugal pumps that discharge either directly to the water main
or to an elevated tank, a reservoir, or a standpipe. The water then flows from the storage chamber to
the distribution system. In general, most sanitary engineers prefer to use a reservoir or storage tank
between the pumps and distribution mains because this arrangement provides greater reliability and
fewer pressure surges.

Surface reservoirs should store at least a 1-day water supply. Most surface reservoirs are
designed to store a supply for 30 days or longer. Elevated tanks should have a capacity of at least
25 gal (94.6 L) of water per person served, plus a reserve for fire protection. The capacity of typical
elevated tanks ranges from a low of 40,000 gal (151 kL) for a 20-ft (6.1-m) diameter tank to a high
of 2,000,000 gal (7.5 ML) for an 80-ft (24.4-m) diameter tank.

Choose the type of distribution system after studying the topography, water demand, and area
served. In general, a pumped system is preferred today. To ensure continuity of service, duplicate
pumps are generally used.

8. Choose the system operating pressure. In domestic water supply, the minimum pressure
required at the highest fixture in a building is usually assumed to be 15 lb/in2 (103.4 kPa). The max-
imum pressure allowed at a fixture in a domestic water system is usually 65 lb/in2 (448.2 kPa). High-
rise buildings (i.e., those above six stories) are generally required to furnish the pressure increase
needed to supply water to the upper stories. A pump and overhead storage tank are usually installed
in such buildings to provide the needed pressure.

Commercial and industrial buildings require a minimum water pressure of 75 lb/in2 (517.1 kPa)
at the street level for fire hydrant service. This hydrant should deliver at least 250 gal/min (15.8 L/s)
of water for fire-fighting purposes.

Most water-supply systems served by centrifugal pumps in a central pumping station operate in
the 100-lb/in2 (689.5-kPa) pressure range. In areas of one- and two-story structures, a lower pressure,
say 65 lb/in2 (448.2 kPa), is permissible. Where the pressure in a system falls too low, auxiliary or
booster pumps may be used. These pumps increase the pressure in the main to the desired level.

Choose the system pressure based on the terrain served, quantity of water required, allowable
pressure loss, and size of pipe used in the system. Usual pressures required will be in the ranges cited
above, although small systems serving one-story residences may operate at pressures as low as 30 lb/in2

(206.8 kPa). Pressures over 100 lb/in2 (689.5 kPa) are seldom used because heavier piping is
required. As a rule, distribution pressures of 50 to 75 lb/in2 (344.7 to 517.1 kPa) are acceptable.

9. Determine the number of hydrants for fire protection. Table 5 shows the required fire flow,
number of standard hose streams of 250 gal/min (15.8 L/s) discharged through a 11/8-in (28.6-mm)

WATER AND WASTE-WATER ENGINEERING 6.9

TABLE 5 Required Fire Flow and Hydrant Spacing*

Number of
Required fire flow, standard

Population gal/min (L/s) hose streams Direct streams Engine streams

22,000 4,500 (284) 18 55,000 (5,110) 90,000 (8,361)
28,000 5,000 (315) 20 40,000 (3,716) 85,000 (7,897)
40,000 6,000 (379) 24 40,000 (3,716) 80,000 (7,432)
60,000 7,000 (442) 28 40,000 (3,716) 70,000 (6,503)
80,000 8,000 (505) 32 40,000 (3,716) 60,000 (5,574)

100,000 9,000 (568) 36 40,000 (3,716) 55,000 (5,110)
125,000 10,000 (631) 40 40,000 (3,716) 48,000 (4,459)
150,000 11,000 (694) 44 40,000 (3,716) 43,000 (3,995)
200,000 12,000 (757) 48 40,000 (3,716) 40,000 (3,716)

*National Board of Fire Underwriters.
†High-value districts.

Average area served per hydrant,
ft2 (m2)†
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diameter smooth nozzle, and the average area served by a hydrant in a high-value district. A stan-
dard hydrant may have two or three outlets.

Table 5 indicates that a city of 100,000 persons requires 36 standard hose streams. This means
that 36 single-outlet or 18 dual-outlet hydrants are required. More, of course, could be used if better
protection were desired in the area. Note that the required fire flow listed in Table 5 agrees closely
with that computed in step 2 above.

Related Calculations Use this general method for any water-supply system, municipal or
industrial. Note, however, that the required fire-protection quantities vary from one type of
municipal area to another and among different industrial exposures. Refer to NFPA Handbook of
Fire Protection, available from NFPA, 60 Batterymarch Street, Boston, Massachusetts 02110, for
specific fire-protection requirements for a variety of industries. In choosing a water-supply
system, the wise designer looks ahead for at least 10 years when the water demand will usually
exceed the present demand. Hence, the system may be designed so it is oversized for the present
population but just adequate for the future population. The American Society for Testing and
Materials (ASTM) publishes comprehensive data giving the usual water requirements for a vari-
ety of industries. Table 6 shows a few typical water needs for selected industries.

To determine the storage capacity required at present, proceed as follows: (1) Compute the
flow needed to meet 50 percent of the present domestic daily (that is, 24-h) demand. (2) Com-
pute the 4-h fire demand. (3) Find the sum of (1) and (2).

For this city, procedure (1) = (20,900 gal/min)(60 min/h)(24 h/day)(0.5) = 15,048,000 gal (57.2
ML) with the data computed in step 3. Also procedure (2) = (4 h)(60 min/h)(9200 gal/min) =
2,208,000 gal (8.4 ML), using the data computed in step 2, above. Then, total storage capacity
required = 15,048,000 + 2,208,000 = 17,256,000 gal (65.3 ML). Where one or more reliable wells
will produce a significant flow for 4 h or longer, the storage capacity can be reduced by the 4-h
productive capacity of the wells.

SELECTION OF TREATMENT METHOD FOR WATER-SUPPLY SYSTEM

Choose a treatment method for a water-supply system for a city having a population of 100,000 per-
sons. The water must be filtered, disinfected, and softened to make it suitable for domestic use.

Calculation Procedure

1. Compute the domestic water flow rate in the system. When water is treated for domestic con-
sumption, only the drinking water passes through the filtration plant. Fire-protection water is seldom

6.10 SECTION SIX

TABLE 6 Selected Industrial Water and Steam Requirements*

Water Steam

Air conditioning 6000 to 15,000 gal (22,700 to 57,000 L) ⋅ ⋅ ⋅
per person per season

Aluminum 1,920,000 gal/ton (8.0 ML/t) ⋅ ⋅ ⋅
Cement, portland 750 gal/ton cement (3129 L/t) ⋅ ⋅ ⋅
Coal, by-product coke 1430 to 2800 gal/ton coke 570 to 860 lb/ton (382 to 427 kg/t)

(5967 to 11,683 L/t)
Rubber (automotive tire) . . . 120 lb (54 kg) per tire
Electricity 80 gal/kW (302 L/kW) ⋅ ⋅ ⋅

of electricity

*Courtesy of American Society for Testing and Materials.
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treated unless it is so turbid that it will clog fire pumps or hoses. Assuming that the fire-protection
water is acceptable for use without treatment, we consider only the drinking water here.

Use the same method as in steps 1 and 3 of the previous calculation procedure to determine the
required domestic water flow of 20,900 gal/min (1318.6 L/s) for this city.

2. Select the type of water-treatment system to use. Water supplies are treated by a number of
methods including sedimentation, coagulation, filtration, softening, and disinfection. Other treat-
ments include disinfection, taste and odor control, and miscellaneous methods.

Since the water must be filtered, disinfected, and softened, each of these steps must be consid-
ered separately.

3. Choose the type of filtration to use. Slow sand filters operate at an average rate of 3 million
gal/(acre⋅day) [2806.2 L/(m2⋅day)]. This type of filter removes about 99 percent of the bacterial con-
tent of the water and most tastes and odors.

Rapid sand filters operate at an average rate of 150 million gal/(acre⋅day) [1.6 L/(m2⋅s)]. But the
raw water must be treated before it enters the rapid sand filter. This preliminary treatment often
includes chemical coagulation and sedimentation. A high percentage of bacterial content—up to
99.98 percent—is removed by the preliminary treatment and the filtration. But color and turbidity
removal is not as dependable as with slow sand filters. Table 7 lists the typical limits for certain
impurities in water supplies.

The daily water flow rate for this city is, from step 1, (20,900 gal/min)(24 h/day)(60 min/h) =
30,096,000 gal/day (1318.6 L/s). If a slow sand filter were used, the required area would be (30.096
million gal/day)/[3 million gal/(acre⋅day)] = 10 + acres (40,460 m2).

A rapid sand filter would require 30.096/150 = 0.2 acre (809.4 m2). Hence, if space were scarce
in this city—and it usually is—a rapid sand filter would be used. With this choice of filtration, chem-
ical coagulation and sedimentation are almost a necessity. Hence, these two additional steps would
be included in the treatment process.

Table 8 gives pertinent data on both slow and rapid sand filters. These data are useful in filter
selection.

4. Select the softening process to use. The principal water-softening processes use: (a) lime and
sodium carbonate followed by sedimentation or filtration, or both, to remove the precipitates and
(b) zeolites of the sodium type in a pressure filter. Zeolite softening is popular and is widely used in
municipal water-supply systems today. Based on its proven usefulness and economy, zeolite softening
will be chosen for this installation.

5. Select the disinfection method to use. Chlorination by the addition of chlorine to the water is the
principal method of disinfection used today. To reduce the unpleasant effects that may result from using
chlorine alone, a mixture of chlorine and ammonia, known as chloramine, may be used. The ammonia
dosage is generally 0.25 ppm or less. Assume that the chloramine method is chosen for this installation.

6. Select the method of taste and odor control. The methods used for taste and odor control are:
(a) aeration, (b) activated carbon, (c) prechlorination, and (d ) chloramine. Aeration is popular for
groundwaters containing hydrogen sulfide and odors caused by microscopic organisms.

WATER AND WASTE-WATER ENGINEERING 6.11

TABLE 7 Typical Limits for Impurities in Water Supplies

Impurity Limit, ppm Impurity Limit, ppm

Turbidity 10 Iron plus manganese 0.3
Color 20 Magnesium 125
Lead 0.1 Total solids 500
Fluoride 1.0 Total hardness 100
Copper 3.0 Ca + Mg salts
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Activated carbon absorbs impurities that cause tastes, odors, or color. Generally, 10 to 20 lb (4.5
to 9.1 kg) of activated carbon per million gallons of water is used, but larger quantities—from 50 to
60 lb (22.7 to 27.2 kg)—may be specified. In recent years, some 2000 municipal water systems have
installed activated carbon devices for taste and odor control.

Prechlorination and chloramine are also used in some installations for taste and odor control. Of
the two methods, chloramine appears more popular at present.

Based on the data given for this water-supply system, method b, c, or d would probably be suit-
able. Because method b has proven highly effective, it will be chosen tentatively, pending later inves-
tigation of the economic factors.

Related Calculations Use this general procedure to choose the treatment method for all types
of water-supply systems where the water will be used for human consumption. Thus, the proce-
dure is suitable for municipal, commercial, and industrial systems.

Hazardous wastes of many types endanger groundwater supplies. One of the most common
hazardous wastes is gasoline which comes from the estimated 120,000 leaking underground
gasoline-storage tanks. Major oil companies are replacing leaking tanks with new noncorrosive
tanks. But the soil and groundwater must still be cleaned to prevent pollution of drinking-water
supplies.

Other contaminants include oily sludges, organic (such as pesticides and dioxins), and non-
volatile organic materials. These present especially challenging removal and disposal problems for
engineers, particularly in view of the stringent environmental requirements of almost every com-
munity.

A variety of treatment and disposal methods are in the process of development and applica-
tion. For oily waste handling, one process combines water evaporation and solvent extraction to
break down a wide variety of hazardous waste and sludge from industrial, petroleum-refinery, and
municipal-sewage-treatment operations. This process typically produces dry solids with less than
0.5 percent residual hydrocarbon content. This meets EPA regulations for nonhazardous wastes
with low heavy-metal contents.

Certain organics, such as pesticides and dioxins, are hydrophobic. Liquified propane and
butane are effective at separating hydrophobic organics from solid particles in tainted sludges and

6.12 SECTION SIX

TABLE 8 Typical Sand-Filter Characteristics

Slow sand filters

Usual filtration rate 2.5 to 6.0 × 106 gal/(acre⋅day)
[2339 to 5613 L/(m2⋅day)]

Sand depth 30 to 36 in (76 to 91 cm)
Sand size 35 mm
Sand uniformity coefficient 1.75
Water depth 3 to 5 ft (0.9 to 1.5 m)
Water velocity in underdrains 2 ft/s (0.6 m/s)
Cleaning frequency required 2 to 11 times per year
Units required At least two to permit alternate cleaning

Fast sand filters

Usual filtration rate 100 to 200 × 106 gal/(acre⋅day)
[24.7 to 49.4 kL/(m2⋅day)]

Sand depth 30 in (76 cm)
Gravel depth 18 in (46 cm)
Sand size 0.4 to 0.5 mm
Sand uniformity coefficient 1.7 or less
Units required At least three to permit cleaning one unit

while the other two are operating
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soils. The second treatment method uses liquified propane to remove organics from contaminated
soil. Removal efficiencies reported are: polychlorinated biphenyls (PCBs) 99.9 percent; poly-
aromatic hydrocarbons (PAHs) 99.5 percent; dioxins 97.4 percent; total petroleum hydrocarbons
99.9 percent. Such treated solids meet EPA land-ban regulations for solids disposal.

Nonvolatile organic materials at small sites can be removed by a mobile treatment system
using up to 14 solvents. Both hydrophobic and hydrophilic solvents are used; all are nontoxic;
several have Food and Drug Administration (FDA) approval as food additives. Used at three dif-
ferent sites (at this writing), the process reduced PCB concentration from 500 to 1500 ppm to less
than 100 ppm; at another site PCB concentration was reduced from an average of 30 to 300 ppm
to less than 5 ppm; at the third site PCBs were reduced from 40 ppm to less than 3 ppm.

STORM-WATER RUNOFF RATE AND RAINFALL INTENSITY

What is the storm-water runoff rate from a 40-acre (1.6-km2) industrial site having an impervious-
ness of 50 percent if the time of concentration is 15 min? What would be the effect of planting a
lawn over 75 percent of the site?

Calculation Procedure

1. Compute the hourly rate of rainfall. Two common relations, called the Talbot formulas, used
to compute the hourly rate of rainfall R in/h are R = 360/(t + 30) for the heaviest storms and R =
105/(t + 15) for ordinary storms, where t = time of concentration, min. Using the equation for the
heaviest storms because this relation gives a larger flow rate and produces a more conservative
design, we see R = 360/(15 + 30) = 8 in/h (0.05 mm/s).

2. Compute the storm-water runoff rate. Apply the rational method to compute the runoff rate.
This method uses the relation Q = AIR, where Q = storm-water runoff rate, ft3/s; A = area served by
sewer, acres; I = coefficient of runoff or percentage of imperviousness of the area; other symbols as
before. So Q = (40)(0.50)(8) = 160 ft3/s (4.5 m3/s).

3. Compute the effect of changed imperviousness. Planting a lawn on a large part of the site will
increase the imperviousness of the soil. This means that less rainwater will reach the sewer because
the coefficient of imperviousness of a lawn is lower. Table 9 lists typical coefficients of impervious-
ness for various surfaces. This tabulation shows that the coefficient for lawns varies from 0.05 to
0.25. Using a value of I = 0.10 for the 40(0.75) = 30 acres of lawn, we have Q = (30)(0.10)(8) = 24 ft3/s
(0.68 m3/s).

WATER AND WASTE-WATER ENGINEERING 6.13

TABLE 9 Coefficient of Runoff for Various Surfaces

Surface Coefficient

Parks, gardens, lawns, meadows 0.05–0.25
Gravel roads and walks 0.15–0.30
Macadamized roadways 0.25–0.60
Inferior block pavements with uncemented joints 0.40–0.50
Stone, brick, and wood-block pavements with 0.75–0.85
tightly cemented joints

Same with uncemented joints 0.50–0.70
Asphaltic pavements in good condition 0.85–0.90
Watertight roof surfaces 0.70–0.95
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The runoff for the remaining 10 acres (40,460 m2) is, as in step 2, Q = (10)(0.5)(8) = 40 ft3/s
(1.1 m3/s). Hence, the total runoff is 24 + 40 = 64 ft3/s (1.8 m3/s). This is 160 − 64 = 96 ft3/s (2.7 m3/s)
less than when the lawn was not used.

Related Calculations The time of concentration for any area being drained by a sewer is the
time required for the maximum runoff rate to develop. It is also defined as the time for a drop of
water to drain from the farthest point of the watershed to the sewer.

When rainfall continues for an extended period T min, the coefficient of imperviousness
changes. For impervious surfaces such as watertight roofs, I = T/(8 + T ). For improved pervious sur-

faces, I = 0.3T/(20 + T). These relations can be used
to compute the coefficient in areas of heavy rainfall.

Equations for R for various areas of the United
States are available in Steel—Water Supply and
Sewerage, McGraw-Hill. The Talbot formulas,
however, are widely used and have proved reliable.

The time of concentration for a given area can be
approximated from t = I(L/Si2)1/3, where L = dis-
tance of overland flow of the rainfall from the most
remote part of the site, ft; S = slope of the land, ft/ft;
i = rainfall intensity, in/h; other symbols as before.
For portions of the flow carried in ditches, the time
of flow to the inlet can be computed by using the
Manning formula.

Table 10 lists the coefficient of runoff for spe-
cific types of built-up and industrial areas. Use
these coefficients in the same way as shown above.
Table 9 and 10 present data developed by Kuichling
and ASCE.

SIZING SEWER PIPES FOR VARIOUS FLOW RATES

Determine the size, flow rate, and depth of flow from a 1000-ft (304.8-m) long sewer which slopes
5 ft (1.5 m) between inlet and outlet and which must carry a flow of 5 million gal/day (219.1 L/s).
The sewer will flow about half full. Will this sewer provide the desired flow rate?

Calculation Procedure

1. Compute the flow rate in the half-full sewer. A flow of 1 million gal/day = 1.55 ft3/s (0.04 m3/s).
Hence, a flow of 5 million gal/day = 5(1.55) = 7.75 ft3/s (219.1 L/s) in a half-full sewer.

2. Compute the full-sewer flow rate. In a full sewer, the flow rate is twice that in a half-full sewer,
or 2(7.75) = 15.50 ft3/s (0.44 m3/s) for this sewer. This is equivalent to 15.50/1.55 = 10 million
gal/day (438.1 L/s). Full-sewer flow rates are used because pipes are sized on the basis of being full
of liquid.

3. Compute the sewer-pipe slope. The pipe slope S ft/ft = (Ei − Eo)/L, where Ei = inlet elevation,
ft above the site datum; Eo = outlet elevation, ft above site datum; L = pipe length between inlet and
outlet, ft. Substituting gives S = 5/1000 = 0.005 ft/ft (0.005 m/m).

4. Determine the pipe size to use. The Manning formula v = (1.486/n)R2/3S1/2 is often used for
sizing sewer pipes. In this formula, v = flow velocity, ft/s; n = a factor that is a function of the pipe

6.14 SECTION SIX

TABLE 10 Coefficient of Runoff for
Various Areas

Area Coefficient

Business:
Downtown 0.70–0.95
Neighborhood 0.50–0.70

Residential:
Single-family 0.30–0.50
Multiunits, detached 0.40–0.60
Multinuits, attached 0.60–0.75

Residential (suburban) 0.25–0.40
Apartment dwelling 0.50–0.70
Industrial:

Light industry 0.50–0.80
Heavy industry 0.60–0.90

Playgrounds 0.20–0.35
Railroad yards 0.20–0.40
Unimproved 0.10–0.30
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roughness; R = pipe hydraulic radius = 0.25 pipe diameter, ft; S = pipe slope, ft/ft. Table 11 lists
values of n for various types of sewer pipe. In sewer design, the value n = 0.013 for pipes flowing
full.

Since the Manning formula is complex, numerous charts have been designed to simplify its solu-
tion. Figure 4 is one such typical chart designed specifically for sewers.

Enter Fig. 4 at 15.5 ft3/s (0.44 m3/s) on the left, and project through the slope ratio of 0.005. On
the central scale between the flow rate and slope scales, read the next larger standard sewer-pipe
diameter as 24 in (610 mm). When using this chart, always read the next larger pipe size.

5. Determine the fluid flow velocity. Continue the solution line of step 4 to read the fluid flow
velocity as 5 ft/s(1.5 m/s) on the extreme right-hand scale of Fig. 4. This is for a sewer flowing full.

6. Compute the half-full flow depth. Determine the full flow capacity of this 24-in (610-mm)
sewer by entering Fig. 4 at the slope ratio, 0.005, and projecting through the pipe diameter, 24 in
(610 mm). At the left read the full-flow capacity as 16 ft3/s (0.45 m3/s).

The required half-flow capacity is 7.75 ft3/s (0.22 m3/s), from step 1. Determine the ratio of the
required half-flow capacity to the full-flow capacity, both expressed in ft3/s. Or 7.75/16.0 = 0.484.

Enter Fig. 5 on the bottom at 0.484, and project vertically upward to the discharge curve. From the
intersection, project horizontally to the left to read the depth-of-flow ratio as 0.49. This means that the
depth of liquid in the sewer at a flow of 7.75 ft3/s (0.22 m3/s) is 0.49(24 in) = 11.75 in (29.8 cm).
Hence, the sewer will be just slightly less than half full when handling the designed flow quantity.

7. Compute the half-full flow velocity. Project horizontally to the right along the previously found
0.49 depth-of-flow ratio until the velocity curve is intersected. From this intersection, project verti-
cally downward to the bottom scale to read the ratio of hydraulic elements as 0.99. Hence, the fluid
velocity when flowing half-full is 0.99(5.0 ft/s) = 4.95 ft/s (1.5 m/s).

Related Calculations The minimum flow velocity required in sanitary sewers is 2 ft/s (0.6 m/s).
At 2 ft/s (0.6 m/s), solids will not settle out of the fluid. Since the velocity in this sewer is 4.95 ft/s
(1.5 m/s), as computed in step 7, the sewer meets, and exceeds, the minimum required flow
velocity.

Certain localities have minimum slope requirements for sanitary sewers. The required slope
produces a minimum flow velocity of 2 ft/s (0.6 m/s) with an n value of 0.013.

WATER AND WASTE-WATER ENGINEERING 6.15

TABLE 11 Values of n for the Manning Formula

Type of surface of pipe n

Ditches and rivers, rough bottoms with 0.040
much vegetation

Ditches and rivers in good condition with some 0.030
stones and weeds

Smooth earth or firm gravel 0.020
Rough brick; tuberculated iron pipe 0.017
Vitrified tile and concrete pipe poorly jointed 0.015
and unevenly settled; average brickwork

Good concrete; riveted steel pipe; well-laid 0.013*
vitrified tile or brickwork

Cast-iron pipe of ordinary roughness; 0.012
unplaned timber

Smoothest pipes; neat cement 0.010
Well-planed timber evenly laid 0.009

*Probably the most frequently used value.
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Storm sewers handling rainwater and other surface drainage require a higher flow velocity
than sanitary sewers because sand and grit often enter a storm sewer. The usual minimum allow-
able velocity for a storm sewer is 2.5 ft/s (0.76 m/s); where possible, the sewer should be
designed for 3.0 ft/s (0.9 m/s). If the sewer designed above were used for storm service, it would
be acceptable because the fluid velocity is 4.95 ft/s (1.5 m/s). To prevent excessive wear of sewer,
the fluid velocity should not exceed 8 ft/s (2.4 m/s).

6.16 SECTION SIX

FIGURE 4 Nomogram for solving the Manning formula for circular pipes flowing full and n = 0.013.
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Note that Figs. 4 and 5 can be used whenever two variables are known. When a sewer flows
at 0.8, or more, full, the partial-flow diagram, Fig. 5, may not give accurate results, especially at
high flow velocities.

SEWER-PIPE EARTH LOAD AND BEDDING REQUIREMENTS

A 36-in (914-mm) diameter clay sewer pipe is placed in a 15-ft (4.5-m) deep trench in damp sand.
What is the earth load on this sewer pipe? What bedding should be used for the pipe? If a 5-ft (1.5-
m) wide drainage trench weighing 2000 lb/ft (2976.3 kg/m) of length crosses the sewer pipe at right
angles to the pipe, what load is transmitted to the pipe? The bottom of the flume is 11 ft (3.4 m)
above the top of the sewer pipe.

Calculation Procedure

1. Compute the width of the pipe trench. Compute the trench width from w = 1.5d + 12, where w =
trench width, in; d = sewer-pipe diameter, in. So w = 1.5(36) + 12 = 66 in (167.6 cm) or 5 ft 6 in (1.7 m).

2. Compute the trench depth-to-width ratio. To determine this ratio, subtract the pipe diameter
from the depth and divide the result by the trench width. Or, (15 − 3)/5.5 = 2.18.

3. Compute the load on the pipe. Use the relation L = kWw2, where L = pipe load, lb/lin ft of trench;
k = a constant from Table 12; W = weight of the fill material used in the trench, lb/ft3; other symbol
as before.

Enter Table 12 at the depth-to-width ratio of 2.18. Since this particular value is not tabulated, use
the next higher value, 2.5. Opposite this, read k = 1.70 for a sand filling.

Enter Table 13 at damp sand, and read the weight as 115 lb/ft3 (1842.1 kg/m3). With these data
the pipe load relation can be solved.

Substituting in L = kWw2, we get L = 1.70(115)(5.5)2 = 5920 lb/ft (86.4 N/mm). Study of the
properties of clay pipe (Table 14) shows that 36-in (914-mm) extra-strength clay pipe has a mini-
mum average crushing strength of 6000 lb (26.7 kN) by the three-edge-bearing method.

WATER AND WASTE-WATER ENGINEERING 6.17

FIGURE 5 Hydraulic elements of a circular pipe.
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4. Apply the loading safety factor. ASTM
recommends a factor of safety of 1.5 for clay
sewers. To apply this factor of safety, divide
it into the tabulated three-edge-bearing
strength found in step 3. Or, 6000/1.5 = 4000 lb
(17.8 kN).

5. Compute the pipe load-to-strength ratio.
Use the strength found in step 4. Or pipe load-
to-strength ratio (also called the load factor) =
5920/4000 = 1.48.

6. Select the bedding method for the pipe.
Figure 6 shows methods for bedding sewer
pipe and the strength developed. Thus, earth
embedment, type 2 bedding, develops a load
factor of 1.5. Since the computed load factor,
step 5, is 1.48, this type of bedding is accept-
able. (In choosing a type of bedding be certain
that the load factor of the actual pipe is less
than, or equals, the developed load factor for
the three-edge-bearing strength.)

The type 2 earth embedment, Fig. 6, is a
highly satisfactory method, except that the
shaping of the lower part of the trench to fit
the pipe may be expensive. Type 3 granular
embedment may be less expensive, particu-
larly if the crushed stone, gravel, or shell is
placed by machine.

7. Compute the direct load transmitted to the
sewer pipe. The weight of the drainage

6.18 SECTION SIX

TABLE 12 Values of k for Use in the Pipe Load Equation*

Ratio of trench Sand and Saturated Damp Saturated
depth to width damp topsoil topsoil clay clay

0.5 0.46 0.46 0.47 0.47
1.0 0.85 0.86 0.88 0.90
1.5 1.18 1.21 1.24 1.28
2.0 1.46 1.50 1.56 1.62
2.5 1.70 1.76 1.84 1.92
3.0 1.90 1.98 2.08 2.20
3.5 2.08 2.17 2.30 2.44
4.0 2.22 2.33 2.49 2.66
4.5 2.34 2.47 2.65 2.87
5.0 2.45 2.59 2.80 3.03
5.5 2.54 2.69 2.93 3.19
6.0 2.61 2.78 3.04 3.33
6.5 2.68 2.86 3.14 3.46
7.0 2.73 2.93 3.22 3.57
7.5 2.78 2.98 3.30 3.67

*Iowa State Univ. Eng. Exp. Sta. Bull. 47.

TABLE 14 Clay Pipe Strength

Minimum average strength,

Pipe size,
lb/lin ft (N/mm)

in (mm) Three-edge-bearing Sand-bearing

4 (102) 1000 (14.6) 1500 (21.9)
6 (152) 1100 (16.1) 1650 (24.1)
8 (203) 1300 (18.9) 1950 (28.5)

10 (254) 1400 (20.4) 2100 (30.7)
12 (305) 1500 (21.9) 2250 (32.9)
15 (381) 1750 (25.6) 2625 (38.3)
18 (457) 2000 (29.2) 3000 (43.8)
21 (533) 2200 (32.1) 3300 (48.2)
24 (610) 2400 (35.0) 3600 (52.6)
27 (686) 2750 (40.2) 4125 (60.2)
30 (762) 3200 (46.7) 4800 (70.1)
33 (838) 3500 (51.1) 5250 (76.7)
36 (914) 3900 (56.9) 5850 (85.4)

TABLE 13 Weight of Pipe-Trench Fill

Fill lb/ft3 kg/m3

Dry sand 100 1601
Damp sand 115 1841
Wet sand 120 1921
Damp clay 120 1921
Saturated clay 130 2081
Saturated topsoil 115 1841
Sand and damp topsoil 100 1601
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flume is carried by the soil over the sewer pipes. Hence, a portion of this weight may reach the sewer
pipe. To determine how much of the flume weight reaches the pipe, find the weight of the flume per
foot of width, or 2000 lb/5 ft = 400 lb/ft (5.84 kN/mm) of width.

Since the pipe trench is 5.5 ft (1.7 m) wide, step 1, the 1-ft (0.3-m) wide section of the flume
imposes a total load of 5.5(400) = 2200 lb (9.8 kN) on the soil beneath it.

To determine what portion of the flume load reaches the sewer pipe, compute the ratio of the
depth of the flume bottom to the width of the sewer-pipe trench, or 11/5.5 = 2.0.

Enter Table 15 at a value of 2.0, and read the load proportion for sand and damp top soil as 0.35.
Hence, the load of the flume reaching each foot of sewer pipe is 0.35(2200) = 770 lb (3.4 kN).

Related Calculations A load such as that in step 7 is termed a short load; i.e., it is shorter than
the pipe-trench width. Typical short loads result from automobile and truck traffic, road rollers,
building foundations, etc. Long loads are imposed by weights that are longer than the trench is
wide. Typical long loads are stacks of lumber, steel, and poles, and piles of sand, coal, gravel, etc.
Table 16 shows the proportion of long loads transmitted to buried pipes. Use the same procedure
as in step 7 to compute the load reaching the buried pipe.

When a sewer pipe is placed on undisturbed ground and covered with fill, compute the load
on the pipe from L = kWd2, where d = pipe diameter, ft; other symbols as in step 3. Tables 15 and
16 are the work of Prof. Anson Marston, Iowa State University.

WATER AND WASTE-WATER ENGINEERING 6.19

FIGURE 6 Strengths developed for various methods of bedding sewer pipes. (W. S. Dickey Clay Manu-
facturing Co.)
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To find the total load on trenched or surface-level buried pipes subjected to both fill and long
or short loads, add the proportion of the long or short load reaching the pipe to the load produced
by the fill.

Note that sewers may have several cross-sectional shapes—circular, egg, rectangular, square,
etc. The circular sewer is the most common because it has a number of advantages, including
economy. Egg-shaped sewers are not as popular as circular and are less often used today because
of their higher costs.

Rectangular and square sewers are often used for storm service. However, their hydraulic
characteristics are not as desirable as circular sewers.

SANITARY SEWER SYSTEM DESIGN

What size main sanitary sewer is required for a midwestern city 30-acre (1.21 × 105 m2) residential
area containing six-story apartment houses if the hydraulic gradient is 0.0035 and the pipe roughness
factor n = 0.013? One-third of the area is served by a branch sewer. What should the size of this

6.20 SECTION SIX

TABLE 15 Proportion of Short Loads Reaching Pipe in Trenches

Depth-to- Sand and Saturated Damp Saturated
width ratio damp topsoil topsoil clay clay

0.0 1.00 1.00 1.00 1.00
0.5 0.77 0.78 0.79 0.81
1.0 0.59 0.61 0.63 0.66
1.5 0.46 0.48 0.51 0.54
2.0 0.35 0.38 0.40 0.44
2.5 0.27 0.29 0.32 0.35
3.0 0.21 0.23 0.25 0.29
4.0 0.12 0.14 0.16 0.19
5.0 0.07 0.09 0.10 0.13
6.0 0.04 0.05 0.06 0.08
8.0 0.02 0.02 0.03 0.04

10.0 0.01 0.01 0.01 0.02

TABLE 16 Proportion of Long Loads Reaching Pipe in Trenches

Depth-to- Sand and Saturated Damp yellow Saturated
width ratio damp topsoil topsoil clay yellow clay

0.0 1.00 1.00 1.00 1.00
0.5 0.85 0.86 0.88 0.89
1.0 0.72 0.75 0.77 0.80
1.5 0.61 0.64 0.67 0.72
2.0 0.52 0.55 0.59 0.64
2.5 0.44 0.48 0.52 0.57
3.0 0.37 0.41 0.45 0.51
4.0 0.27 0.31 0.35 0.41
5.0 0.19 0.23 0.27 0.33
6.0 0.14 0.17 0.20 0.26
8.0 0.07 0.09 0.12 0.17

10.00 0.04 0.05 0.07 0.11
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sewer be? If the branch and main sewers must also handle groundwater infiltration, determine the
required sewer size. The sewer is below the normal groundwater level.

Calculation Procedure

1. Compute the sanitary sewage flow rate. Table 17 shows the typical population per acre for
various residential areas and the flow rate used in sewer design. Using the typical population of
500 persons per acre (4046 m2) given in Table 17, we see the total population of the area served
is (30 acres)(500 persons per acre) = 15,000 persons.

Since this is a midwestern city, the sewer design basis, per capita, used for Des Moines, Iowa,
200 gal/day (8.76 mL/s), Table 17, appears to be an appropriate value. Checking with the minimum
flow recommended in Table 17, 100 gal/day (4.38 mL/s), we see the value of 200 gal/day (8.76 mL/s)
seems to be well justified. Hence, the sanitary sewage flow rate that the main sewer must handle is
(15,000 persons)(200 gal/day) = 3,000,000 gal/day.

2. Convert the flow rate to cfs. Use the relation cfs = 1.55 (gpd/106), where cfs = flow rate, ft3/s;
gpd = flow rate, gal/24 h. So cfs = 1.55(3,000,000/1,000,000) = 465 ft3/s (0.13 m3/s).

3. Compute the required size of the main sewer. Size the main sewer on the basis of its flowing
full. This is the usual design procedure followed by experienced sanitary engineers.

Two methods can be used to size the sewer pipe. (a) Use the chart in Fig. 4 for the Manning for-
mula, entering with the flow rate of 4.65 ft3/s (0.13 m3/s) and projecting to the slope ratio or
hydraulic gradient of 0.0035. Read the required pipe diameter as 18 in (457 mm).

WATER AND WASTE-WATER ENGINEERING 6.21

TABLE 17 Sanitary Sewer Design Factors

Population data

Typical population

Type of area Per acre Per km2

Light residential 15 3,707
Closely built residential 55 13,591
Single-family residential 100 24,711
Six-story apartment district 500 123,555

Sewage-flow data

Sewer design basis,
per capita

City gal/day mL/s

Berkeley, California 92 4.03
Cranston, Rhode Island 167 7.32
Des Moines, Iowa 200 8.76
Las Vegas, Nevada 250 10.95
Little Rock, Arkansas 100 4.38
Shreveport, Louisiana 150 6.57

Typical sewer design practice

Design flow, per capita

Sewer type gal/day mL/s

Laterals and submains 400 17.5
Main, trunks, and outfall 250 10.95
New sewers Never 100 Never 4.38
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(b) Use the Manning formula and the appropriate conveyance factor from Table 18. When the
conveyance factor Cf is used, the Manning formula becomes Q = Cf S

1/2, where Q = flow rate through
the pipe, ft3/s; Cf = conveyance factor corresponding to a specific n value listed in Table 18; S = pipe
slope or hydraulic gradient, ft/ft. Since Q and S are known, substitute and solve for Cf , or Cf = Q/S1/2 =
4.65/(0.0035)1/2 = 78.5. Enter Table 18 at n = 0.013 and Cf = 78.5, and project to the exact or next
higher value of Cf . Table 18 shows that Cf is 64.70 for 15-in (381-mm) pipe and 105.1 for 18-in (457-
mm) pipe. Since the actual value of Cf is 78.5, a 15-in (381-mm) pipe would be too small. Hence, an
18-in (457-mm) pipe would be used. This size agrees with that found in procedure a.

4. Compute the size of the lateral sewer. The lateral sewer serves one-third of the total area. Since
the total sanitary flow from the entire area is 4.65 ft3/s (0.13 m3/s), the flow from one-third of the
area, given an even distribution of population and the same pipe slope, is 4.65/3 = 1.55 ft3/s (0.044
m3/s). Using either procedure in step 3, we find the required pipe size = 12 in (305 mm). Hence, three
12-in (305-mm) laterals will discharge into the main sewer, assuming that each lateral serves an
equal area and has the same slope.

5. Check the suitability of the main sewer size. Compute the value of d2.5 for each of the lateral
sewer pipes discharging into the main sewer pipe. Thus, for one 12-in (305-mm) lateral line, where
d = smaller pipe diameter, in, d2.5 = 122.5 = 496. For three pipes of equal diameter, 3d2.5 = 1488 =
D2.5, where D = larger pipe diameter, in. Solving gives D2.5 = 1488 and D = 17.5 in (445 mm). Hence,
the 18-in (457-mm) sewer main has sufficient capacity to handle the discharge of three 12-in (305-
mm) sewers. Note that Fig. 4 shows that the flow velocity in both the lateral and main sewers exceeds
the minimum required velocity of 2 ft/s (0.6 m/s).

6. Compute the sewer size with infiltration. Infiltration is the groundwater that enters a sewer.
The quantity and rate of infiltration depend on the character of the soil in which the sewer is laid, the
relative position of the groundwater level and the sewer, the diameter and length of the sewer, and
the material and care with which the sewer is constructed. With tile and other jointed sewers, infil-
tration depends largely on the type of joint used in the pipes. In large concrete or brick sewers, the
infiltration depends on the type of waterproofing applied.

Infiltration is usually expressed in gallons per day per mile of sewer. With very careful construc-
tion, infiltration can be kept down to 5000 gal/(day⋅mi) [0.14 L/(km⋅s)] of pipe even when the
groundwater level is above the pipe. With poor construction, porous soil, and high ground-water
level, infiltration may amount to 100,000 gal/(day⋅mi) [2.7 L/(km⋅s)] or more. Sewers laid in dense
soil where the groundwater level is below the sewer do not experience infiltration except during and
immediately after a rainfall. Even then, the infiltration will be in small amounts.

Assuming an infiltration rate of 20,000 gal/(day⋅mi) [0.54 L/(km⋅s)] of sewer and a sewer length
of 1.2 mi (1.9 km) for this city, we see the daily infiltration is 1.2(20,000) = 24,000 gal (90,850 L).

6.22 SECTION SIX

TABLE 18 Manning Formula Conveyance Factor

Pipe Pipe cross-
diameter, sectional n
in (mm) area, ft2 (m2) 0.011 0.013 0.015 0.017

6 (152) 0.196 (0.02) 6.62 5.60 4.85 4.28
8 (203) 0.349 (0.03) 14.32 12.12 10.50 9.27

10 (254) 0.545 (0.05) 25.80 21.83 18.92 16.70
12 (305) 0.785 (0.07) 42.15 35.66 30.91 27.27
15 (381) 1.227 (0.11) 76.46 64.70 56.07 49.48
18 (457) 1.767 (0.16) 124.2 105.1 91.04 80.33
21 (533) 2.405 (0.22) 187.1 158.3 137.2 121.1
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Checking the pipe size by either method in step 3 shows that both the 12-in (305-mm) laterals
and the 18-in (457-mm) main are of sufficient size to handle both the sanitary and infiltration flow.

Related Calculations Where a sewer must also handle the runoff from fire-fighting appara-
tus, compute the quantity of fire-fighting water for cities of less than 200,000 population from
Q = 1020(P)0.5 [1 − 0.01(P)0.5], where Q = fire demand, gal/min; P = city population in thou-
sands. Add the fire demand to the sanitary sewage and infiltration flows to determine the max-
imum quantity of liquid the sewer must handle. For cities having a population of more than
200,000 persons, consult the fire department headquarters to determine the water flow quantities
anticipated.

Some sanitary engineers apply a demand factor to the average daily water requirements per
capita before computing the flow rate into the sewer. Thus, the maximum monthly water con-
sumption is generally about 125 percent of the average annual demand but may range up to 200
percent of the average annual demand. Maximum daily demands of 150 percent of the average
annual demand and maximum hourly demands of 200 to 250 percent of the annual average
demand are commonly used for design by some sanitary engineers. To apply a demand factor,
simply multiply the flow rate computed in step 2 by the appropriate factor. Current practice in the
use of demand factors varies; sewers designed without demand factors are generally adequate.
Applying a demand factor simply provides a margin of safety in the design, and the sewer is
likely to give service for a longer period before becoming overloaded.

Most local laws and many sewer authorities recommend that no sewer be less than 8 in (203 mm)
in diameter. The sewer should be sloped sufficiently to give a flow velocity of 2 ft/s (0.6 m/s) or
more when flowing full. This velocity prevents the deposit of solids in the pipe. Manholes serv-
ing sewers should not be more than 400 ft (121.9 m) apart.

Where industrial sewage is discharged into a sanitary sewer, the industrial flow quantity must
be added to the domestic sewage flow quantity before the pipe size is chosen. Swimming pools
may also be drained into sanitary sewers and may cause temporary overflowing because the
sewer capacity is inadequate. The sanitary sewage flow rate from an industrial area may be less
than from a residential area of the same size because the industrial population is smaller.

Many localities and cities restrict the quantity of commercial and industrial sewage that may
be discharged into public sewers. Thus, one city restricts commercial sewage from stores,
garages, beauty salons, etc., to 135 gal/day per capita. Another city restricts industrial sewage
from factories and plants to 50,000 gal/(day⋅acre) [0.55 mL/(m⋅s)]. In other cities each proposed
installation must be studied separately. Still other cities prohibit any discharge of commercial or
industrial sewage into sanitary sewers. For these reasons, the local authorities and sanitary codes,
if any, must be consulted before the design of any sewer is begun.

Before starting a sewer design, do the following: (a) Prepare a profile diagram of the area
that will be served by the sewer. Indicate on the diagram the elevation above grade of each profile.
(b) Compile data on the soil, groundwater level, type of paving, number and type of foundations,
underground services (gas, electric, sewage, water supply, etc.), and other characteristics of the
area that will be served by the sewer. (c) Sketch the main sewer and lateral sewers on the profile
diagram. Indicate the proposed director of sewage flow by arrows. With these steps finished, start
the sewer design.

To design the sewers, proceed as follows: (a) Size the sewers using the procedure given in
steps 1 through 6 above. (b) Check the sewage flow rate to see that it is 2 ft/s (0.6 m/s) or more.
(c) Check the plot to see that the required slope for the pipes can be obtained without expensive
blasting or rock removal.

Where the outlet of a building plumbing system is below the level of the sewer serving the
building, a pump must be used to deliver the sewage to the sewer. Compute the pump capacity,
using the discharge from the various plumbing fixtures in the building as the source of the liquid
flow to the pump. The head on the pump is the difference between the level of the sewage in the
pump intake and the centerline of the sewer into which the pump discharges, plus any friction
losses in the piping.
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STORM-SEWER INLET SIZE AND FLOW RATE

What size storm-sewer inlet is required to handle a flow of 2 ft3/s (0.057 m3/s) if the gutter is sloped
1/4 in/ft (2.1 cm/m) across the inlet and 0.05 in/ft (0.4 cm/m) along the length of the inlet? The max-
imum depth of flow in the gutter is estimated to be 0.2 ft (0.06 m), and the gutter is depressed 4 in
(102 mm) below the normal street level.

Calculation Procedure

1. Compute the reciprocal of the gutter transverse slope. The transverse slope of the gutter across
the inlet is 1/4 in/ft (2.1 cm/m). Expressing the reciprocal of this slope as r, compute the value for this
gutter as r = 4 × 12/1 = 48.

2. Determine the inlet capacity per foot of length. Enter Table 19 at the flow depth of 0.2 ft (0.06 m),
and project to the depth of depression of the gutter of 4 in (102 mm). Opposite this depth, read the
inlet capacity per foot of length as 0.50 ft3/s (0.014 m3/s).

3. Compute the required gutter inlet length. The gutter must handle a maximum flow of 2 ft3/s
(0.057 m3/s). Since the inlet has a capacity of 0.50 ft3/(s⋅ft) [0.047 m3/(m⋅s)] of length, the required
length, ft = maximum required capacity, ft3/s/capacity per foot, ft3/s = 2.0/0.50 = 4.0 ft (1.2 m). A
length of 4.0 ft (1.2 m) will be satisfactory. Were a length of 4.2 or 4.4 ft (1.28 or 1.34 m) required,
a 4.5-ft (1.37-m) long inlet would be chosen. The reasoning behind the choice of a longer length is
that the extra initial investment for the longer length is small compared with the extra capacity
obtained.

4. Determine how far the water will extend from the curb. Use the relation l = rd, where l = dis-
tance water will extend from the curb, ft; d = depth of water in the gutter at the curb line, ft; other
symbols as before. Substituting, we find l = 48(0.2) = 9.6 ft (2.9 m). This distance is acceptable
because the water would extend out this far only during the heaviest storms.

Related Calculations To compute the flow rate in a gutter, use the relation F = 0.56(r/n)s0.5d8/3,
where F = flow rate in gutter, ft3/s; n = roughness coefficient, usually taken as 0.015; s = gutter
slope, in/ft; other symbols as before. Where the computed inlet length is 5 ft (1.5 m) or more,
some engineers assume that a portion of the water will pass the first inlet and enter the next one
along the street.

6.24 SECTION SIX

TABLE 19 Storm-Sewer Inlet Capacity per Foot (Meter) of Length

Depression Capacity per foot 
Flow depth in depth, in length, ft3/s
gutter, ft (mm) (mm) (m3/s)

0.2 (0.06) 0   (0) 0.062   (5.76)
1   (25.4) 0.141 (13.10)
2   (50.8) 0.245 (22.76)
3   (76.2) 0.358 (33.26)
4 (101.6) 0.500 (46.46)

0.3 (0.09) 0   (0) 0.115 (10.69)
1   (25.4) 0.205 (19.05)
2   (50.8) 0.320 (29.73)
3   (76.2) 0.450 (41.81)
4 (101.6) 0.590 (54.82)
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STORM-SEWER DESIGN

Design a storm-sewer system for a 30-acre (1.21 × 105-m2) residential area in which the storm-water
runoff rate is computed to be 24 ft3/s (0.7 m3/s). The total area is divided into 10 plots of equal area
having similar soil and runoff conditions.

Calculation Procedure

1. Sketch a plan of the sewer system. Sketch the area and the 10 plots as in Fig. 7. A scale of 1 in =
100 ft (1 cm = 12 m) is generally suitable. Indicate the terrain elevations by drawing the profile
curves on the plot plan. Since the profiles (Fig. 7) show that the terrain slopes from north to south,
the main sewer can probably be best run from north to south. The sewer would also slope downward
from north to south, following the general slope of the terrain.

Indicate a storm-water inlet for each of the areas served by the sewer. With the terrain sloping
from north to south, each inlet will probably give best service if it is located on the southern border
of the plot.

Since the plots are equal in area, the main sewer can be run down the center of the plot with each
inlet feeding into it. Use arrows to indicate the flow direction in the laterals and main sewer.

2. Compute the lateral sewer size. Each lateral sewer handles 24 ft3/s/10 plots = 2.4 ft3/s (0.07
m3/s) of storm water. Size each lateral, using the Manning formula with n = 0.013 and full flow in
the pipe. Assume a slope ratio of 0.05 for each inlet pipe between the inlet and the main sewer. This
means that the inlet pipe will slope 1 ft in 20 ft (0.3 m in 6.1 m) of length. In an installation such as
this, a slope ratio of 0.05 is adequate.

By using Fig. 4 for a flow of 2.4 ft3/s (0.0679 m3/s) and a slope of 0.05, an 8-in (203-mm) pipe
is required for each lateral. The fluid velocity is, from Fig. 4, 7.45 ft/s (2.27 m/s). This is a high
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FIGURE 7 Typical storm-sewer plot plan and layout diagram.
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enough velocity to prevent solids from settling out of the water. [The flow velocity should not be less
than 2 ft/s (0.61 m/s).]

3. Compute the size of the main sewer. There are four sections of the main sewer (Fig. 7). The
first section, section 3-4, serves the two northernmost plots. Since the flow from each plot is 2.4 ft3/s
(0.0679 m3/s), the storm water that this portion of the main sewer must handle is 2(2.4) = 4.8 ft3/s
(0.14 m3/s).

The main sewer begins at point A, which has an elevation of about 213 ft (64.9 m), as shown by the
profile. At point B the terrain elevation is about 190 ft (57.8 m). Hence, the slope between points A and
B is about 213 − 190 = 23 ft (7.0 m), and the distance between the two points is about 920 ft (280.4 m).

Assume a slope of 1 ft/100 ft (0.3 m/30.5 m) of
length, or 1/100 = 0.01 for the main sewer. This is a
typical slope used for main sewers, and it is within the
range permitted by a pipe run along the surface of this
terrain. Table 20 shows the minimum slope required to
produce a flow velocity of 2 ft/s (0.61 m/s).

Using Fig. 4 for a flow of 4.8 ft3/s (0.14 m3/s) and
a slope of 0.01, we see the required size for section
3-4 of the main sewer is 15 in (381 mm). The flow
velocity in the pipe is 4.88 ft/s (1.49 m/s). The size of
this sewer is in keeping with general design practice,
which seldom uses a storm sewer less than 12 in
(304.8 mm) in diameter.

Section 5-6 conveys 9.6 ft3/s (0.27 m3/s). Using
Fig. 4 again, we find the required pipe size is 18 in
(457.2 mm) and the flow velocity is 5.75 ft/s (1.75 m/s).
Likewise, section 7-8 must handle 14.4 ft3/s (0.41 m3/s).
The required pipe size is 21 in (533 mm), and the flow
velocity in the pipe is 6.35 ft/s (1.94 m/s). Section 9-10

of the main sewer handles 19.2 ft3/s (0.54 m3/s), and must be 24 in (609.6 mm) in diameter. The veloc-
ity in this section of the sewer pipe will be 6.9 ft/s (2.1 m/s). The last section of the main sewer han-
dles the total flow, or 24 ft3/s (0.7 m3/s). Its size must be 27 in (686 mm), Fig. 4, although a 24-in
(610.0-mm) pipe would suffice if the slope at point B could be increased to 0.012.

Related Calculations Most new sewers built today are the separate type, i.e., one sewer for san-
itary service and another sewer for storm service. Sanitary sewers are usually installed first
because they are generally smaller than storm sewers and cost less. Combined sewers handle both
sanitary and storm flows and are used where expensive excavation for underground sewers is nec-
essary. Many older cities have combined sewers.

To size a combined sewer, compute the sum of the maximum sanitary and storm water flow
for each section of the sewer. Then use the method given in this procedure after having assumed
a value for n in the Manning formula and for the slope of the sewer main.

Where a continuous slope cannot be provided for a sewer main, a pumping station to lift the
sewage must be installed. Most cities require one or more pumping stations because the terrain
does not permit an unrestricted slope for the sewer mains. Motor-driven centrifugal pumps are
generally used to handle sewage. For unscreened sewage, the suction inlet of the pump should
not be less than 3 in (76 mm) in diameter.

SELECTION OF SEWAGE-TREATMENT METHOD

A city of 100,000 population is considering installing a new sewage-treatment plant. Select a suit-
able treatment method. Local ordinances require that suspended matter in the sewage be reduced
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TABLE 20 Minimum Slope of Sewers*

Sewer Minimum slope, ft/
diameter, 100 ft (m/30.5 m)
in (mm) of length

4 (102) 1.20 (0.366)
6 (152) 0.60 (0.183)
8 (203) 0.40 (0.122)

10 (254) 0.29 (0.088)
12 (305) 0.22 (0.067)
15 (381) 0.15 (0.046)
18 (457) 0.12 (0.037)
20 (505) 0.10 (0.030)
24 (610) 0.08 (0.024)

*Based on the Manning formula with n = 0.13
and the sewer flowing either full or half full.
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80 percent, that bacteria be reduced 60 percent, and that the biochemical oxygen demand be reduced
90 percent. The plant will handle only domestic sanitary sewage. What are the daily oxygen demand
and the daily suspended-solids content of the sewage? If an industrial plant discharges into this
system sewage requiring 4500 lb (2041.2 kg) of oxygen per day, determine the population equiva-
lent of the industrial sewage.

Calculation Procedure

1. Compute the daily sewage flow. With an average flow per capita of 200 gal/day (8.8 mL/s), this
sewage treatment plant must handle per capita (200 gal/day)(100,000 population) = 20,000,000
gal/day (896.2 L/s).

2. Compute the sewage oxygen demand. Usual domestic sewage shows a 5-day oxygen demand
of 0.12 to 0.17 lb/day (0.054 to 0.077 kg/day) per person. With an average of 0.15 lb (0.068 kg) per
person per day, the daily oxygen demand of the sewage is (0.15)(100,000) = 15,000 lb/day (78.7 g/s).

3. Compute the suspended-solids content of the sewage. Usual domestic sewage contains about
0.25 lb (0.11 kg) of suspended solids per person per day. Using this average, we see the total quan-
tity of suspended solids that must be handled is (0.25)(100,000) = 25,000 lb/day (0.13 kg/s).

4. Select the sewage-treatment method. Table 21 shows the efficiency of various sewage-treatment
methods. Since the desired reduction in suspended matter, biochemical oxygen demand (BOD), and
bacteria is known, this will serve as a guide to the initial choice of the equipment.

Study of Table 21 shows that a number of treatments are available which will reduce the sus-
pended matter by 80 percent. Hence, any one of these methods might be used. The same is true for
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TABLE 21 Typical Efficiencies of Sewage-Treatment Methods*

Percentage reduction

Suspended
Treatment matter BOD Bacteria

Fine screens 5–20 ⋅ ⋅ ⋅ 10–20
Plain sedimentation 35–65 25–40 50–60
Chemical precipitation 75–90 60–85 70–90
Low-rate trickling filter, with pre- 70–90+ 75–90 90+
and final sedimentation

High-rate trickling filter with pre- 70–90 65–95 70–95
and final sedimentation

Conventional activated sludge with 80–95 80–95 90–95+
pre- and final sedimentation

High-rate activated sludge with pre- 70–90 70–95 80–95
and final sedimentation

Contact aeration with pre- and 80–95 80–95 90–95+
final sedimentation

Intermittent sand filtration with 90–95 85–95 95+
presedimentation

Chlorination:
Settled sewage ⋅ ⋅ ⋅ † 90–95
Biologically treated sewage ⋅ ⋅ ⋅ † 98–99

*Steel—Water Supply and Sewerage, McGraw-Hill.
†Reduction is dependent on dosage.
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the desired reduction in bacteria and BOD. Thus, the system choice resolves to selection of the most
economical group of treatment units.

For a city of this size, four steps of sewage treatment would be advisable. The first step, prelim-
inary treatment, could include screening to remove large suspended solids, grit removal, and grease
removal. The next step, primary treatment, could include sedimentation or chemical precipitation.
Secondary treatment, the next step, might be of a biological type such as the activated-sludge process
or the trickling filter. In the final step, the sewage might be treated by chlorination. Treated sewage
can then be disposed of in fields, streams, or other suitable areas.

Choose the following units for this sewage-treatment plant, using the data in Table 21 as a guide:
rocks or screens to remove large suspended solids, grit chambers to remove grit, skimming tanks for
grease removal, plain sedimentation, activated-sludge process, and chlorination.

Reference to Table 21 shows that screens and plain sedimentation will reduce the suspended solids
by the desired amount. Likewise, the activated-sludge process reduces the BOD by up to 95 percent
and the bacteria up to 95+ percent. Hence, the chosen system satisfies the design requirements.

5. Compute the population equivalent of the industrial sewage. Use the relation Pe = R/D, where
Pe = population equivalent of the industrial sewage, persons; R = required oxygen of the sewage,
lb/day; D = daily oxygen demand, lb per person per day. So Pe = 4500/0.15 = 30,000 persons.

Related Calculations Where sewage is combined (i.e., sanitary and storm sewage mixed), the 5-
day per-capita oxygen demand is about 0.25 lb/day (0.11 kg/day). Where large quantities of indus-
trial waste are part of combined sewage, the per-capita oxygen demand is usually about 0.5 lb/day
(0.23 kg/day). To convert the strength of an industrial waste to the same base used for sanitary
waste, apply the population equivalent relation in step 5. Some cities use the population equivalent
as a means of evaluating the load placed on the sewage-treatment works by industrial plants.

Table 22 shows the products resulting from various sewage-treatment processes per million
gallons of sewage treated. The tabulated data are useful for computing the volume of product each
process produces.

Environmental considerations are leading to the adoption of biogas methods to handle the
organic fraction of municipal solids waste (MSW). Burning methane-rich biogas can meet up to
60 percent of the operating cost of waste-to-energy plants. Further, generating biogas avoids the
high cost of disposing of this odorous by-product. A further advantage is that biogas plants are
exempt from energy or carbon taxes. Newer plants also handle industrial wastes, converting them
to biogas.

Biogas plants are popular in Europe. The first anaerobic digestion plant capable of treating
unsorted MSW handles 55,000 mt/yr. It treats wastestreams with solids contents of 30 to 35 per-
cent. Automated sorting first removes metals, plastics, paperboard, glass, and inerts from the
MSW stream. The remaining organic fraction is mixed with recycled water from a preceding
compost-drying press to form a 30 to 35 percent solids sludge which is pumped into one of the
plant’s three 2400-m3 (84,720 ft3) digesters.

Residence time in the digester is about 3 weeks with a biogas yield of 99 m3/mt of MSW (3495
ft3/t), or 146 m3/mt (5154 ft3/t) of sorted organic fraction. Overflow liquid from the digester is
pressed, graded, and sold as compost. Mixtures of MSW, sewage sludges, and animal slurries can
also be digested in this process (Valorga) developed by Valorga SA (Vendargues, France). This is
termed a dry process.

Wet processes handle wastestreams with only 10 to 15 percent solids content. Featuring more
than one digestion stage, it is easier to control parameters such as pH and solids concentration
than dry fermentation. The first plant to use wet digestion to process MSW is a 20,000-mt/yr
installation in Denmark. About two-thirds of the annual operating cost of $2 million is recovered
through the sale of biogas. In a 14,000-mt/yr plant in Finland the biogas produced is used to fire
a gas turbine. Multiple stages are said to make wet fermentation 65 percent faster than single-
stage processes, with a 50 percent higher gas yield.

These developments show that sanitary engineers will be more concerned than ever with the
environmental aspects of their designs. With the world population growing steadily every year
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and the longer lifespan of older individuals, biogas and similar recovery-conversion processes
will become standard practice in every major country.

The data on biogas given above was reported in Chemical Engineering.

DESIGN OF AN AEROBIC DIGESTER

An aerobic digester is to be designed to treat the waste sludge produced by an activated sludge waste-
water treatment facility. The input waste sludge will be 12,823 gal/day (48.5 L/d) (input 5 d/wk only)
of thickened waste activated sludge at 5.0 percent solids. Assume the following apply:

1. The minimum liquid temperature in the winter is 15°C (59°F), and the maximum liquid temper-
ature in the summer is 30°C (86°F).

2. The system must achieve a 40 percent Volatile Suspended Solids (VSS) reduction in the winter.

3. Sludge concentration in the digester is 70 percent of the incoming thickened sludge concentra-
tion.

4. The volatile fraction of digester suspended solids is 0.8.

Calculation Procedure

1. Find the daily volume of sludge for disposal. Factors that must be considered in designing aer-
obic digesters include temperature, solids reduction, tank volume (hydraulic retention time), oxygen
requirements and energy requirements for mixing.

Because the majority of aerobic digesters are open tanks, digester liquid temperatures are depen-
dent upon weather conditions and can fluctuate extensively. As with all biological systems, lower
temperatures retard the process, whereas higher temperatures accelerate it. The design of the aero-
bic digester should provide the necessary degree of sludge stabilization at the lowest liquid operat-
ing temperature and should supply the maximum oxygen requirements at the maximum liquid
operating temperature.

A major objective of aerobic digestion is to reduce the mass of the solids for disposal. This reduc-
tion is assumed to take place only with the biodegradable content (VSS) of the sludge, although there
may be some destruction of the inorganics as well. Typical reduction in VSS ranges from 40 to
50 percent. Solids destruction is primarily a direct function of both basin liquid temperature and
sludge age, as indicated in Fig. 8. The plot relates VSS reduction to degree-days (temperature ×
sludge age).

To ensure proper operation, the contents of the aerobic digester should be well mixed. In general,
because of the large amount of air that must be supplied to meet the oxygen requirement, adequate
mixing is usually achieved. However, mixing power requirements should always be checked.

The aerobic digester will operate 7 days per week, unlike the thickening facilities which operate
intermittently due to larger operator attention requirements. The thickened sludge is input to the
digester at 12,823 gal/day (48.5 L/d), 5 days per week. However, the volume of the sludge to be dis-
posed of daily by the digester will be lower due to its operation 7 days per week (the “bugs” do not
take the weekends off). Therefore the volume of sludge to be disposed of daily (Q) is:

Qi = (12,823 gal/day)(5/7) = 9,159 gal/day = 1,224 ft3/d (34.6 m3/d)

2. Determine the required VSS reduction. The sludge age required for winter conditions is
obtained from Fig. 8 using the minimum winter temperature and required VSS reduction.

To achieve a 40 percent VSS reduction in the winter, the degree-days required from Fig. 8 is
475°C⋅d. Therefore, the required sludge age is 475° C⋅d/15°C = 31.7 days. During the summer, when
the liquid temperature is 30°C, the degree-days required is (30°C) (31.7 d) = 951°C⋅d. From Fig. 8,
the VSS reduction will be 46 percent.
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The total mass of solids processed by the digester will be 3,933 lb/d (1785.6 kg/d), which is the
total mass of solids wasted from the treatment facility. The total mass of VSS input to the digester is:

(0.8)(3,933 lb/d) = 3146 lb/d (1428.3 kg/d)

Therefore, during the winter:

• VSS reduction = (3,146 lb/d)(0.40) = 1258 lb VSS reduced/d (571.1 kg/d)

• Digested (stabilized) sludge leaving the digester = 3933 lb/d − 1258 lb/d = 2675 lb/d (1214.5 kg/d)

3. Compute the volume of digested sludge. The volume of digested sludge is:

where V = Sludge volume (ft3) (m3)
Ws = Weight of sludge (lb) (kg)

r = density of water (62.4 lb/ft3) (994.6 kg/m3)
s.g. = specific gravity of digested sludge (assume s.g. = 1.03)

% solids = percent solids expressed as a decimal (incoming sludge: 5.0%)

Therefore, the volume of the digested sludge is:

During the summer:

• VSS reduction = (3,146 lb/d)(0.46) = 1447 lb VSS reduced/d (656.9 kg/d)

• Digested (stabilized) sludge leaving the digester = 3933 lb/d – 1447 lb/d = 2486 lb/d (1128.6 kg/d).
• Volume of digested sludge:

V = = =2486

62 4 1 03 0 05
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 lb/d

 lb/ft
 ft /d 5790 gal/day (21.9 L/d)

3
3

( . )( . )( . )

V = = =2675
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 ft /d 6223 gal/day (23.6 L/d)

3
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( )( )(r s.g. % solids)
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FIGURE 8 VSS reduction in aerobic digester vs. liquid temperature ×
sludge age. (Metcalf & Eddy, Wastewater Engineering: Treatment, Disposal,
and Reuse, 3rd Ed., McGraw-Hill.)
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4. Find the oxygen and air requirements. The oxygen required to destroy the VSS is approximately
2.3 lb O2/lb VSS (kg/kg) destroyed. Therefore, the oxygen requirements for winter conditions are:

(1258 lb VSS/d)(2.3 lb O2/lb VSS) = 2893 lb O2/d (1313.4 kg/d)

The volume of air required at standard conditions (14.7 lb/in2 and 68°F) (96.5 kPa and 20°C)
assuming air contains 23.2 percent oxygen by weight and the density of air is 0.075 lb/ft3 is:

For summer conditions:

• Oxygen required = (1447 lb/d)(2.3 lb O2/d) = 3328 lb O2/d (1510.9 kg/d)

• Volume of Air = 3328 lb O2/d/(0.075 lb/ft3)(0.232) = 191,264 ft3/d (5412.8 m3/d)

Note that the oxygen transfer efficiency of the digester system must be taken into account to get
the actual volume of air required. Assuming diffused aeration with an oxygen transfer efficiency of
10 percent, the actual air requirements at standard conditions are:

• Winter: volume of air = 166,264 ft3/d/(0.1)(1,400 min/d) = 1155 ft3/min (32.7 m3/min)

• Summer: volume of air = 191,264 ft3/d/(0.1)(1,440 min/d) = 1328 ft3/min (37.6 m3/min)

To summarize winter and summer conditions:

5. Determine the aerobic digester volume. From the above analysis it is clear that the aerobic
digester volume will be calculated using values obtained under the winter conditions analysis, while
the aeration equipment will be sized using the 1328 ft3/min (37.6 m3/min) air requirement obtained
under the summer conditions analysis.

The volume of the aerobic digester is computed using the following equation, assuming the
digester is loaded with waste activated sludge only:

where V = Volume of aerobic digester, ft3 (m3)
Qi = Influent average flow rate to the digester, ft3/d (m3/d)
Xi = Influent suspended solids, mg/L (50,000 mg/L for 5.0% solids)
X = Digester total suspended solids, mg/L

Kd = Reaction rate constant, d−1. May range from 0.05 d−1 at 15°C (59°F) to 0.14 d−1 at
25°C (77°F) (assume 0.06 d−1 at 15°C)

Pv = Volatile fraction of digester suspended solids (expressed as a decimal) = 0.8 (80%) 
as stated in the initial assumptions.

qc = Solids retention time (sludge age), d

V
Q X

X K P
i i

d v c

=
+( / )1 q

Parameter Winter Summer

Total Solids ln, lb/d (kg/d) 3933 (1785.6) 3933 (1785.6)
VSS In, lb/d (kg/d) 3146 (1428.3) 3146 (1428.3)
VSS Reduction, (%) 40 46
VSS Reduction, lb/d (kg/d) 1258 (571.1) 1447 (656.9)
Digested Sludge Out, gal/day (L/d) 6223 (23.6) 5790 (21.9)
Digested Sludge Out, lb/d (kg/d) 2675 (1214.5) 2486 (1128.6)
Air Requirements @ S.C., ft3/min (m3/min) 1155 (32.7) 1328 (37.6)

Volume of Air
 lb O d

  lb/ft )(0.232)
 ft /d (4705.3 m /d)2
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Using values obtained above with winter conditions governing, the aerobic digester volume is:

The air requirement per 1,000 ft3 (2.8 m3) of digester volume with summer conditions governing is:

The mixing requirements for diffused aeration range from 20 to 40 ft3/min/103ft3 (0.32 to
0.64 m3/min/Mm3). Therefore, adequate mixing will prevail.

This procedure is the work of Kevin D. Wills, M.S.E., P.E., Consulting Engineer, Stanley Con-
sultants, Inc.

DESIGN OF AN AERATED GRIT CHAMBER

Domestic wastewater enters a wastewater treatment facility with an average daily flow rate of 4.0 Mgd
(15,140 L/d). Assuming a peaking factor of 2.5, size an aerated grit chamber for this facility including
chamber volume, chamber dimensions, air requirement, and grit quantity.

Calculation Procedure

1. Determine the aerated grit chamber volume. Grit removal in a wastewater treatment facility
prevents unnecessary abrasion and wear of mechanical equipment such as pumps and scrappers, and
grit deposition in pipelines and channels. Grit chambers are designed to remove grit (generally char-
acterized as nonputrescible solids) consisting of sand, gravel, or other heavy solid materials that have
settling velocities greater than those of the organic putrescible solids in the wastewater.

In aerated grit chamber systems, air introduced along one side near the bottom causes a spiral roll
velocity pattern perpendicular to the flow through the tank. The heavier particles with their corre-
spondingly higher settling velocities drop to the bottom, while the rolling action suspends the lighter
organic particles, which are carried out of the tank. The rolling action induced by the air diffusers is
independent of the flow through the tank. Then non-flow-dependent rolling action allows the aerated
grit chamber to operate effectively over a wide range of flows. The heavier particles that settle on the
bottom of the tank are moved by the spiral flow of the water across the tank bottom and into a grit
hopper. Screw augers or air lift pumps are generally uti-
lized to remove the grit from the hopper.

The velocity of roll governs the size of the particles of
a given specific gravity that will be removed. If the velo-
city is too great, grit will be carried out of the chamber. If
the velocity is too small, organic material will be removed
with the grit. The quantity of air is easily adjusted by
throttling the air discharge or using adjustable speed
drives on the blowers. With proper adjustment, almost
100 percent grit removal will be obtained, and the grit will
be well washed. Grit that is not well washed will contain
organic matter and become a nuisance through odor emis-
sion and the attraction of insects.

Wastewater will move through the aerated grit cham-
ber in a spiral path as illustrated in Fig. 9. The rolling
action will make two to three passes across the bottom
of the tank at maximum flow and more at lesser flows.
Wastewater is introduced in the direction of the roll.

Volume of Air
 ft /min

 ft
 ft /min/10  ft  (0.97 m /min/Mm )

3

3
3 3 3 3 3= =1328
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1 224

50 000 0 8 1 31 7
21 982

1

 ft /d)(50,000 mg/L)

mg/L)(0.7)[(0.06  d]
ft (622.2 m )

3
3 3

WATER AND WASTE-WATER ENGINEERING 6.33

FIGURE 9 Aerated grit chamber. (Metcalf &
Eddy, Wastewater Engineering: Treatment,
Disposal, and Reuse, 3rd Ed., McGraw-Hill.)
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At peak flow rate, the detention time in the aerated grit chamber should range from 2 to 5 minutes.
A detention time of 3 minutes will be used for this example. Because it is necessary to drain the cham-
ber periodically for routine maintenance, two redundant chambers will be required. Therefore, the
volume of each chamber is:

Using values from above, the chamber volume is:

2. Determine the dimensions of the grit chamber. Width-depth ratio for aerated grit chambers
range from 1:1 to 5:1. Depths range from 7 to 16 feet (2.1 to 4.87 m). Using a width-depth ratio of
1.2:1 and a depth of 8 feet (2.43 m), the dimensions of the aerated grit chamber are:

Length-width ratios range from 3:1 to 5:1. As a check, length to width ratio for the aerated grit cham-
ber sized above is: 36.3 ft/9.6 ft = 3.78:1, which is acceptable.

3. Determine the air supply required. The air supply requirement for an aerated grit chamber
ranges from 2.0 to 5.0 ft3/min/ft of chamber length (0.185 to 0.46 m3/min(m). Using 5.0 ft3/min/ft
(0.46 m3/min⋅m) for design, the amount of air required is:

Air required (ft3/min) = (5.0 ft3/min/ft)(36.3 ft) = 182 ft3/min (5.2 m3/min)

4. Estimate the quantity of girt expected. Grit quantities must be estimated to allow sizing of grit
handling equipment such as grit conveyors and grit dewatering equipment. Grit quantities from an
aerated grit chamber vary from 0.5 to 27 ft3/Mgal (3.74 to 201.9 m3/L) of flow. Assume a value of
20 ft3/Mgal (149.5 m3/L). Therefore, the average quantity of grit expected is:

Volume of grit (ft3/d) = (20 ft3/Mgal)(4.0 Mgd) = 80 ft3/d (2.26 m3/d)

Some advantages and disadvantages of the aerated grit chamber are listed below:

Width = (1.2)(8 ft) = 9.6 ft (2.92 m)

Length = (volume)/[(width)(depth)] =
 ft

 ft)(9.6 ft)
 ft  m)

32785
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6.34 SECTION SIX

Advantages Disadvantages

The same efficiency of grit removal is Power consumption is higher than other grit removal
possible over a wide flow range. processes.

Head loss through the grit chamber is Additional labor is required for maintenance
minimal. and control of the aeration system.

By controlling the rate of aeration, a grit Significant quantities of potentially harmful
of relatively low putrescible organic volatile organics and odors may be released
content can be removed. from wastewaters containing these constituents.

Preaeration may alleviate septic conditions in the Foaming problems may be created if
incoming wastewater to improve performance influent wastewater has surfactants
of downstream treatment units. present.

Aerated grit chambers can also be used
for chemical addition, mixing,
preaeration, and flocculation ahead
of primary treatment.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.

WATER AND WASTE-WATER ENGINEERING



This procedure is the work of Kevin D. Wills, M.S.E., P.E., Consulting Engineer, Stanley Con-
sultants, inc.

DESIGN OF AN ANAEROBIC DIGESTOR

A high rate anaerobic digestor is to be designed to treat a mixture of primary and waste activated sludge
produced by a wastewater treatment facility. The input sludge to the digester is 60,000 gal/day
(227.1 m3/d) of primary and waste activated sludge with an average loading of 25,000 lb/d (11,350 kg/d)
of ultimate BOD (BODL). Assume the yield coefficient (Y) is 0.06 lb VSS/lb BODL (kg/kg), and the
endogenous coefficient (kd) is 0.03d−1 at 35°C (95°F). Also assume that the efficiency of waste uti-
lization in the digester is 60 percent. Compute the digester volume required, the volume of methane
gas produced, the total volume of digester gas produced, and the percent stabilization of the sludge.

Calculation Procedure

1. Determine the required digester volume and loading. Anaerobic digestion is one of the oldest
processes used for the stabilization of sludge. It involves the decomposition of organic and inorganic
matter in the absence of molecular oxygen. The major applications of this process are in the stabi-
lization of concentrated sludge produced from the treatment of wastewater.

In the anaerobic digestion process, the organic material is converted biologically, under anaero-
bic conditions, to a variety of end products including methane (CH4) and carbon dioxide (CO2). The
process is carried out in an airtight reactor. Sludge, introduced continuously or intermittently, is
retained in the reactor for varying periods of time. The stabilized sludge, withdrawn continuously or
intermittently from the reactor, is reduced in organic and pathogen content and in nonputrescible.

In the high rate digestion process, as shown in Fig. 10, the contents of the digester are heated and
completely mixed. For a complete-mix flow through digester, the mean cell residence time (qc) is the
same as the hydraulic retention time (q).

In the United States, the use and disposal of sewage sludge is regulated under 40 CFR Part 503
promulgated February 1993. The new regulation replaces 40 CFR Part 257—the original regulation
governing the use and disposal of sewage sludge, in effect since 1979. The new regulations state that
“for anaerobic digestion, the values for the mean-cell-residence time and temperature shall be
between 15 days at 35°C (95°F) to 55°C (131°F) and 60 days at 20°C (68°F).”

WATER AND WASTE-WATER ENGINEERING 6.35

FIGURE 10 High-rate single-stage complete-mix anaerobic digester.
(Adapted from Metcalf & Eddy, Wastewater Engineering: Treatment,
Disposal, and Reuse, 3rd Ed., McGraw-Hill.)
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Therefore, for an operating temperature of 35°C (95°F), a mean cell residence time of 15 days
will be used. The influent sludge flow rate (Q) is 60,000 gal/day = 8,021 ft3/d (226.9 m3/d). The
digester volume V required is computed using.

V = qcQ V = (15d)(8.021 ft3/d) = 120,315 ft3 (3,404.9 m3)

The BOD entering the digester 25,000 lb/d (11,350 kg/d). Therefore, the volumetric loading to the
digester is

For high rate digesters, loadings range from 0.10 to 0.35 lb/ft3⋅d (1.6 to 5.61 kg/m3⋅d).
Assuming 60 percent waste utilization, the BODL exiting the digester is

(25,000 lb/d)(1 − 0.6) = 10,000 lb/d (4,540 kg/d)

2. Compute the daily quantity of volatile solids produced. The quantity of volatile solids pro-
duced each day is computed using

where Px = Volatile solids produced, lb/d (kg/d)
Y = Yield coefficient (lb VSS/lb BODL)
kd = Endogenous coefficient (d–1)
qc = Mean cell residence time (d)

Using values obtained above, the volatile solids produced each day are

3. Determine the volume of methane produced. The volume of methane gas produced at standard
conditions (32°F and 1 atm) (0°C and 101.3 kPa) is calculated using

where VCH4
= Volume of methane gas produced at standard conditions (ft3/d) (m3/d)

Using values obtained above:

Since digester gas is approximately 2/3 methane, the volume of digester gas produced is

(79,344 ft3/d)10.67 = 118,424 ft3/d (3,351.4 m3/d)

VCH4
 ft / lb[(25,000 lb/d)  lb/d)  lb/d)]
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4. Calculate the percent stabilization. Percent stabilization is calculated using:

Using values obtained above:

Related Calculations These disadvantages and advantages of the anaerobic treatment of sludge,
as compared to aerobic treatment, are related to the slow growth rate of the methanogenic
(methane producing) bacteria. Slow growth rates require a relatively long retention time in the
digester for adequate waste stabilization to occur. With methanogenic bacteria, most of the
organic portion of the sludge is converted to methane gas, which is combustible and therefore a
useful end product. If sufficient quantities of methane gas are produced, the methane gas can be
used to operate duel-fuel engines to produce electricity and to provide building heat.

This procedure is the work of Kevin D. Wills, M.S.E., P.E., Consulting Engineer, Stanley Con-
sultants, Inc.
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Environmental engineering is probably the fastest growing branch of engineering today. Impact-
ing every facet of industry and society, environmental engineering is the answer to a cleaner, safer
world. Regardless of where pollution control is exercised—before the pollution occurs, or afterwards—
environmental engineering is the answer to creating a better environment for everyone, everywhere.

Environmental engineering uses the skills and technologies of almost every other branch of the
profession. Thus, the environmental engineer will use methods and solutions from engineering dis-
ciplines including mechanical, civil, electrical, chemical, industrial, architectural, sanitary, nuclear,
and control engineering. Today a number of engineering schools are offering a major in environ-
mental engineering. Graduates have studied portions of the disciplines just mentioned.

This section of the Handbook concentrates on procedures for solving environmental problems of
many types. Where procedures in related disciplines are needed, for example, pipe sizing, the reader
should refer to that discipline in this handbook. By combining the methods given in related sections
with those in this section, an engineer should be able to develop solutions to a variety of practical,
everyday environmental problems.

GENERALIZED COST-BENEFIT ANALYSIS

An engineering atmospheric control to protect the public against environmental pollution will have
an incremental operating cost $100,000. If the pollution were uncontrolled, the damage to the public
would have an estimated incremental cost of $125,000. Would this atmospheric control be a benefi-
cial investment?

Calculation Procedure

1. Write the cost-benefit ratio for this investment. The generalized dimensionless cost-benefit
equation is 0 ≤ C/B ≤ 1, where C = incremental operating cost of the proposed atmospheric control,
$, or other consistent monetary units; B = benefit to the public of having the pollution controlled, $,
or other consistent monetary units.

2. Compute the cost-benefit ratio for this situation. Using the values given, 0 ≤ $100,000/
$125,000 ≤ 1. Or, 0 ≤ 0.80 ≤ 1. This result means that 80¢ spent on environmental control will yield
$1.00 in public benefits. Investing in the control would be a wise decision because a return greater
than the cost of the control is obtained.

Related Calculations In the general cost-benefit equation, 0 ≤ C/B ≤ 1, the upper limit of unity
means that $1.00 spent on the incremental operating cost of the atmospheric control will deliver
$1.00 in public benefits. A cost-benefit ratio of more than unity is uneconomic. Thus, $1.25 spent
to obtain $1.00 in benefits would not, in general, be acceptable in a rational analysis. The deci-
sion would be to accept the environmental pollution until a satisfactory cost-benefit solution
could be found.

A negative result in the generalized equation means that money invested to improve the envi-
ronment actually degrades the condition. Hence, the environmental condition becomes worse.
Therefore, the technology being applied cannot be justified on an economic basis.

In applying cost-benefit analyses, a number of assumptions of the benefits to the public may
have to be made. Such assumptions, particularly when expressed in numeric form, can be open
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to change by others. Fortunately, by assigning a number of assumed values to one or more ben-
efits, the cost-benefit ratios can easily be evaluated, especially when the analysis is done on a
computer.

SELECTION OF MOST DESIRABLE PROJECT
USING COST-BENEFIT ANALYSIS

Five alternative projects for control of environmental pollution are under consideration. Each project
is of equal time duration. The projects have the cost-benefit data shown in Table 1. Determine which
project, if any, should be constructed.

Calculation Procedure

1. Evaluate the cost-benefit (C/B) ratios of the projects. Setting up the C/B ratios for the five pro-
jects by the cost by the estimated benefits shows—in Table 1—that all C/B ratios are less than unity.
Thus, each of the five projects passes the basic screening test of 0 ≤ C/B ≤ 1. This being the case, the
optimal project must be determined.

2. Analyze the projects in terms of incremental cost and benefit. Alternative projects cannot be
evaluated in relation to one another merely by comparing their C/B ratios, because these ratios apply
to unequal bases. The proper approach to analyzing such a situation is: Each project corresponds to
a specific level of cost. To be justified, every sum of money expended must generate at least an equal
amount in benefits; the step from one level of benefits to the next should be undertaken only if the
incremental benefits are at least equal to the incremental costs.

Rank the projects in ascending order of costs. Thus, Project D costs $90,000; Project C costs
$125,000; and so on. Ranking the projects in ascending order of costs gives the sequence D-C-A-E-B.

Next, compute the incremental costs and benefits associated with each step from one level to the
next. Thus, the incremental cost going from Project D to Project C is $125,000 − $90,000 = $35,000.
And the benefit from going from Project D to Project C is $180,000 − $150,000 = $30,000, using the
data from Table 1. Summarize the incremental costs and benefits in a tabulation like that in Table 2.
Then compute the C/B ratio for each situation and list it in Table 2. The computation shows that Pro-
ject E is the best of these five projects because it has the lowest cost—75¢ per $1.00 of benefit. Hence,
this project would be chosen for control of environmental pollution in this instance.

Related Calculations These are some situations in which the minimum acceptable C/B ratio
should be set at some value close to 1.00. For example, with reference to the above projects,
assume that the government has a fixed sum of money that is to be divided between a project
listed in Table 1 and some unrelated project. Assume that the latter has a C/B ratio of 0.91, irre-
spective of the sum expended. In this situation, the step from one level to a higher one is war-
ranted only if the C/B ratio corresponding to this increment is at least 0.91.

ENVIRONMENTAL ENGINEERING 7.3

TABLE 1 Project Costs and Benefits

Equivalent uniform net Equivalent uniform net C/B
Project annual benefits, $ annual costs, $ ratio

A 200,000 135,000 0.68
B 250,000 190,000 0.76
C 180,000 125,000 0.69
D 150,000 90,000 0.60
E 220,000 150,000 0.68
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Closely related to cost-benefit analysis and an outgrowth of it is cost-effectiveness analysis, which
is used mainly in the evaluation of military and space programs. To apply this method of analysis,
assume that some required task can be accomplished by alternative projects that differ in both cost
and degree of performance. The effectiveness of each project is expressed in some standard unit, and
the projects are then compared by a procedure analogous to that for cost-benefit analysis.

Note that cost-benefit analysis can be used in any comparison of environmental alternatives.
Thus, cost-benefit analyses can be used for air-pollution controls, industrial thermal discharge
studies, transportation alternatives, power-generation choices (windmills vs. fossil-fuel or nuclear
plants), cogeneration, recycling waste for power generation, solar power, use of recycled sewer
sludge as a fertilizer, and similar studies. The major objective in each comparison is to find the
most desirable alternative based on the benefits derived from various options open to the designer.

For example, electric utilities using steam generating stations burning coal or oil may release
large amounts of carbon dioxide into the atmosphere. This carbon dioxide, produced when a fuel
is burned, is thought to be causing a global greenhouse effect. To counteract this greenhouse
effect, some electric utilities have purchased tropical rain forests to preserve the trees in the
forest. These trees absorb carbon dioxide from the atmosphere, counteracting that released by the
utility.

Other utilities pay lumber companies to fell trees more selectively. For example, in felling the
10 percent of the marketable trees in a typical forest, as much as 40 to 50 percent of a forest may
be destroyed. By felling trees more selectively, the destruction can be reduced to less than 20 per-
cent of the forest. The remaining trees absorb atmospheric carbon dioxide, turning it into envi-
ronmentally desirable wood. This conversion would not occur in these trees if they were felled in
the usual foresting operation. The payment to the lumber company to do selective felling is con-
sidered a cost-benefit arrangement because the unfelled trees remove carbon dioxide from the air.
The same is true of the tropical rain forests purchased by utilities and preserved to remove carbon
dioxide which the owner-utility emits to the atmosphere.

Recently, a market has developed in the sale of “pollution rights” in which a utility that emits
less carbon dioxide because it has installed pollution-control equipment can sell its “rights” to
another utility that has less effective control equipment. The objective is to control, and reduce,
the undesirable emissions by utilities.

With a potential “carbon tax” in the future, utilities and industrial plants that produce carbon
dioxide as a by-product of their operations are seeking cost-benefit solutions. The analyses given
here will help in evaluating potential solutions.

ECONOMICS OF ENERGY-FROM-WASTES ALTERNATIVES

A municipality requires the handling of 1500 tons/day (1524 mt/day) of typical municipal solid
waste. Determine if a waste-to-energy alternative is feasible. If not, analyze the other means by
which this solid-waste stream might be handled. Two waste-to-energy alternatives are being consid-
ered—mass burn and processed fuel. The expected costs are shown in Table 3. If earnings of 6 per-
cent on invested capital are required, which alternative is more economical?

7.4 SECTION SEVEN

TABLE 2 Cost-Benefit Comparison

Incremental Incremental C/B
Step benefit, $ cost, $ ratio Conclusion

D to C 30,000 35,000 1.17 Unsatisfactory
D to A 50,000 45,000 0.90 Satisfactory
A to E 20,000 15,000 0.75 Satisfactory
E to B 30,000 40,000 1.33 Unsatisfactory
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TABLE 3 Estimated Costs of Municipal Solid Waste 
Disposal Facilities

Mass burn Processed fuel

First cost, $ 15,000,000 22,500,000
Salvage value, $ 1,500,000 2,500,000
Life, years 15 25
Annual maintenance cost, $ 750,000 400,000
Annual taxes, $ 15,000 15,000
Annual insurance, $ 100,000 150,000

Calculation Procedure

1. Plot the options available for handling typical municipal waste. Figure 1 shows the options
available for handling solid municipal wastes or refuse. The refuse enters the energy-from-waste
cycle and undergoes primary shredding. Then the shredded material is separated according to its den-
sity. Heavy materials—such as metal and glass—are removed for recovery and recycling. Experience
and studies show that recycling will recover no more than 35 percent of the solid wastes entering a
waste-to-energy facility. And most such facilities today are able to recycle only about 20 percent of
municipal refuse. Assuming this 20 percent applies to the plant facility being considered hence, the
amount of waste that would be recycled would be 0.20 (1500) = 300 tons/day (305 mt/day.)

Numerous studies show that complete recycling of municipal waste is uneconomic. Therefore,
the usual solution to municipal waste handling today features four primary components: (1) source
reduction, (2) recycling, (3) waste to energy, and (4) landfilling. The Environmental Protection
Agency (EPA) recently proposed broad policies encouraging recycling and reduction of pollutants at
their source.

Using waste-to-energy facilities reduces the volume of wastes requiring disposal while produc-
ing a valuable commodity—steam and/or electric power. Combustion control is needed in every
waste-to-energy facility to limit the products of incomplete combustion which escape in the flue gas
and cause atmospheric pollution. Likewise, limiting the quantities of metal entering the combustor
reduces their emission in the ash or flue gas. This, in turn, reduces pollution.

2. Determine the energy available in the municipal waste. Usual municipalities generate 1 ton
(0.91 Mg) of solid waste per year per capita. About 35 percent of this waste is from residences;
65 percent is from industrial and commercial establishments. The usual heating value of municipal
waste is 5500 Btu/lb (12 × 106 J/kg). Table 4 shows typical industrial wastes and their average heat-
ing values. Municipalities typically spend $25 or more per ton (0.91 Mg) to dispose of solid wastes.

Because municipal wastes have a variety of ingredients, many plants burn the solid waste as a
supplement to coal. The heat in the waste is recovered for useful purposes, such as generating steam
or electricity. When burned with high-sulfur coal, the solid waste reduces the sulfur content dis-
charged in the stack gases. The solid waste also increases the retention of sulfur compounds in the
ash. The result is reduced corrosion of the boiler tubes by HCI. Further, acid-rain complaints are
fewer because of the reduced sulfur content in the stack gases.

Where an existing or future plant burns, or will burn, oil, another approach may be taken to the
use of solid municipal waste as fuel. The solid waste is first shredded; then it is partially burned in
a rotary kiln in an oxygen-deficient atmosphere at 1652°F (900°C). The gas produced is then burned
in a conventional boiler to supplement the normal oil fuel.

Estimates show that about 5 percent of the energy needs of the United States could be produced
by the efficient burning of solid municipal wastes in steam plants. Such plants must be located within
about 100 mi (160 km) of the waste source to prevent excessive collection and transportation costs.

Combustion of, and heat recovery from, solid municipal wastes reduces waste volume consider-
ably. But there is still ash from the combustion that must be disposed of in some manner. If landfill
disposal is used, the high alkali content of the typical municipal ash must be considered. This alkali
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content often presents leaching and groundwater contamination problems. So, while the solid-waste
disposal problem may have been solved, there are still environmental considerations that must be
faced. Further, the larger noncombustible items often removed from solid municipal waste before
combustion—items like refrigerators and auto engine blocks—must still be disposed of in an envi-
ronmentally acceptable manner. Table 5 shows a number of ash reuse and disposal options available
for use today.

3. Choose between available alternatives. The two alternatives being considered—mass burn and
processed fuel—have separate and distinct costs. These costs must be compared to determine the
most desirable alternative.

In a mass-burn facility the trash is burned as received, after hand removal of large noncombustible
items—sinks, bathtubs, engine blocks, etc. The remaining trash is rough-mixed by a clamshell bucket
and delivered to the boiler’s moving grate. Some 30 to 50 percent by weight and 5 to 15 percent by
volume of the waste burned in a mass-burn facility leaves in the form of bottom ash and flyash.
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TABLE 4 Typical Industrial Wastes with Significant Fuel Value

Average heating value (as fired)

Btu/lb kJ/kg

Waste gases:
Coke-oven 19,700 45,900
Blast-furnace 1,139 2,654
Carbon monoxide 579 1,349

Liquids:
Refinery 21,800 50,794
Industrial sludge 3,700–4,200 8,621–9,786
Black liquor 4,400 10,252
Sulfite liquor 4,200 9,786
Dirty solvents 10,000–16,000 23,300–37,280
Spent lubricants 10,000–14,000 23,300–32,620
Paints and resins 6,000–10,000 13,980–23,300
Oily waste and residue 18,000 41,940

Solids:
Bagasse 3,600–6,500 8,388–15,145
Bark 4,500–5,200 10,485–12,116
General wood wastes 4,500–6,500 10,485–15,145
Sawdust and shavings 4,500–7,500 10,485–17,475
Coffee grounds 4,900–6,500 11,417–15,145
Nut hulls 7,700 17,941
Rice hulls 5,200–6,500 12,116–15,145
Corn cobs 8,000–8,300 18,640–19,339

Source: Power; SI units added by editor.

TABLE 5 Ash Reuse and Disposal Options

Treatment required Use

Bottom ash Particle-size screening Coarse highway aggregate, concrete products
Bottom ash Asphalt paving
Combined ash Particle-size screening Artificial reefs
Combined ash Particle-size screening Aggregate for paving
Flyash Particle-size screening Aggregate for paving
Flyash Particle-size screening Fine cement aggregate

Source: Power.
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In a processed-fuel facility [also called a refuse-derived-fuel (RDF) facility], the solid waste is
processed in two steps. First, noncombustibles are separated from combustibles. The remaining com-
bustible waste is reduced to uniform-sized pieces in a hammermill-type shredder. The shredded
pieces are then delivered to a boiler for combustion.

Using the annual cost of each alternative (see Section 12) as the “first cut” in the choice: Oper-
ating and maintenance cost = C = maintenance cost per year, $ + annual taxes, $ + annual insurance
cost, $. For mass burn, C = $750,000 + $15,000 + 0.002 ($15,000,000) = $795,000. For processed
fuel, C = $400,000 + $15,000 + 0.002 ($22,500,000) = $460,000.

Next, using the capital-recovery equation from Section 12, for mass burn, the annual cost, A =
($15,000,000 − $1,500,000)(0.06646) + $750,000 + $1,500,000(0.06) + $795,000 = $1,737,210. For
processed fuel, A = ($22,500,000 − $2,500,000)(0.06646) + $400,000 + $2,500,000(0.06) =
$1,879,200. Therefore, mass burn is the more attractive alternative from an annual-cost basis because
it is $1,879,000 − $1,737,210 = $141,990 per year less expensive than the processed-fuel alternative.

Several more analyses would be made before this tentative conclusion was accepted. However,
this calculation procedure does reveal an acceptable first-cut approach to choosing between differ-
ent available alternatives for evaluating an environmental proposal.

Related Calculations Another source of usable energy from solid municipal waste is landfill
methane gas. This methane gas is produced by decomposition of organic materials in the solid
waste. The gas has a heating value of about 500 Btu/ft3 (1.1 × 106 J/kg) and can be burned in a con-
ventional boiler, gas turbine, or internal-combustion engine. Using landfill gas to generate steam
or electricity can reduce landfill odors. But such burning does not reduce the space and ground-
water problems produced by landfills. The cost of landfill gas can range from $0.45 to $5/million
Btu ($0.45 to $5/1055 kJ). Much depends on the cost of recovering the gas from the landfill.

Methane gas is recovered from landfills by drilling wells into the field. Plastic pipes are then
inserted into the wells and the gas is collected by gas compressors. East coast landfills in the
United States have a lifespan of 5 to 7 years. West coast landfills have a lifespan of 15 to 18 years.

Data in this procedure were drawn from Power magazine and Hicks, Power Plant Evaluation
and Design Reference Guide, McGraw-Hill.

FLUE-GAS HEAT RECOVERY AND EMISSIONS REDUCTION

A steam boiler rated at 32,000,000 Btu/h (9376 MW) fired with natural gas is to heat incoming feed-
water with its flue gas in a heat exchanger from 60°F (15.6°C) to an 80°F (26.7°C) outlet tempera-
ture. The flue gas will enter the boiler stack and heat exchanger at 450°F (232°C) and exit at 100°F
(37.8°C). Determine the efficiency improvement that might be obtained from the heat recovery.
Likewise, determine the efficiency improvement for an oil-fired boiler having a flue-gas inlet tem-
perature of 300°F (148.9°C) and a similar heat exchanger.

Calculation Procedure

1. Sketch a typical heat-recovery system hookup. Figure 2 shows a typical hookup for stack-gas
heat recovery. The flue gas from the boiler enters the condensing heat exchanger at an elevated
temperature. Water sprayed into the heat exchanger absorbs heat from the flue gas and is passed
through a secondary external heat exchanger. Boiler feedwater flowing through the secondary heat
exchanger is heated by the hot water from the condensing heat exchanger. Note that the fluid heated
can be used for a variety of purposes other than boiler feedwater—process, space heating, unit
heaters, domestic hot water, etc.

Flue gas from the boiler can enter the condensing heat exchanger at temperatures of 300°F
(148.9°C), or higher, and exit at 100 to 120°F (37.8 to 48.9°C). The sensible and latent heat given up
is transferred to the spray water. Since this sprayed cooling water may be contaminated by the flue
gas, a secondary heat exchanger (Fig. 2) may be used. Where the boiler fuel is clean-burning natural
gas, the spray water may be used directly, without a secondary heat exchanger. Since there may be
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acid contamination from SO2 in the flue gas, careful analysis is needed to determine if the contami-
nation level is acceptable in the process for which the heated water or other fluid will be used.

2. Determine the efficiency gain from the condensation heat recovery. Efficiency gain is a func-
tion of fuel hydrogen content, boiler flue-gas exit temperature, spray (process) water temperature,
amount of low-level heat needed, fuel moisture content, and combustion-air humidity. The first four
items are of maximum significance for gas-, oil-, and coal-fired boilers. Installations firing lignite
or high-moisture-content biomass fuels may show additional savings over those computed here. If
combustion-air humidity is high, the efficiency improvement from the condensation heat recovery
may be 1 percent higher than predicted here.

The inlet water temperature is normally 20°F (36°C) lower than the flue-gas outlet temperature.
And for the usual preliminary evaluation of the efficiency of condensation heat recovery, the flue-
gas exit temperature from the heat exchanger is taken as 100°F (37.8°C).

For the natural-gas-burning boiler, flue-gas inlet temperature = 450°F (232°C); cold-water inlet
temperature = 60°F (15.6°C); water outlet temperature = 60 + 20 = 80°F (26.7°C); flue-gas outlet
temperature = 80°F (26.7°C). Find the basic efficiency improvement, ∆Ei, from Fig. 3 as ∆Ei =
14.5 percent by entering at the bottom at the flue-gas temperature of 450°F (232°C), projecting to
the gas-fired curve, and reading ∆Ei on the left-hand axis.

Next, find the actual efficiency improvement, ∆E, from ∆E = F(∆Ei), where F is a factor depend-
ing on the flue-gas outlet temperature. Values of F are shown in Fig. 4 for various outlet gas temper-
atures. With an outlet gas temperature of 80°F (26.7°C), Fig. 4a shows F = 1.19. Then ∆E = 14.5  ×
1.19 = 17.3 percent. Table 6 details system temperatures.

For the oil-fired boiler, flue-gas inlet temperature = 300°F (148.9°C); cold-water inlet tempera-
ture = 70°F (21.1°C); water outlet temperature = 70 + 20 = 90°F (32.2°C).Find the basic efficiency
improvement from Fig. 3 as Ei = 7.2 percent. Next, find F from Fig. 4b as 1.18. Then the actual effi-
ciency = ∆E = 1.18 (7.2) = 8.5 percent.

The lower efficiency improvement for oil-fired boilers is generally due to the lower hydrogen
content of the fuel. Note, however, that where the cost of oil is higher than natural gas, the dollar
saving may be greater.

ENVIRONMENTAL ENGINEERING 7.9

FIGURE 2 Effective condensation heat recovery depends on direct contact between flue gas and cooling
medium and low gas-side pressure drop. (Power.)
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The efficiency-improvement charts given here assume that all of the low-level heat generated can
be used. A plant engineer familiar with a plant’s energy balance is in the best position to choose the
optimum level of heat recovery. Typical applications are: makeup-water preheat, low-temperature
process load, space heating, and domestic hot water.

Makeup-water-preheat needs depend largely on the amount of condensate that is returned to the
boiler. Generally, there is more heat available in the flue gas than can be used to preheat feedwater. If
the boiler is operating at 100 percent makeup, only about 60 percent of the available heat can be trans-
ferred to the incoming feedwater. One reason for this is the low temperature of the hot water. This lim-
itation can be handled in two ways: (1) Design the heat-recovery unit to take a slip-stream from the flue
gas and only recover as much heat as can be used to heat feedwater; or (2) in multiple-boiler plants,
install a heat-recovery system on one boiler only and use it to preheat feedwater for all the boilers.
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FIGURE 3 Efficiency increase depends on fuel and on
temperature of flue gas. (Power.)

FIGURE 4 Use these curves to allow for the effect of variations in the exit temperature from the
recovery unit on efficiency increase possible with heat-recovery unit. (Power.)
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Process hot water, if it is needed, can provide extremely short payback for a condensation heat-recov-
ery unit. In food and textile processes, the hot-water needs account for 15 percent or more of the total
boiler load. Any facility with hot-water requirements between 10 and 15 percent of boiler capacity and
an operating schedule greater than 4000 h/yr should seriously investigate condensation heat recovery.

Space-heating economics are generally less favorable than makeup or process hot water because
of the load variation, limited heating season, and the difficulty of matching demand and supply
schedules. The difficulty of retrofitting heat exchangers to an existing heating system also limits the
number of useful applications. However, paybacks between 2.5 and 3 years are possible in colder
regions and certainly warrant preliminary investigation. Sometimes space heating can be combined
with feedwater or process-water heating.

3. Estimate the cost of the condensation heat-recovery equipment. Figure 5 shows an approxi-
mate range of costs for equipment and installation. Note that the installed cost may be three times
the equipment cost because of retrofit difficulties involved with an existing installation.
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FIGURE 5 Installation cost of condensation heat-
recovery unit may run as high as three times equipment
cost. (Power.)

TABLE 6 Use of Figs. 3 and 4

1. Natural gas
Inlet temperature 450°F 232°C
Inlet cold water 60°F 16°C
Outlet temperature = 60 + 20 = 80°F 27°C
∆Eb (from Fig. 3) 14.5% 14.5%
F (from Fig. 4) 1.19 1.19
∆E = (14.5 × 1.19) 17.3% 17.3%

2. Fuel oil
Inlet temperature 300°F 149°C
Inlet cold water 70°F 21°C
Outlet temperature = 70 + 20 = 90°F 32°C
∆Eb (from Fig. 3) 7.2% 7.2%
F (from Fig. 4) 1.18 1.18
∆E (7.2 × 1.18) 8.5% 8.5%
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Operating costs are primarily fan and pump power consumption. These generally range from 5 to
10 percent of the value of the recovered heat. The lower figure applies to limited distribution of the
hot water, while the higher figure applies to systems where hot water is distributed 100 ft (30.5 m)
or more from the boiler or where high-pressure-drop heat-recovery units are used.

Figure 6 shows how a heat-recovery unit can be used to heat the feedwater for one or more boil-
ers. The heat recovered, as noted above, may be more than needed to heat the feedwater for just one
boiler.

Corrosion in a condensing heat-recovery unit can usually be prevented by using Type 304 or 316
stainless steel or fiberglass-reinforced plastic for the tower pump and secondary exchanger. If the
flue gas is unusually corrosive, it may be advisable to do a chemical analysis before planning the
recovery unit.

A unique feature of condensation heat recovery is that it recovers energy while also reducing
emissions. In addition, when natural gas is burned, a small percentage of the NOx emissions are
reduced by condensation of oxides of nitrogen. SO2 emissions can be reduced significantly by using
an alkaline water spray in a pH range of 6 to 8. Natural gas depletes the ozone layer less than other
fossil fuels.

The potential emission reduction can have a significant effect in nonattainment areas and could
increase allowable plant capacity. But it should be pointed out that the SO2-emission reduction from
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FIGURE 6 Heat recovery from the unit is more than
enough to heat feedwater to one boiler. (Power.)

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.

ENVIRONMENTAL ENGINEERING



the scrubbing and condensation have not been substantiated by independent tests. Such tests should
be provided for any installation that depends on emission reduction for its justification.

At the time of the preparation of the revision of this handbook, the Tennessee Valley Author-
ity (TVA) is testing at its Shawnee plant a lime treatment to reduce boiler stack gas SO2 emis-
sions. Lime, in fine particle form, is suspended in the flue gas before release to the plant
smokestack. Sulfur in the flue gas binds to the lime, thereby reducing the potential for acid rain.
A cyclone and electrostatic precipitator separate the lime particles from the exiting flue gas. At
this time the lime system is believed to have lower equipment and operating costs than other
comptetitive systems.

This procedure is based on the work of R. E. Thompson, KVB, Inc., as reported in Power magazine.

ESTIMATING TOTAL COSTS OF COGENERATION-SYSTEM
ALTERNATIVES

Compare the capital and operating costs of two cogenerational coal-fired industrial steam plants—
Option 1: at stoker-fired (SF) plant, Fig. 7; Option 2: a pulverized-coal-fired (PF) plant, Fig. 8. Both
plants operate at 600 lb/in2 (gage) (4134 kPa)/750°F (399°C). The SF plant meets a demand of
200,000 lb/h (90,800 kg/h) of 150-lb/in2 gage (1034-kPa) steam and 10 MW of electric power with
the SF boiler and purchased power from a local utility. For the PF boiler the same demands are met
using a nonextraction backpressure turbine.

Calculation Procedure

1. Obtain, or develop, the capital costs for the boiler alternatives. Contact manufacturers of suit-
able boilers, asking for estimated costs based on the proposed operating capacity, pressure, and tem-
perature. Figure 9 shows a typical plot of the data supplied by manufacturers for the boilers
considered here. For coal firing, field-erected boilers are to be used in this plant. (Note: The costs
given here are for example purposes only. Do not use the given costs for actual estimating purposes.
Instead, obtain current costs from the selected manufacturers.)

From Fig. 9, the SF unit costs $61/lb ($27.70/kg) of steam generated; and the PF unit $72/lb
($32.70/kg) of steam generated per hour. Assuming that SO2 reduction is not required by environ-
mental considerations for either unit, a dry-scrubber/fabric-filter combination can be used to remove
the total suspended particulates (TSP). To cover the cost of this combination to remove TSP, add
$7/lb ($3.20/kg) of steam generated. This brings the cost of $68/lb ($30.90/kg) and $79/lb
($35.90/kg) of steam generated.

2. Compute the capital cost for the turbine installation. Before determining the capital cost of the
turbine installation—often called a turbine island—estimate the potential electric-power generation
from the process-steam flow based on the ASME data in Table 7. At 600 lb/in2 (gage) (4134 kPa)/750°F
(399°C) throttle conditions, and 150-lb/in2 (gage) (1034 kPa) backpressure, 6127 kW is available, deter-
mined as follows: Theoretical steam rate from Table 7 = 23.83 lb/kWh (10.83 kg/kWh); turbine effi-
ciency = 73 percent from Table 7. Then, actual steam rate = theoretical steam rate/efficiency. Or,
actual steam rate = 23.83/0.73 = 32.64 lb/kWh (14.84 kg/kWh). Then kW available = steam flow
rate, lb/h/steam rate, lb/kWh. Or, kW available = 200,000/32.64 = 6127 kW.

Referring to Fig. 10 for a 6-MW nonextraction backpressure turbine shows a capital cost of $380/
kW. Summarize the capital costs in tabular form, Table 8. Thus, the SF boiler cost, Option 1 in Table 8,
is (200,000 lb/h)($68/lb of steam generated) = $13,600,000. The PC-fired boiler, Option 2, will have a
cost of (200,000 lb/h)($79/lb of steam generated) = $15,800,000. Since a turbine is used with the PC-
fired unit, its cost must also be included. Or, 6100 kW ($380/kW) = $2,318,000. Computing the total
cost for each option shows, in Table 8, that Option 2 costs $18,118,000 − $13,600,000 = $4,518,000
more than Option 1.
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3. Compare operating costs of each option. Obtain from the plant owner and equipment suppli-
ers the key data needed to compare operating costs, namely: Operating time, h/yr; boiler efficiency,
%; fuel cost, $/ton ($/tonne); electric-power use, kWh/yr; electric power cost, ¢/kWh; maintenance
cost as a percent of the capital investment per year; personnel required; personnel cost; ash removal,
tons/yr (tonnes/yr); ash removal cost, $/yr. Using these data, compute the operating cost for each
option and tabulate the results as shown in Table 9.
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FIGURE 8 Pulverized-coal-fired industrial boilers produce from 200,000 lb/h (90,800 kg/h) to 1 million lb/h
(454,000 kg/h) of steam. Unit here does not have an economizer. (Power.)

FIGURE 9 Capital costs for three boiler alternatives.
(Power.)
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With Option 1, all electric power is purchased; with Option 2, 3900 kW must be purchased. The
difference in annual operating cost is $6,288,350 − $4,895,000 = $1,393,350. Since Option 2 costs
$4,518,000 more than Option 1, but has a $1,393,350-per-year lower operating cost, the simple pay-
back time for the cogeneration option (2), ignoring the cost of money, is: Payback time = larger cap-
ital cost, $/annual savings, $, of the higher cost option. Or, $4,518,000/$1,393,350 = 3.24 years.
Thus, the cogeneration option (2) is attractive because the payback time is relatively short.

Other economic analyses should also be conducted. For example, higher cycle efficiencies can be
obtained with higher throttle conditions, but boiler capital and operating costs will be higher. Plants
in the 40- to 60-MW range might benefit from an extraction–condensing-turbine arrangement 
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FIGURE 10 Turbine capital cost is estimated from this type of graph. (Power.)

TABLE 7 ASME Values for Estimating Turbine Steam Rates*

Theoretical steam rate, lb/kWh (kg/kWh)

600 lb/in2 (gage) 900 lb/in2 (gage) 1500 lb/in2 (gage)

Exhaust
(4134 kPa) (6201 kPa) (10,335 kPa)

pressure 750°F (399°C) 900°F (482°C) 900°F (482°C)

4.0 in Hg 7.64 3.47 6.69 3.04 6.48 2.94
(10.2 cmHg)
5 lb/in2 (gage) 11.05 5.02 9.21 4.18 8.53 3.87
(34.5 kPa)
15 lb/in2 (gage) 12.16 5.52 9.98 4.53 9.06 4.11
(103.4 kPa)
150 lb/in2 (gage) 23.83 10.82 16.91 7.68 14.30 6.49
(1034 kPa)

Turbine efficiency, %

4.0 in Hg 77 78 78
5 lb/in2 (gage) 73 76 76
15 lb/in2 (gage) 74 76 76
150 lb/in2 (gage) 73 74 74

*Actual turbine steam rate equals theoretical steam rate divided by efficiency.
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generating all plant electric-power demand. Although not as efficient as a straight extraction
machine, the cost, in $/kW, will be less than purchased power.

Related Calculations The EPA and state environmental bodies favor cogeneration of electric-
ity because it reduces atmospheric pollution while conserving fuel. While the options considered
here use steam-powered prime movers, cogeneration installations can use diesel-, gasoline-, or
natural-gas-fueled prime movers of many different types—reciprocating, gas-turbine, etc. The
principal objective of cogeneration is to wrest more heat from available energy streams by the
simultaneous generation of electricity and steam (or some other heated medium), thereby saving
fuel while reducing atmospheric pollution.

While the possible choices for boiler fuel are oil, gas, and coal, practical choices are limited
to coal for most industrial cogeneration projects. Gas firing in industrial plants is restricted to
units 80,000 lb/h (36,364 kg/h) or less by the Industrial Fuel Use Act. Oil firing is allowed in
field-erected boilers, but usually gives way to coal on an economic basis. Packaged oil-fired boil-
ers top out at 200,000 lb/h (90,909 kg/h) to permit shipping.

Coal can be burned in either a stoker-fired unit or a pulverized-coal-fired unit, the essen-
tial cost differences being in coal preparation and ash handling. PC-fired units produce about
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TABLE 9 Comparison of Operating Costs for Coal-Fired Plants

Option 1 Option 2, 
Operating requirements Stoker-fired PC-fired

Equivalent full-power operating time, h/yr 5,400 5,700
Boiler efficiency, % 82 87
Fuel consumption, tons/yr (tonne/yr) 52,700 (47,798) 62,000 (56,234)
Fuel cost, $/ton ($/tonne) 50 (45.35) 42 (38.09)

Total fuel cost, $/yr 2,640,000 2,600,000
Electric-power use, kWh/yr 3,240,000 8,550,000
Electric-power cost, $/yr @ 5¢/kWh 162,000 427,000
Maintenance cost, $/yr (based on 2.5% of 340,000 395,000
capital investment per year)

Personnel per shift 2.5 2.75
Personnel cost, $/yr (based on $30,000/yr 270,000 330,000
for each person)

Ash removal, tons/yr (tonne/yr) 5,270 (4780) 6,200 (5,623)
Ash-removal cost, $/yr 26,350 31,000

Total operating cost, $/yr 3,438,350 3,783,500
Total operating costs, steam + purchased power
Steam 3,438,350 3,783,500
Purchased power @ 5¢/kWh 10 MW 2,850,000 3.9 MW 1,111,500
Total operating cost $6,288,350 $4,895,000

TABLE 8 Summary of Capital Costs

Option 1 Option 2

Boiler island
Stoker-fired unit ($68/lb steam) $13,600,000 —

($30.90/kg steam)
PC-fired unit ($79/lb steam) —

($35.90/kg steam) $15,800,000
Turbine island (6100 kW, $380/kW) — 2,318,000
Total $13,600,000 $18,118,000
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75 percent flyash and 25 percent bottom ash, and stoker-fired units the reverse. Coal supply spec-
ifications also vary between the two. Grindability is important to PC-fired units; top size and fines
content is critical to stoker-fired units. Coal for stoker-fired units averages $5/ton ($5.51/tonne)
more for coals of similar heating values.

PC-fired boilers always included an air heater for drying coal upstream of the pulverizer, and
usually an economizer for flue-gas heat recovery. The reverse is true of stoker-fired units, but,
concerning the air heater, more care is needed to ensure that the grate is not overheated during
normal operation.

The greatest overlap in choosing between the two exists in the 200,000 to 300,000 lb/h
(90,909 to 136,364 kg/h) size range. Above this range, stoker-fired units are limited by grate size.
Below this range, PC-fired units usually do not compete economically. Shop-assembled chain-
grate stoker-fired units have been shipped up to a capacity of 45,000 lb/h (20,455 kg/h).

No matter what type of firing is used, industrial power plants must meet EPA emission limits for
total suspended particulates (TSP), SO2, and NOx. If an on-site coal pile is contemplated, water
runoff control must meet National Pollution Discharge Elimination System (NPDES) standards.

NOx formation is typically limited in the combustion process through careful choice of burn-
ers. SO2 and TSP are usually removed from the flue gas. For TSP reduction, an electrostatic pre-
cipitator or a fabric filter is used. These will sometimes be preceded by cyclone collectors for
stoker-fired boilers to reduce the total load on the final stage of the ash-collection system.

For boilers under 250-million Btu/h (73.3 MW) heat input, SO2 formation can be limited by
burning low-sulfur coal. Where SO2 emissions reduction is required to meet the National Ambi-
ent Air Quality Standards (NAAQS), a dry-scrubber–fabric-filter combination is a satisfactory
strategy. Wet scrubbers, though highly effective, create an additional sludge-disposal problem.

Operating costs for stoker- and pulverized-coal-fired plants designed to produce 200,000 lb/h
(90,800 kg/h) of steam from one boiler are shown in Table 9.

To understand more about how operating costs were calculated, look at the entries in Table 9
line by line. First, equivalent full-power operating hours are determined by subtracting 336 h
(2 weeks) for maintenance from the total number of hours in a year (8760), and by multiplying
the result by both unit availability (85 percent for stoker, 90 percent for pulverized coal) and the
assumed plant load factor—in this case 75 percent.

Fuel consumption is based on typical operating efficiencies for similar plants and a fuel heat-
ing value of 12,500 Btu/lb (29,125 kJ/kg) for coal. Note that a premium is paid for stoker coal
because a relatively clean fuel of suitable size is needed to maintain efficient operation.

The general procedure given here is applicable to a variety of options because today’s empha-
sis on industrial cogeneration calls for a method of reasonably estimating costs of the many
system alternatives. The approach differs from utility cost-estimating mainly because steam
capacity and power-generation capability are separate design objectives. Either the industrial
power plant meets the process-steam demand and then generates whatever power that creates, or
else it meets the electric-power demand and generates the required steam.

Choice of approach depends on the steam and electric-power requirements of the facility. Ide-
ally, they balance exactly. It practice, most steam requirements will not generate enough electric
power to meet the plant load. Conversely, the steam flow can rarely generate more electric power
than the plant needs. Variations in steam conditions and turbine-exhaust pressure lead to many
ways of matching the loads. More important, regulated buyback of excess electric power by
public utilities now eases the problem of load balancing.

A profile of steam and electric-power consumption is necessary to begin evaluating alternatives.
Daily, weekly, monthly, and seasonal variations are all important. During initial evaluation of the
balance, use an average of 25 lb (11.4 kg) of steam/kWh as the steam rate of a small steam turbine.
It is a conservative number, and the actual value will probably be lower—meaning more electric
power for the steam flow—but it will give a rough idea of how close the two demands will match.

In the above procedure, capital costs are separated into costs for the boiler island and costs for
the turbine island. Absolute accuracy is to within ±25 percent, not of appropriation quality but
good enough to compare different plant designs. In fact, relative accuracy is closer to ±10 percent.

This procedure is the work of B. Dwight Coffin, H. K. Ferguson Co., and was reported in
Power magazine.
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CHOOSING STEAM COMPRESSOR FOR COGENERATION SYSTEM

Select a suitable steam compressor to deliver an 80-lb/in2 (gage) (551-kPa) discharge pressure for a
cogeneration system using two 1500-kW diesel-engine-generator sets operating at 1200 rpm with
1200°F (649°C) exhaust temperature. Each engine exhaust is vented through a waste-heat (heat-
recovery) boiler which generates 3800 lb/h (1725 kg/h) of steam at 110-lb/in2 (gage) (758-kPa) sat-
urated. The cooling system of each engine generates 5000 lb/h (2270 kg/h) of 15-lb/in2 (gage)
(103-kPa) steam. Choose the compressor to boost the 15-lb/in2 (gage) (103-kPa) steam pressure to
80-lb/in2 (gage) (551-kPa) to be used in a distribution system. Steam at 110 lb/in2 (gage) (758 kPa)
is first used in laundry and heat-exchange equipment before being reduced in 80 lb/in2 (gage) (551 kPa)
and combined with the compressor discharge flow. About 16,500 lb/h (7491 kg/h) of 80-lb/in2 (gage)
(551-kPa) steam satisfies the distribution system requirements, except in severe weather when the
existing boilers are fired to supplement the steaming requirements.

Calculation Procedure

1. Determine the amount of steam that can be generated by each waste-heat boiler. Exhaust gas
from each diesel engine enters the waste-heat boiler at 1200°F (649°C). Using the rule of thumb that a
diesel-engine exhaust heat boiler can produce 1.9 lb/h (0.86 kg/h) of 100-lb/in2 (gage) (689-kPa) satu-
rated steam at full load per rated horsepower, find the amount of steam generated as 1.9 (1500 kW/
0.746 hp/kW) = 3820.4 lb/h (1734.5 kg/h). Since the 110-lb/in2 (gage) (758 kPa) steam required by
the cogeneration system needs slightly more heat input, round off the quantity of steam generated to
3800 lb/h (1725 kg/h).

2. Select the type of steam compressor to use. The compression ratios used in cogeneration—
higher than for many process applications—dictate use of mechanical compressors. Several differ-
ent thermodynamic paths may be followed during the compression process (Fig. 11). Of the three
processes shown, the highest compressor coefficient of performance (COP) is exhibited by direct
two-phase compression (Fig. 12). The task becomes one of selecting a suitable unit to follow this
path.

Centrifugal and axial compressors, both of the general category of dynamic compressors, work
on aerodynamic principles. Though capable of handling large flow rates, they are sensitive to water
droplets that may cause blade erosion. Thus, two-phase flow is undesirable. These compressors are
also limited to operation within a narrow range because of surging or low efficiency when conditions
deviate from design.

Positive-displacement compressors—such as the screw, lobe, or reciprocating variety—are more
suited to cogeneration applications. Both the screw compressor and, to a lesser extent, the recipro-
cating compressor, achieve high pressure ratios at high COP. Further, the units approach the isother-
mal condition because work which normally goes into producing sensible heat during compression
simply causes additional liquid to evaporate. Intercooling is avoided, and input power requirements
are acceptable (Fig. 13).

Cost considerations tend to make reciprocating units the second choice after screw and lobe units,
but they are comparable on a technical basis. Note that reciprocating units require large foundations
and must be driven at slow speeds. Some manufacturers offer carbon-ring units, requiring no lubri-
cation. Even with the more common units requiring lubrication, use of synthetic lubricants keeps the
amount of oil small, making steam contamination a negligible concern.

Based on the above information, two screw compressors will be chosen to boost the 15-lb/in2

(gage) (103-kPa) steam to 80-lb/in2 (gage) (551 kPa). Use Fig. 13 to approximate the required horse-
power (kW) input to each screw compressor. With 16,500 lb/h (7491 kg/h) process steam required,
Fig. 13 shows that the required horsepower input for each screw compressor will be 1250 hp
(933 kW).

Note: Although Fig. 13 applies to an inlet pressure of 15 lb/in2 (gage) (103 kPa) and an outlet pres-
sure of 100 lb/in2 (gage) (689 kPa), the results are accurate enough for an 80-lb/in2 (gage) (551-kPa)
outlet pressure. The required horsepower will be slightly less than that shown.
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FIGURE 13 Energy input requirements for a screw compressor.
(Power.)

FIGURE 12 Each compression path exhibits a
different coefficient of performance. (Power.)

FIGURE 11 Compression can follow several
different thermodynamic paths. (Power.)
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The two screw compressors will be clutch-connected at the generator end of the two engine-
generator sets, as shown in Fig. 14. This diagram also shows the piping layout for the three steam
systems—110(758), 80(551), and 15-lb/in2 (gage) (103 kPa). Low-pressure steam separators are
used to remove water from the low-pressure cogenerated steam.

In an actual system similar to that shown here, 110-lb/in2 (gage) (758-kPa) steam is first used in
a laundry and in heat-exchange equipment before being reduced to 80 lb/in2 (gage) (551 kPa) and
combined with the compressor discharge flow. In the summer, 15-lb/in2 (gage) (103-kPa) steam is
used to drive a large absorption chiller supplying 600 tons (2112 kW) of refrigeration.

Related Calculations The recent popularity of reciprocating-engine-based cogeneration has
caused a new factor to enter the economic evaluation of these systems: the value of the 15-lb/in2

(gage) (103-kPa) steam typically recovered from the engine’s cooling system. Because uses for
15-lb/in2 (gage) (103-kPa) steam are limited, boosting the pressure to about 100 lb/in2 (gage)
(689 kPa) multiplies the practical uses of the recovered heat. This concept of pressure boosting
is compatible with recent trends in cogeneration to maximize the value of the thermal output
through closer coupling of the power-process interface.

Steam recompression has long been an accepted practice in the process industries where large
quantities of low-pressure steam can be economically upgraded. A pound (0.45 kg) of steam
vented to the atmosphere or condensed represents a loss of about 1000 Btu (1055 kJ) of heat
energy. Thus, in many applications, it is less expensive (and more environmentally wise) to boost
steam pressure than to produce the equivalent amount in a boiler.

Pressure ratios used to satisfy process requirements are relatively low—about 1.5 to 2. Ther-
mocompressors most economically satisfy these ratios. They use high-pressure steam to boost
low-pressure steam to a point in between the two.

Practical limitations on thermocompressors for satisfying higher ratios are two: (1) a large quan-
tity of high-pressure steam is needed, and (2) the heat balance must be such that the steam need not
be vented or condensed. For example, if 600-lb/in2 (gage) (4134-kPa) boiler steam is available to
boost 15-lb/in2 (gage) (103-kPa) steam to 150 lb/in2 (gage) (1034 kPa), about 12 times the quantity
of high-pressure steam is required. So if an engine produces 5000 lb/h (2270 kg/h) of 15-lb/in2
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FIGURE 14 System uses common high-pressure steam separator. (Power.)
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(gage) (103-kPa) steam, 60,000 lb/h (27,240 kg/h) of high-pressure steam is required to meet a
65,000 lb/h (29,510 kg/h) 150-lb/in2 (1034 kPa) steam demand.

The typical reciprocating engine rejects 65 to 70 percent of its heat input to exhaust, engine
cooling, lube-oil coolers, intercoolers, and radiation. About 20 percent of this heat is recover-
able from the exhaust as steam at pressures up to 150 lb/in2 (gage) (1034 kPa) and beyond, rep-
resenting about 70 percent of the available heat in the exhaust. Another 28 percent represents
engine cooling that can be completely recovered as hot water or as steam at a maximum pres-
sure of 15 lb/in2 (gage) (103 kPa). Lube-oil heat may also be recoverable, but usually not the
intercooler heat.

Although hot water and 15-lb/in2 (gage) (103-kPa) steam can be used for space heating, as a
heat source for absorption refrigeration, or for domestic water heating, there usually is more
demand for higher-pressure steam—such as that produced by the engine’s exhaust.

As cogeneration systems maximize heat recovery from an internal-combustion engine, it is
important to note that the engine exhaust no longer is a simple pipe protruding through the roof
of a building. Exhaust explosions, not uncommon to engine operation, thus can be destructive to
the often large and complex exhaust systems of cogeneration installations.

For this reason, it is prudent to tighten engine specifications. Partial failure of the ignition
system, for example, should not be able to cause a potentially catastrophic exhaust explosion.
Further, cross-limiting should be provided when fuel and air are measured at different locations.

Engine manufacturers may require that the exhaust system resist any explosion. A preferred
alternative to this requirement is to insist that the engine manufacturer design to minimize
exhaust explosions so that the cogeneration plant designer can confidently specify lightweight
preformed exhaust ducting.

The data presented in this procedure were drawn from the work of Paul N. Garay, FMC Asso-
ciates, a division of Parsons Brinckerhoff Quade & Douglas Inc., as reported in Power magazine.

USING PLANT HEAT-NEED PLOTS FOR COGENERATION
DECISIONS

An industrial process plant’s heat needs are dominated by distillation. Its heat needs are represented
by the fired-heat composite curve (FHCC) shown in Fig. 15. Five distinct heat sources are used in
this process plant: two furnaces and steam supplied at three different pressure levels, as shown in
Table 10. A gas turbine with the exhaust profile shown in Fig. 15 can supply all the heat needs of the
process. Determine the annual fuel savings and payback time.
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FIGURE 15 Fired-heat composite curve for BTX plant
matches well with exhaust profile of gas turbine. (Power.)
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Calculation Procedure

1. Analyze the fired-heat composite curve. Heat obtained from a cogeneration system gener-
ally displaces heat from other sources that can be traced back to direct fuel firing. Even though
the fuel may not be fired at the point of use, it is almost always fired somewhere, such as in a
boiler.

All these heating needs can be represented by a single FHCC. This curve of heat quantity (H) vs.
temperature (T ) represents the overall heating duties that, as far as possible, must be satisfied by the
cogeneration system. The exhaust-heat profile of the cogeneration system can also be represented by
a curve of heat quantity vs. temperature.

To see how such curves are developed, consider the three heat-acceptance profiles in Fig. 16. Pro-
file (a) is a simple constant-heat-capacity profile, typical of heating duties in which no phase change
occurs. The process stream is heated from its supply temperature to its target temperature and the
heat load varies linearly between these points.

Profile (b) represents low-pressure steam raising. The first linear part of this curve corresponds
to preheat, the horizontal plateau to vaporization, and the final linear section to superheating. Profile
(c) represents high-pressure steam raising.
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FIGURE 16 Every heating duty has characteristic
heat-acceptance profile. (Power.)

TABLE 10 Heat Loads

Heat load,
Heat source million Btu/h (MW)

280-lb/in2 (gage) (1.93 kPa) steam 25.1 (7.35)
140-lb/in2 (gage) (0.96 kPa) steam 88.1 (25.8)
70-lb/in2 (gage) (0.48 kPa) steam $23.9 (7.0)
Furnace duty, 242–954°F 51.8 (15.2)
(117–512°C) nonlinear

Furnace duty, 356–360°F 19.4 (5.7)
(180–182°C)

Total 208.3 (61.05)
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Heat loads, unlike temperature, are additive. Thus, it is possible to add the three profiles of Fig. 16
to obtain a combined heat-acceptance profile (Fig. 17). This is the FHCC and it shows total heating
needs in terms of the quantity of heat required and the temperature at which it is needed.

The exhaust profile of the proposed cogeneration plant is also shown in Fig. 17. In this case it
represents heat in the gas-turbine exhaust and is a straight line, neglecting the effect of condensation.
Note that the exhaust profile lies above the heat-acceptance curve, implying that heat can be trans-
ferred from the exhaust stream to the process. The vertical separation between the two profiles is a
measure of the available thermal driving force for heat transfer. Residual heat in the exhaust system,
after the process duties have been satisfied, overhangs the heat-acceptance curve (at the left-hand
end) and is lost up the stack.

Composite curves and profile matching provide a convenient way of representing the thermo-
dynamics of heat recovery in cogeneration systems. Implicit within the construction of Fig. 17 are
the requirements of the first law of thermodynamics, which demand a heat balance, and those of
the second law, which lead to a relationship between the temperatures at which heat is required
and the efficiency of the cogeneration system.

Analysis of the FHCC in Fig. 15 shows that all the needed process heat can be supplied by the
gas turbine exhaust. Hence, a further evaluation of the proposed cogeneration installation is justified.

2. Determine the annual fuel saving and payback period. Assemble the financial data in Table 11
from information available in plant records and estimates. These data show, for this proposed cogen-
eration installation, that the savings that can be obtained are: (a) boiler fuel savings, $4.1 million per
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TABLE 11 Parameters Used to Evaluate Cogeneration Process

Displaced furnace fuel cost, $/million Btu 2
Furnace efficiency, % 85
Boiler fuel savings, $ million/yr 4.1
Displaced or exported power, $/kWh 0.045
Gas for cogeneration system, $/million Btu 3.50
Cogeneration gas cost, $ million/yr 12.2
Operating hours per year 8000
Power output, MW 36.3
Credit for cogenerated power, $ million/yr 13.1
Cogeneration efficiency, % 78.1
Installed cost, $ million 15.8
Total cash benefit, $ million/yr 5
Estimated payback, years 3

FIGURE 17 Total process heat-acceptance profile
is matched with prospective exhaust profile. (Power.)
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year; (b) credit for cogenerated power, $13.1 million per year; total savings = $4.1 million + $13.1
million = $17.2 million per year. The additional cost is that for the cogeneration gas which is burned
in the gas turbine, or $12.2 million. Thus, the net savings will be $17.2 million - $12.2 million = $5.0
million per year.

The payback time = installed cost, $/annual savings, $. Or, payback time = $15.8 million/$5.0 =
3.16, say 3.2 years. This is a relatively short payback time that would be acceptable in most industries.

Related Calculations Reciprocating internal-combustion engines are also often considered
where gas turbines appear to be a possible choice. The reason for this is that about 20 percent of
the heat content of fuel fired in a reciprocating engine is rejected in the exhaust gases and the
heat-rejection profile is similar to that of a gas turbine. And even more heat, about 30 percent, is
removed in cooling water at a temperature of 160°F (71°C) to 240°F (116°C). A further 5 per-
cent is available in the lubricating oil, usually below 180°F (82°C). The heat-rejection profile of
a reciprocating engine that closely matches the composite curve of the plant’s process is also
shown in Fig. 18.

A reciprocating engine has a higher overall efficiency than a gas turbine and therefore gener-
ates a greater cash benefit for the plant owner. For the scale of operation we are considering here,
it would be necessary to use several engines and the capital cost would be substantially greater
than that of a single gas turbine. As a result, payback periods for the two systems are about the
same.

Gas turbines are often mated with steam turbines in combined-cycle cogeneration plants. In its
basic form the combined-cycle power plant has the gas turbine exhausting into a heat-recovery
steam generator (HRSG) that supplies a steam-turbine cycle. This cycle is the most efficient
system for generating steam and/or electric power commercially available today. The cycle also
has significantly lower capital costs than competing nuclear and conventional fossil-fuel-fired
steam/electric stations. Other advantages of the combined-cycle plant are low air emissions, low
water consumption, reduced space requirements, and modular units which allow phased-in-
construction. And from an efficiency standpoint, even in a simple-cycle configuration, gas turbines
now exhibit efficiencies of between 30 and 35 percent, comparable to state-of-the-art fossil-
fuel-fired power stations.

Cogeneration, which is the simultaneous production of useful thermal energy and electric
power from a fuel source, or some variant thereof, is a good match for combined cycles. Expe-
rience with cogeneration and combined-cycle power plants has been most favorable. Figure 19
shows a variety of combined-cycle cogeneration plants using reheat in an HRSG to provide
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FIGURE 18 Exhaust-heat profile of reciprocating engine is
good fit with fired-heat composite curve of textile mill. (Power.)
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steam for a steam-turbine generator. Flexibility is extended as gas turbines, steam turbines,
and HRSGs are added to a system. Reheat can improve thermal efficiency and performance
by several percentage points, depending on how it is integrated into the combined cycle.

Aeroderivative gas turbines, as part of a combined cycle, increasingly are finding application
in cogeneration in the under 100-MW capacity range. Cogeneration has the airline and defense
industries to thank for the rapid development of high-efficiency, long-running gas turbines at
extremely low research cost.

And the new large gas turbines have exhaust temperatures high enough to justify reheat
in the steam cycle without supplementary firing in a boiler. Depending on how the reheat
cycle is configured, thermal performance at rated conditions can vary by up to three per-
centage points.

The Public Utilities Regulatory Policies Act (PURPA) passed by Congress to help manage
energy includes incentives for efficient cogeneration systems. Cogeneration plants are
allowed to sell power to local electric utilities to increase the return on investment earned
from cogeneration.

A whole new energy-saving industry—termed nonutility generation (NUG)—has developed.
At this writing NUG plants in the 200- to 300-MW range are common. And the pipeline indus-
try which supplies natural-gas fuel for gas turbines is being restructured under the Federal Energy
Regulatory Commission (FERC). Lower fuel costs are almost certain to result.

While lower electricity and energy costs are in the offing, these must be balanced against
increased environmental requirements. The Clean Air Act Amendments of 1990 require better
cleaning of stack emissions to provide a cleaner atmosphere. Yet this same 1990 act allows utili-
ties to meet the required sulfur standard by installing suitable scrubber cleaning equipment, or by
switching to a low-sulfur fuel.

A utility may buy—from another utility which exceeds the required sulfur standard—
allowances to exhaust sulfur to the atmosphere. Each allowance permits a utility to emit 1 ton
(tonne) of sulfur to the atmosphere. Public auctions of these allowances are now being held peri-
odically by the Chicago Board of Trade.

Active discussions are underway at present over the suitability of selling sulfur allowances.
Some opponents to sulfur pollution allowances believe that their use will delay the cleanup that
ultimately must take place. Further, these opponents say, the pollution allowances delay the
installation of sulfur-removal equipment. Meanwhile, sulfuric acid rain (also called acid rain)
continues to plague communities in the path of a utility’s sulfur effluent.

Challenging the above view is the Environmental Defense Fund. Its view is that there are too
few allowances available to prevent the ultimate cleanup required by law.

The calculation data in this procedure are the work of A. P. Rossiter and S. H. Chang,
ICI/Tensa Services as reported in Power magazine, along with John Makansi, executive editor,
reporting in the same publication. Data on environmental laws are from the cited regulatory
agency or act.

GEOTHERMAL AND BIOMASS POWER-GENERATION ANALYSES

Compare the costs—installation and operating—of a 50-MW geothermal plant with that of a con-
ventional fossil-fuel-fired installation of the same rating. Likewise, compare plant availability for
each type. Brine available to the geothermal plant free-flows at 4.3 million lb/h (1.95 million kg/h)
at 450 lb/in2 (gage) at 450°F (3100 kPa at 232°C).

Calculation Procedure

1. Estimate the cost of each type of plant. The cost of constructing a geothermal plant (i.e., an
electric-generating station that uses steam or brine from the ground produced by nature) is in the
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$1500 to $2000 per installed kW range. This cost includes all associated equipment and the devel-
opment of the well field from which the steam or brine is obtained.

Using this cost range, the cost of a 50-MW geothermal station would be in the range of: 50 MW ×
($1500/kW) × 1000 = $75 million to 50 MW × ($2000/kW) × 1000 = $100 million. Fossil-fuel-fired
installations cost about the same—i.e., $1500 to $2000 per installed kW. Therefore, the two types of
plants will have approximately the same installed cost.

Department of Energy (DOE) estimates give the average cost of geothermal power at
5.7¢/kWh. This compares with the average cost of 2.4¢/kWh for fossil-fuel-based plants.
Advances in geothermal technology are expected to reduce the 5.7¢ cost significantly over the
next 40 years.

Because of the simplicity of geothermal plant design, maintenance requirements are relatively low.
Some modular plants even run unattended; and because maintenance is limited, plant availability is
high. In recent years geothermal-plant availability averaged 97 percent. Thus, the maintenance cost of
the usual geothermal plant is lower than a conventional fossil-fuel plant. Further, geothermal plants
can meet new emission regulations with little or no pollution-abatement equipment.

2. Choose the type of cycle to use. Tapping geothermal energy from liquid resources poses a
number of technical challenges—from drilling wells in a high-temperature environment to exces-
sive scaling and corrosion in plant equipment. But DOE-sponsored and private-sector R&D pro-
grams have effectively overcome most of these problems. Currently, there are more than 
35 commercial plants exploiting liquid-dominated resources. Of the 800 MW of power generated
by these plants, 620 MW is produced by flash-type plants and 180 MW by binary-cycle units
(Fig. 20).

The flashed-steam plant is best suited for liquid-dominated resources above 350°F (177°C). For
lower-temperature sources, binary systems are usually more economical.

In flash-type plants, steam is produced by dropping the pressure of hot brine, causing it to “flash.”
The flashed steam is then expanded through a conventional steam turbine to produce power. In
binary-cycle plants, the hot brine is directed through a heat exchanger to vaporize a secondary fluid
which has a relatively low boiling point. This working fluid is then used to generate power in a
closed-loop Rankine-cycle system. Because they use lower-temperature brines than flash-type
plants, binary units (Fig. 20), are inherently more complex, less efficient, and have higher capital
equipment costs.

In both types of plants the spent brine is pumped down a well and reinjected into the resource
field. This is done for two reasons: (1) to dispose of the brine—which can be mineral-laden and
deemed hazardous by environmental regulatory authorities, and (2) to recharge the geothermal
resource.

One recent trend in the industry is to collect noncondensable gases (NCGs) purged from the con-
denser and reinject them along with the brine. Older plants use pollution-abatement devices to treat
NCGs, then release them to the atmosphere. Reinjection of NCGs with brine lowers operating costs
and reduces gaseous emissions to near zero.

Major improvements in flashed-steam plants over the past decade centered around: (1) improv-
ing efficiency through a dual-flash process and (2) developing improved water treatment processes
to control scaling caused by brines. The pressure of the liquid brine stream remaining after the first
flash is further reduced in a secondary chamber to generate more steam. This two-stage process can
generate 20 to 30 percent more power than single-flash systems.

Most of the recent improvements in binary-cycle plants have been made by applying new work-
ing fluids. The thermodynamic and transport properties of these fluids can improve cycle efficiency
and reduce the size and cost of heat-transfer equipment.

To illustrate: By using ammonia rather than the more common isobutane or isopentane, capital
cost can be reduced by 20 to 30 percent. It is also possible to improve the conversion efficiency by
using mixtures of working fluids, which in turn reduces the required brine flow rate for a given
power output.

A flashed-steam cycle will be tentatively chosen for this installation because the brine free-flows
at 450°F (232°C), which is higher than the cutoff temperature of 350°F (177°C) for binary systems.
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7.30 SECTION SEVEN

FIGURE 21 Dual-flash process extracts up to 30 percent more power than older, single-flash units. (Power.)

An actual plant (Fig. 21), operating with these parameters uses two flashes. The first flash produces
623,000 lb/h (283,182 kg/h) of steam at 100 lb/in2 (gage) (689 kPa). In the second flash an additional
262,000 lb/h (117,900 kg/h) of steam at 10 lb/in2 (gage) (68.9 kPa) is produced.

Steam is cleaned in two trains of scrubbers, then expanded through a 54-MW, 3600-rpm, dual-
flow, dual-pressure, five-stage turbine-generator to produce 48.9 MW. Of this total, 47.5 MW is sold
to Southern California Edison Co. because of transmission losses.

The turbine exhausts into a surface condenser, coupled to a seven-cell cooling tower. About
40,000 lb/h (18,000 kg/h) of the high-pressure steam is required by the plant’s air ejectors to remove
NCGs from the main condenser at a rate of 6500 lb/h (2925 kg/h).

Because the liquid brine from the flash process is supersaturated, various solid compounds pre-
cipitate out of solution and must be removed to avoid scaling and fouling of the pumps, pipelines,
and injection wells. This is accomplished as the brine flows to the crystallizer and clarifier tanks
where, respectively, solid crystals grow and then are separated. The solids are dewatered and used in
construction-grade soil cement. The clarified brine is disposed of by pumping it into three injection
wells.

Related Calculations Geothermal generating plants are environmentally friendly because there
are no stack emissions from a boiler. Further, such plants do not consume fossil fuel, so they are
not depleting the world’s supply of such fuels. And by using the seemingly unlimited supply of
heat from the earth, such plants are contributing to an environmentally cleaner and safer world
while using a renewable fuel.

Another renewable fuel available naturally that is receiving—like geothermal power—greater
attention today is biomass. The most common biomass fuels used today are waste products and
residues left over from various industries, including farming, logging, pulp, paper, and lumber
production, and wood-products manufacturing. Wooden and fibrous materials separated from the
municipal waste stream also represent a major source of biomass.

Although biomass-fueled power plants currently account only for about 1 percent of the
installed generating capacity in the United States, or 8000 MW, they play an important role in
solving energy and environmental problems. Since the fuels burned in these facilities are consid-
ered waste in many cases, combustion yields the double benefits of reducing or eliminating dis-
posal costs for the seller and providing a low-emissions fuel source for the buyer. On a global
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scale, biomass firing could present even more advantages, such as: (1) there is no net buildup of
atmospheric CO2 and air emissions are lower compared to many coal- or oil-fired plants. (2) Vast
areas of deforested or degraded lands in tropical and subtropical regions can be converted to prac-
tical use. Because much of the available land is in the developing regions of Latin America and
Africa, the fuels produced on these plantations could help improve a country’s balance of pay-
ments by reducing dependence on imported oil. (3) Industrialized nations could potentially phase
out agricultural subsidies by encouraging farmers to grow energy crops on idle land.

The current cost of growing, harvesting, transporting, and processing high-grade biomass
fuels is prohibitive in most areas. However, proponents are counting on the successful develop-
ment of advanced biomass-gasification technologies. They contend that biomass may be a more
desirable feedstock for gasification than coal because it is easier to gasify and has a very low
sulfur content, eliminating the need for expensive O2 production and sulfur-removal processes.

One report indicates that integrated biomass-gasification–gas-turbine-based power systems
with efficiencies topping 40 percent should be commercially available soon. By 2025, efficien-
cies may reach 57 percent if advanced biomass-gasification–fuel-cell combinations become
viable. Proponents are optimistic because this technology is currently being developed for coal
gasification and can be readily transformed to biomass.

Data in this procedure are the work of M. D. Forsha and K. E. Nichols, Barber-Nichols Inc.,
for the geothermal portion, and Steven Collins, assistant editor, Power, for the biomass portion.
Data on both these topics were published in Power magazine.

ESTIMATING CAPITAL COST OF COGENERATION
HEAT-RECOVERY BOILERS

Use the Foster-Pegg* method to estimate the cost of the gas-turbine heat-recovery boiler system
shown in Fig. 22 based on these data: The boiler is sized for a Canadian Westinghouse 251 gas tur-
bine; the boiler is supplementary fired and has a single gas path; natural gas is the fuel for both the
gas turbine and the boiler; superheated steam generated in the boiler at 1200 lb/in2 (gage) (8268 kPa)
and 950°F (510°C) is supplied to an adjacent chemical process facility; 230-lb/in2 (gage) (1585-kPa)
saturated steam is generated for reducing NOx in the gas turbine; steam is also generated at 25 lb/in2

(gage) (172 kPa) saturated for deaeration of boiler feedwater; a low-temperature economizer pre-
heats undeaerated feedwater obtained from the process plant before it enters the deaerator. Estimate
boiler costs for two gas-side pressure drops: 14.4 in (36.6 cm) and 10 in (25.4 cm), and without, and
with, a gas bypass stack. Table 12 gives other application data. Note: Since cogeneration will account
for a large portion of future power generation, this procedure is important from an environmental
standpoint. Many of the new cogeneration facilities planned today consist of gas turbines with heat-
recovery boilers, as does the plant analyzed in this procedure.

Calculation Procedure

1. Determine the average LMTD of the boiler. The average log mean temperature difference
(LMTD) of a boiler is indicative of the relative heat-transfer area, as developed by R. W. Foster-Pegg,
and reported in Chemical Engineering magazine. Thus, LMTDavg = Qt /Ct, where Qt = total heat
exchange rate of the boiler, Btu/s (W); Ct = conductance, Btu/s⋅F (W). Substituting, using data from
Table 12, LMTDavg = 81,837/1027 = 79.7°F (26.5°C).

2. Compute the gas pressure drop through the boiler. The gas pressure drop, ∆P inH2O (cmH2O) =
5Ct /G, where G = gas flow rate, lb/s (kg/s). Substituting, ∆P = 5(1027/355.8) with a gas flow of
355.8 lb/s (161.5 kg/s), as given in Fig. 12; then ∆P = 14.4 inH2O (36.6 cmH2O). With a stack and
inlet pressure drop of 3 inH2O (7.6 cmH2O) and a supplementary-firing pressure drop of 3 inH2O
(7.6 cmH2O) given by the manufacturer, or determined from previous experience with similar
designs, the total pressure drop = 14.4 + 3.0 + 3.0 = 20.4 inH2O (51.8 cmH2O).

ENVIRONMENTAL ENGINEERING 7.31
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3. Compute the system costs. The conductance cost component, Costts, is given by Costts, in thou-
sands of $, = 5.65[(Csh

0.8 + C1
0.8 + ⋅⋅⋅ + (Cn

0.8) + 2(Cn
0.8)], where C = conductance, Btu/s⋅F; (W), and

the subscripts represent the boiler elements listed in Table 12. Substituting, Costts, = 5.65(404.37) =
$2,285,000 in 1985 dollars. To update to present-day dollars, use the ratio of the 1985 Chemical
Engineering plant cost index (310) to the current year’s cost index thus: Current cost = (today’s plant
cost index/310)(cost computed above).

The steam-flow cost component, Costw, in thousands of $ = 4.97(W1 + W2 + ⋅⋅⋅ + Wn), where
Costw = cost of feedwater, $; W = feedwater flowrate, lb/s (kg/s); the subscripts 1, 2, and n denote
different steam outputs. Substituting, Costw = 4.97(59.14) = $294,000 in 1985 dollars, with a total
feedwater flow of 59.14 lb/s (26.9 kg/s).

The cost for gas flow includes connecting ducts, casing, stack, etc. It is proportional to the sum
of the separate gas flows, each raised to the power of 1.2. Or, cost of gas flow, Costg, in thousands
of $ = 0.236(G1

1.2 + G2
1.2 + ⋅⋅⋅ + Gn

1.2). Substituting, Costg = 0.236(355.8)1.2 = $272,000 with a gas
flow of 355.8 lb/s (161.5 kg/s) and no bypass stack.

The cost of a supplementary-firing system for the heat-recovery boiler in 1985 dollars is additional
to the boiler cost. Typical fuels for supplementary firing are natural gas or No. 2 fuel oil, or both. The
supplementary-firing system cost, Costf, in thousands of $ = B/1390 + 30N + 20, where B = boiler
firing capacity in Btu (kJ) high heating value; N = number of fuels burned. For this installation with
one fuel, Costf = 16,980/1390 + 30 + 20 = $62,000, rounded off. In this equation the 16,980 Btu/s
(17,914 kJ/s) is the high heating value of the fuel and N = 1 since only one fuel is used.

The total boiler cost (with base gas ∆P and no gas bypass stack) = total material cost + erection
cost, or $2,285,000 + 294,000 + 272,000 + 62,000 = $2,913,000 for the materials. A budget estimate
for the cost of erection = 25 percent of the total material cost, or 0.25 × $2,913,000 = $728,250. Thus,
the budget estimate for the erected cost = $2,913,000 + $728,250 = $3,641,250.

The estimated cost of the entire system—which includes the peripheral equipment, connections,
startup, engineering services, and related erection—can be approximated at 100 percent of the cost
of the major equipment delivered to the site, but not erected. Thus, the total cost of the boiler ready
for operation is approximately twice the cost of the major equipment material, or 2(boiler material
cost) = 2($2,913,000) = $5,826,000.

4. Determine the costs with the reduced pressure drop. The second part of this analysis reduces
the gas pressure drop through the boiler to 10 inH2O (25.4 cmH2O). This reduction will increase the
capital cost of the plant because much of the equipment will be larger.

Proceeding as earlier, the total pressure drop, ∆P = 10 + 3 + 3 = 16 inH2O (40.6 cmH2O). The
pressure drop for normal solidity (i.e., normal tube and fin spacing in the boiler) is ∆P1 = 14.4 inH2O

ENVIRONMENTAL ENGINEERING 7.33

TABLE 12 Data for Heat Recovery Boiler*

LMTD, Q, C, C 0.8

°F Btu/s Btu/s⋅°F Btu/s⋅°F

Superheater 237 16,098 67.92 29.22
High evaporator 116 32,310 278.53 90.34
High economizer 40 11,583 290.3 93.39
Inter-evaporator 50.5 3,277 64.89 28.17
Inter-economizer 57 9,697 169.82 60.81
Deareator evaporator 46 6,130 134.43 50.44
Low economizer 131 2,742 20.93 11.39
Additional for superheater material 29.22
Additional for low-economizer material 11.39

Total 81,837 1,027 404.37

*See procedure for SI values in this table.
Source: Chemical Engineering.
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(36.6 cmH2O). For a different pressure drop, ∆P2, the surface cost, Cs($), is at ∆P2, Cs =
[1.67(∆P1/∆P2)

0.28 − 0.67](Cs at P1). Substituting, Cs = 1.67(14.4/10)0.28 − 0.67 = 1.18 × base cost
from above. Hence, the surface cost for a pressure drop of 10 inH2O (25.4 cmH2O) = 1.18
($2,285,000) = $2,696,300.

The total material cost will then be $2,696,300 + $272,000 + $62,000, using the data from above,
or $3,324,300. Budget estimate for erection, as before = 1.25($3,324,300) = $4,155,375. And the
estimated system cost, ready to operate = 2($3,324,300) = $6,648,600.

Adding for a gas bypass stack, the gas-flow component is the same as before, $272,000. Then the
budget estimate of the installed cost of the gas bypass stack = 1.25($272,000) = $340,000. And the
total cost of the boiler ready for operation at a gas-pressure drop of 10 inH2O (25.4 cmH2O) with a
gas bypass stack = 2($3,324,300 + $272,000) = $7,192,600.

Related Calculations To convert the costs found in this procedure to current-day costs, assume
that the Chemical Engineering plant cost index today is 435, compared to the 1985 index of 310.
Then, today’s cost, $ = (today’s cost index/1985 cost index)(1985 plant or equipment cost, $).
Thus, for the first installation, today’s cost = (435/310)($5,826,000) = $8,175,194. And for the
second installation, today’s cost = (435/310)($7,192,600) = $10,092,842.

Boilers for recovering exhaust heat from gas turbines are very different from conventional
boilers, and their cost is determined by different parameters. Because engineers are becoming
more involved with cogeneration, the differences are important to them when making design and
cost estimates and decisions.

In a conventional boiler, combustion air is controlled at about 110 percent of the stoichiomet-
ric requirement, and combustion is completed at about 3000°F (1649°C). The maximum temper-
ature of the water (i.e., steam) is 1000°F (538°C), and the temperature difference between the gas
and water is about 2000°F (1093°C). The temperature drop of the gas to the stack is about 2500°F
(1371°C), and the gas/water ratio is consistent at about 1.1.

By contrast, the exhaust from a gas turbine is at a temperature of about 1000°F (538°C), and
the difference between the gas and water temperatures averages 100°F (56°C). The temperature
drop of the gas to the stack is a few hundred degrees, and the gas/water ratio ranges between 5
and 10. Because the airflow to a heat-recovery boiler is fixed by the gas turbine, the air varies
from 400 percent of the stoichiometric requirement of the fuel to the turbine (unfired boiler) to
200 percent if the boiler is supplementary fired.

In heat-recovery boilers, the tubes are finned on the outside to increase heat capture. Fins
in conventional boilers would cause excessive heat flux and overheating of the tubes.
Although the lower gas temperatures in heat-recovery boilers allow gas enclosures to be
uncooled internally insulated walls, the enclosures in conventional boilers are water-cooled
and refractory-lined.

Because the exhaust from a gas turbine is free of particles and contaminants, gas velocities past
tubes can be high, and fin and tube spacings can be close, without erosion or deposition. Because
the products of combustion in a conventional boiler may contain sticky residues, carbon, and ash
particles, tube spacing must be wider and gas velocities lower. Because of its configuration and
absence of refractories, the heat-recovery boiler used with gas turbines can be shop-fabricated to
a greater extent than conventional boilers.

These differences between conventional and heat-recovery boilers result in different cost rela-
tionships. With both operating on similar clean fuels, a heat-recovery boiler will cost more per
pound of steam and less per square foot (m2) of surface area than a conventional boiler. The cost
of a heat-recovery boiler can be estimated as the sum of three major parameters, plus other
optional parameters. Major parameters are: (1) the capacity to transfer heat (“conductance”), (2)
steam flow rate, and (3) gas flow rate. Optional parameters are related to the optional components
of supplementary firing and a gas bypass stack.

This procedure is the work of R. W. Foster-Pegg, Consultant, as reported in Chemical Engi-
neering magazine. Note that the costs computed by the given equations are in 1985 dollars.
Therefore, they must be updated to current costs using the Chemical Engineering plant cost
index.
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“CLEAN” ENERGY FROM SMALL-SCALE HYDRO SITES

A newly discovered hydro site provides a potential head of 65 ft (20 m). An output of 10,000 kW
(10 MW) is required to justify use of the site. Select suitable equipment for this installation based on
the available head and the required power output.

Calculation Procedure

1. Determine the type of hydraulic turbine suitable for this site. Enter Fig. 23 on the left at the
available head, 65 ft (20 m), and project to the right to intersect the vertical projection from the
required turbine output of 10,000 kW (10 MW). These two lines intersect in the standardized tubu-
lar unit region. Hence, such a hydroturbine will be tenatively chosen for this site.

2. Check the suitability of the chosen unit. Enter Table 13 at the top at the operating head range
of 65 ft (20 m) and project across to the left to find that a tubular-type hydraulic turbine with fixed
blades and adjustable gates will produce 0.25 to 15 MW of power at 55 to 150 percent of rated head.
These ranges are within the requirements of this installation. Hence, the type of unit indicated by
Fig. 23 is suitable for this hydro site.

Relation Calculations Passage of legislation requiring utilities to buy electric power from
qualified site developers is leading to strong growth of both site development and equipment
suitable for small-scale hydro plants. Environmental concerns over fossil-fuel-fired and nuclear
generating plants make hydro power more attractive. Hydro plants, in general, do not pollute the
air, do not take part in the acid-rain cycle, are usually remote from populated areas, and run for
up to 50 years with low maintenance and repair costs. Environmentalists rate hydro power as
“clean” energy available with little, or no, pollution of the environment.

To reduce capital cost, most site developers choose standard-design hydroturbines. With
essentially every high-head site developed, low-head sites become more attractive to developers.
Table 13 shows the typical performance characteristics of hydroturbines being used today. Where
there is a region of overlap in Table 13 or Fig. 23, site-specific parameters dictate choice and
whether to install large units or a greater number of small units.

Delivery time and ease of maintenance are other factors important in unit choice. Further,
the combination of power-generation and irrigation services in some installations make
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FIGURE 23 Traditional operating regimes of hydraulic turbines. New designs allow some
turbines to cross traditional boundaries. (Power.)
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hydroturbines more attractive from an environmental view because two objectives are obtained:
(1) “clean” power, and (2) crop watering.

Maintenance considerations are paramount with any selection; each day of downtime is lost
revenue for the plant owner. For example, bulb-type units for heads between 10 and 60 ft (3 and
18 m) have performance characteristics similar to those of Francis and tubular units, and are often
1 to 2 percent more efficient. Also, their compact and, in some cases, standard design makes for
smaller installations and reduced structural costs, but they suffer from poor accessibility. Some-
times the savings arising from the unit’s compactness are offset by increased costs for the water-
tight requirements. Any leakage can cause severe damage to the machine.

To reduce the costs of hydroturbines, suppliers are using off-the-shelf equipment. One way
this is done is to use centrifugal pumps operated in reverse and coupled to an induction motor.
Although this is not a novel concept, pump manufacturers have documented the capability of
many readily available commercial pumps to run as hydroturbines. The peak efficiency as a tur-
bine is at least equivalent to the peak efficiency as a pump. These units can generate up to 1 MW
of power. Pumps also benefit from a longer history of cost reductions in manufacturing, a wider
range of commercial designs, faster delivery, and easier servicing—all of which add up to more
rapid and inexpensive installations.

Though a reversed pump may begin generating power ahead of a turbine installation, it will
not generate electricity more efficiently. Pumps operated in reverse are nominally 5 to 10 percent
less efficient than a standard turbine for the same head and flow conditions. This is because
pumps operate at fixed flow and head conditions; otherwise efficiency falls off rapidly. Thus,
pumps do not follow the available water load as well unless multiple units are used.

With multiple units, the objective is to provide more than one operating point at sites with signifi-
cant flow variations. Then the units can be sequenced to provide the maximum power output for any
given flow rate. However, as the number of reverse pump units increases, equipment costs approach
those for a standard turbine. Further, the complexity of the site increases with the number of reverse
pump units, requiring more instrumentation and automation, especially if the site is isolated.

Energy-conversion-efficiency improvements are constantly being sought. In low-head appli-
cations, pumps may require specially designed draft tubes to minimize remaining energy after the
water exists from the runner blades. Other improvements being sought for pumps are: (1) modi-
fying the runner-blade profiles or using a turbine runner in a pump casing, (2) adding flow-control
devices such as wicket gates to a standard pump design or stay vanes to adjust turbine output.

Many components of hydroturbines are being improved to reduce space requirements and
civil costs, and to simplify design, operation, and maintenance. Cast parts used in older turbines
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TABLE 13 Performance Characteristics of Common Hydroturbines

Operating head range Capacity range

% of % of design
Type Rated head, ft(m) rated head MW capacity

Vertical fixed-blade propeller 7–120 (3–54) and over 55–125 0.25–15 30–115
Vertical Kaplan (adjustable 7–66 (3–30) and over 45–150 1–15 10–115
blades and guide vanes)

Vertical Francis 25–300 (11–136) and over 50–150 and over 0.25–15 35–115
Horizontal Francis 25–500 (11–227) and over 50–125 0.25–10 35–115
Tubular (adjustable blades, 7–59 (3–27) 65–140 0.25–15 45–115
fixed gates)

Tubular (fixed blades, 7–120 (3–54) 55–150 0.25–15 35–115
adjustable gates)

Bulb 7–66 (3–30) 45–140 1–15 10–115
Rim generator 7–30 (3–14) 45–140 1–8 10–115
Right-angle-drive propeller 7–59 (3–27) 55–140 0.25–2 45–115
Cross flow 20–300 (9–136) and over 80–120 0.25–2 10–115

Source: Power.
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have largely been replaced by fabricated components. Stainless steel is commonly recommended
for guide vanes, runners, and draft-tube inlets because of better resistance to cavitation, erosion,
and corrosion. In special cases, there are economic tradeoffs between using carbon steel with a
suitable coating material and using stainless steel.

Some engineers are experimenting with plastics, but much more long-term experience is
needed before most designers will feel comfortable with plastics. Further, stainless steel material
costs are relatively low compared to labor costs. And stainless steel has proven most cost-effective
for hydroturbine applications.

While hydro power does provide pollution-free energy, it can be subject to the vagaries of the
weather and climatic conditions. Thus, at the time of this writing, some 30 hydroelectric stations
in the northwestern part of the United States had to cut their electrical output because the com-
bination of a severe drought and prolonged cold weather forced a reduction in water flow to the
stations. Purchase of replacement power—usually from fossil-fuel-fired plants—may be neces-
sary when such cutbacks occur. Thus, the choice of hydro power must be carefully considered
before a final decision is made.

This procedure is based on the work of Jason Makansi, associate editor, Power magazine, and
reported in that publication.

CENTRAL CHILLED-WATER SYSTEM DESIGN TO MEET
CHLOROFLUOROCARBON (CFC) ISSUES

Choose a suitable storage tank size and capacity for a thermally stratified water-storage system for a
large-capacity thermal-energy storage system for off-peak air conditioning for these conditions: Ther-
mal storage capacity required = 100,000 ton-h (35,169 kWh); difference between water inlet and outlet
temperatures = T = 20°F (36°C); allowable nominal soil bearing load in one location is 2500 lb/ft2

(119.7 kPa); in another location 4000 lb/ft2 (191.5 kPa). Compare tank size for the two locations.

Calculation Procedure

1. Compute the required tank capacity in gallons (liters) to serve this system. Use the relation C =
1800 S/∆T, where C = required tank capacity, gal; S = system capacity, ton-h; ∆T = difference between
inlet and outlet temperature, °F (°C). For this installation, C = 1800 (100,000)/20 = 9,000,000 gal
(34,065 m3).

2. Determine the tank height and diameter for the allowable soil bearing loads. Depending on
the proposed location of the storage tank, either the height or diameter may be a restricted dimen-
sion. Thus, tank height may be restricted by local zoning laws or possible interference with aircraft
landing or takeoff patterns. Tank diameter may be restricted by the ground area available. And the
allowable nominal soil bearing load will determine if the required amount of water can be stored in
one tank or if more than one tank will be required.

Starting with 2500-lb/ft2 (119.7-kPa) bearing-load soil, assume a standard tank height of 40 ft
(12.2 m). Then the required tank volume will be V = 0.134C, where 0.134 = ft3/gal; or V = 0.134
(9,000,000) = 1,206,000 ft3 (34,130 m3). The tank diameter is d = (4V/ph)0.5, where d = diameter in
feet (m). Or d = [4(1,206,000)/p40)]0.5 = 195.93 ft; say 196 ft (59.7 m). This result is consistent with
the typical sizes, heights, and capacities used in actual practice, as shown in Table 14.

Checking the soil load, the area of the base of this tank is A = pd2/4 = p(196)2/4 = 30,172 ft2

(2803 m2). The weight of the water in the tank is W = 8.35C = 75,150,000 lb (34,159 kg). This
will produce a soil bearing pressure of p = W/A lb/ft2 (kPa). Or, p = 75,150,000/30,172 = 2491 lb/ft2

(119.3 kPa). This bearing load is within the allowable nominal specified load of 2500 lb/ft2.
Where a larger soil bearing load is permitted, tank diameter can be reduced as the tank height is

increased. Thus, using a standard 64-ft (19.5-m) high tank with the same storage capacity, the
required diameter would be d = [4(1,206,000)/p64)]0.5 = 154.9 ft (47.2 m). Soil bearing pressure will
then be W/A = 75,140,000/[p(154.9)2/4] = 3987.8 lb/ft2 (190.9 kPa). This is within the allowable soil
bearing load of 4000 lb/ft2 (191.5 kPa).
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By reducing the storage capacity of the tank 4 percent to 8,610,000 gal (32,589 m3), the diame-
ter of the tank can be made 151 ft (46 m). This is a standard dimension for 64-ft (19-m) high tanks
with a 4000-lb/ft2 (191.5-kPa) soil bearing load.

Related Calculations Thermal energy storage (TES) is environmentally desirable because it uses
heating, ventilating, and air-conditioning (HVAC) equipment and a storage tank to store heated or
cooled water during off-peak hours, allowing more efficient use of electric generating equipment.
The stored water is used to serve HVAC or industrial process loads during on-peak hours.

To keep investment, operating, and maintenance costs low, one storage tank can be used to store
both cool and warm water. Thermal stratification permits a smaller investment in the tank, piping, insu-
lation, and controls to produce a higher-efficiency system. Lower-density warm water is thermally
stratified from higher-density cool water without any mechanical separation in a full storage tank.

While systems using 200,000 gal (757 m3) of stored water are feasible, the usual minimum
size storage tank is 500,000 gal (1893 m3). Tanks as large as 4.4 million gal (16,654 m3) are cur-
rently in use in TES for HVAC and process needs. TES is also used for schools, colleges, facto-
ries, and a variety of other applications, where chlorofluorocarbon (CFC)-based refrigeration
systems must be replaced with less environmentally offensive refrigerants. TES systems can
easily be modified because the chiller (Fig. 24) is a simple piece of equipment.

ENVIRONMENTAL ENGINEERING 7.39

FIGURE 24 On-peak and off-peak storage discharging and recharging of thermally strat-
ified water-storage system. (Chicago Bridge & Iron Company.)
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As an added environmental advantage, the stored water in TES tanks can be used for fire pro-
tection. The full tank contents are continuously available as an emergency fire water reservoir.
With such a water reserve, the capital costs for fire-protection equipment can be reduced. Like-
wise, fire-insurance premiums may also be reduced. Where an existing fire-protection water tank
is available, it may be retrofitted for TES use.

Above-ground storage tanks (Fig. 25) are popular in TES systems. Such tanks are usually welded
steel, leak-free with a concrete ringwall foundation. Insulated to prevent heat gain or loss, such tanks
may have proprietary internal components for proper water distribution and stratification.

Some TES tanks may be installed partially, or fully, below grade. Before choosing partially
or fully below-grade storage, the following factors should be considered: (1) system
hydraulics may be complicated by a below-ground tank; (2) the tank must be designed for
external pressure, particularly when the tank is empty; (3) soil and groundwater conditions
may make the tank more costly; (4) local and national regulations for underground tanks may
increase costs; (5) the choice of water-treatment methods may be restricted for underground
tanks; (6) the total cost of an underground tank may be twice that of an above-ground tank.

The data and illustrations for this procedure were obtained from the Strata-Therm Thermal
Systems Group of the Chicago Bridge & Iron Company.

WORK REQUIRED TO CLEAN OIL-POLLUTED BEACHES

How much relative work is required to clean a 300-yd (274-m) long beach coated with heavy oil, if
the width of the beach is 40 yd (36.6 m), the depth of oil penetration is 20 in (50.8 cm), the beach
terrain is gravel and pebbles, the oil coverage is 60 percent of the beach, and the beach contains
heavy debris?

Calculation Procedure

1. Establish a work-measurement equation from a beach model. After the Exxon Valdez ran
aground on Bligh Reef in Prince William Sound, a study was made to develop a model and an equa-
tion that would give the relative amount of work needed to rid a beach of spilled oil. The relative
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FIGURE 25 Typical chilled-water thermal-energy storage tank installation. (Chicago Bridge & Iron Company.)
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amount of work remaining, expressed in clydes, is defined as the amount of work required to clean
100 yd (91.4 m) of lightly polluted beach. As the actual cleanup progressed, the actual work required
was found to agree closely with the formula-predicted relative work indicated by the model and
equation that were developed.

The work-measurement equation, developed by on-the-scene Commander Peter C. Olsen, U.S.
Coast Guard Reserve, and Commander Wayne R. Hamilton, U.S. Coast Guard, is S =
(L/100)(EWPTCD), where S = standardized equivalent beach work units, expressed in clydes; L =
beach-segment length in yards or meters (considered equivalent because of the rough precision of
the model); E = degree of contamination of the beach expressed as: light oil = 1; moderate oil = 1.5;
heavy oil = 2; random tar balls and very light oil = 0.1; W = width of beach expressed as: less than
30 m = 1; 30 to 45 m = 1.5; more than 45 m = 2; P = depth of penetration of the oil expressed as:
less than 10 cm = 1; 10 to 20 cm = 2; more than 30 cm = 3; T = terrain of the beach expressed as:
boulders, cobbles, sand, mud, solid rock without vertical faces = 1; gravel/pebbles = 2; solid rock
faces = 0.1; C = percent of oil coverage of the beach expressed as: more than 67 percent coverage =
1; 50 to 67 percent = 0.8; less than 50 percent = 0.5; D = debris factor expressed as: heavy debris =
1.2; all others = 1.

2. Determine the relative work required. Using the given conditions, S = (300/100)(2 × 1.5 × 1 ×
1 × 0.8 × 1.2) = 8.64 clydes. This shows that the work required to clean this beach would be some
8.6 times that of cleaning 100 yd of lightly oiled beach. Knowing the required time input to clean
the “standard” beach (100 yd, lightly oiled), the approximate time to clean the beach being consid-
ered can be obtained by simple multiplication. Thus, if the cleaning time for the standard lightly
oiled beach is 50 h, the cleaning time for the beach considered here would be 50 (8.64) = 432 h.

Related Calculations The model presented here outlines—in general—the procedure to follow
to set up an equation for estimating the working time to clean any type of beach of oil pollution.
The geographic location of the beach will not in general be a factor in the model unless the beach
is in cold polar regions. In cold climates more time will be required to clean a beach because the
oil will congeal and be difficult to remove.

A beach cleanup in Prince William Sound was defined as eliminating all gross amounts of oil,
all migratory oil, and all oil-contaminated debris. This definition is valid for any other polluted
beach be it in Europe, the Far East, the United States, etc.

Floating oil in the marine environment can be skimmed, boomed, absorbed, or otherwise
removed. But oil on a beach must either be released by (1) scrubbing or (2) steaming and floated
to the nearby water where it can be recovered using surface techniques mentioned above.

Where light oil—gasoline, naphtha, kerosene, etc.—is spilled in an accident on the water, it
will usually evaporate with little damage to the environment. But heavy oil—No. 6, Bunker C,
unrefined products, etc.—will often congeal and stick to rocks, cobbles, structures, and sand.
Washing such oil products off a beach requires the use of steam and hot high-pressure water.
Once the oil is freed from the surfaces to which it is adhering, it must be quickly washed away
with seawater so that it flows to the nearby water where it can be recovered. Several washings
may be required to thoroughly cleanse a badly polluted beach.

The most difficult beaches to clean are those comprised of gravel, pebbles, or small boulders.
Two reasons for this are: (1) the surface areas to which the oil can adhere are much greater, and
(2) extensive washing of these surface areas is required. This washing action can carry away the
sand and the underlying earth, destroying the beach. When setting up an equation for such a
beach, this characteristic should be kept in mind.

Beaches with larger boulders having a moderate slope toward the water are easiest to clean.
Next in ease of cleaning are sand and mud beaches because thick oil does not penetrate deeply in
most instances.

Use this equation as is, and check its results against actual cleanup times. Then alter the equa-
tion to suit the actual conditions and personnel met in the cleanup.

The model and equation described here are the work of Commander Peter C. Olsen, U.S.
Coast Guard Reserve, and Commander Wayne R. Hamilton, U.S. Coast Guard, as reported in
government publications.
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SIZING EXPLOSION VENTS FOR INDUSTRIAL STRUCTURES

Choose the size of explosion vents to relieve safely the maximum allowable overpressure of 0.75 lb/in2

(5.2 kPa) in the building shown in Fig. 26 for an ethane/air explosion. Specify how the vents will be
distributed in the structure.

Calculation Procedure

1. Determine the total internal surface area of Part A of the building. Using normal length and
width area formulas for Part A, we have: Building floor area = 100 × 25 = 2500 ft2 (232.3 m2); front
wall area = 12 × 100 = 1200 ft2 – 12 × 20 = 960 ft2 (89.2 m2); rear wall area = 12 × 100 = 1200 ft2

(111.5 m2); end wall area = 2 × 25 × 12 + 2 × 25 × 3/2 = 675 ft2 (62.7 m2); roof area = 2 × 3 × 100 =
600 ft2 (55.7 m2). Thus, the total internal surface area of Part A of the building is 2500 + 960 + 1220 +
600 = 5935 ft2 (551.4 m2).

7.42 SECTION SEVEN

FIGURE 26 Typical industrial building for which explosion vents are sized.
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2. Determine the total internal surface area of Part B of the building. Using area formulas, as
before: Floor area = 50 × 20 = 1000 ft2 (92.9 m2): side wall area = 2 × 50 × 12 = 1200 ft2 (111.5 m2)
front wall area = 20 × 12 = 240 ft2 (22.3 m2); roof area = 50 × 20 = 1000 ft2 (92.9 m2); total internal
surface area of Part B is 1000 + 1200 + 240 + 1000 = 3440 ft2 (319.6 m2).

3. Compute the vent area required. Using the relation Av = CAs/(Pred)
0.5, where Av = required vent

area, m2; C = deflagration characteristic of the material in the building, (kPa)0.5, from Table 15; As =
internal surface area of the structure to be protected, m2. For this industrial structure, Av = 0147
(551.4 + 319.6)/(5.17)0.5 = 180.1 m2 (1939 ft2) total vent area.

The required vent area should be divided proportionately between Part A and Part B of the build-
ing, or Part A vent area = 180.1(551.4/871.0) = 114 m2 (1227 ft2); Part B vent area = 180.1(319.6/
871.0) = 66.1 m2 (712 ft2).

The required vent area should be distributed equally over the external wall and roof areas in each
portion of the building. Before final choice of the vent areas to be used, the designer should consult
local and national fire codes. Such codes may require different vent areas, depending on a variety of
factors such as structure location, allowable overpressure, and gas mixture.

Related Calculations This procedure is the work of Tom Swift, a consultant, reported in
Chemical Engineering. In his explanation of his procedure he points out that the word explosion
is an imprecise term. The method outlined above is intended for those explosions known as
deflagrations—exothermic reactions that propagate from burning gases to unreacted materials by
conduction, convection, and radiation. The great majority of structural explosions at chemical
plants are deflagrations.

The equation used in this procedure is especially applicable to “low-strength” structures
widely used to house chemical processes and other manufacturing operations. This equation is
useful for both gas and dust deflagrations. It applies to the entire subsonic venting range. Nomen-
clature for Table 15 is given as follows:

As Internal surface area of structure to be protected, m2

Av Vent area, m2

B Dimensionless constant

C Deflagration characteristic, (kPa)1/2

ENVIRONMENTAL ENGINEERING 7.43

TABLE 15 Parameters for Vent Area Equation*

Suru Pmax

Material G¢ P0

Methane 1.1 × 10–3 8.33
Ethane 1.2 × 10–3 9.36
Propane 1.2 × 10–3 9.50
Pentane 1.3 × 10–3 9.42
Ethylene 1.9 × 10–3 9.39

Material C, (kPa)1/2

Methane 0.41
Ethane 0.47
Propane 0.48
Pentane 0.51
Ethylene 0.75
ST 1 dusts 0.26
ST 2 dusts 0.30
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CD Discharge coefficient

G¢ Maximum subsonic mass flux through vent, kg/m2⋅s
Pf Overpressure, kPa

Pmax Maximum deflagration pressure in a sealed spherical vessel, kPa

PO Initial (ambient) pressure, kPa

Pred Maximum reduced explosion pressure that a structure can withstand, kPa

Su Laminar burning velocity, m/s

gb Ratio of specific heats of the combustion gases

ru Density of the unburnt gases, kg/m3

l Turbulence enhancement factor

With increased interest in the environment by regulatory authorities, greater attention is being
paid to proper control and management of industrial overpressures. Explosion vents that are prop-
erly sized will protect both the occupants of the building and surrounding structures. Therefore,
careful choice of explosion vents is a prime requirement of sensible environmental protection.

INDUSTRIAL BUILDING VENTILATION
FOR ENVIRONMENTAL SAFETY

Determine the ventilation requirements to maintain interior environmental safety of a pump and com-
pressor room in an oil refinery in a cool-temperate climate. Floor area of the pump and compressor
room is 2000 ft2 (185.8 m2) and room height is 15 ft (4.6 m); gross volume = 30,000 ft3 (849 m3). The
room houses two pumps—one of 150 hp (111.8 kW) with a pumping temperature of 350°F (177°C),
and one of 75 hp (55.9 kW) with a pumping temperature of 150°F (66°C). Also housed in the room
is a 1000-hp (745.6-kW) compressor and a 50-hp (37.3-kW) compressor.

Calculation Procedure

1. Determine the hp-deg for the pumps. The hp-deg = pump horsepower × pumping temperature.
For these pumps, the total hp-deg = (150 × 350) + (75 × 150) = 63,750 hp-deg (19,789 kW-deg).
Enter Fig. 27 on the left axis at 63,750 and project to the diagonal line representing the ventilation
requirements for pump rooms in cool-temperate climates. Then extend a line vertically downward to
the bottom axis to read the air requirement as 7200 ft3/min (203.8 m3/min).

The compressors require a total of 1050 hp (782.9 kW). Enter Fig. 27 on the right-hand axis at
1050 and project horizontally to cool-temperate climates for compressor and machinery rooms. From
the intersection with this diagonal project vertically to the top axis to read 2200 ft3/min (62.3 m3/min)
as the ventilation requirement.

Since the ventilation requirements of pumps and compressors are additive, the total ventilation-
air requirement for this room is 7200 + 2200 = 9400 ft3/min (266 m3/min).

2. Check to see if the computed ventilation flow meets the air-change requirements. Use the
relation N = 60 F/V, where N = number of air changes per hour; F = ventilating-air flow rate, ft3/min
(m3/min); V = room volume, ft3 (m3). Using the data for this room, N = 60(9400)/30,000 = 18.8 air
changes per hour.

Figure 27 is based on a minimum of 10 air changes per hour for summer and 5 air changes per
hour for winter. Since the 18.8 air changes per hour computed exceeds the minimum of 10 changes
per hour on which the chart is based, the computed air flow is acceptable.
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In preparing the chart in Fig. 27 the climate lines are based on ASHRAE degree-day listings,
namely: Cool, temperate climates, 5000 degree-days and up; average climates, 2000 to 5000 degree-
days; warm climates, 2000 degree-days maximum.

3. Select the total exhaust-fan capacity. An exhaust fan or fans must remove the minimum com-
puted ventilation flow, or 9400 ft3/min (266 m3/min) for this room. To allow for possible errors in
room size, machinery rating, or temperature, choose an exhaust fan 10 percent larger than the com-
puted ventilation flow. For this room the exhaust fan would therefore have a capacity of 1.1 × 9400 =
10,340 ft3/min (292.6 m3/min). A fan rated at 10,500 or 11,000 ft3/min (297.2 or 311.3 m3/min),
depending on the ratings available from the supplier, would be chosen.

Related Calculations Ventilation is environmentally important and must accomplish two goals: 
(1) Removal of excess heat generated by machinery or derived from hot piping and other objects; 
(2) removal of objectionable, toxic, or flammable gases from process pumps, compressors, and
piping.

The usual specifications for achieving these goals commonly call for an arbitrary number of
hourly air changes for a building or room. However, these specifications vary widely in the
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FIGURE 27 Chart for determining building ventilation requirements. (Chemical Engineering.)
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number of air changes required, and use inconsistent design methods for ventilation. The method
given in this procedure will achieve proper results, based on actual applications.

Because of health and explosion hazards, workers exposed to toxic or hazardous vapors and
gases should be protected against dangerous levels [threshold limit values (TLV)] and explosion
hazards [lower explosive limit (LEL)] by diluting workspace air with outside air at adequate ven-
tilation rates. If a workspace is protected by adequate ventilation rates for health (i.e., below TLV)
purposes, the explosion hazard (LEL) will not exist. The reason for this is that the health air
changes far exceed those required for explosion prevention.

To render a workspace safe in terms of TLV, the number of ft3/min (m3/min) of dilution air,
Ad, required can be found from: Ad = [1540 × S × T/(M × TLV)]K, or in SI, Adm = m3/min =
0.0283Ad, where S = gas or vapor expelled over an 8-h period, lb (kg); M = molecular weight
of vapor or gas; TLV = threshold limit value, ppm; T = room temperature, absolute °R(K);
K = air-mixing factor for nonideal conditions, which can vary from 3 to 10, depending on
actual space conditions and the efficiency of the ventilation-air distribution system.

If the space temperature is assumed to be 100°F (37.8°C) (good average summer conditions),
the above equation becomes Ad = [862,400 × S/(M × TLV)]K.

For every pound (kg) of gas or vapor expelled of an 8-h period, when S = 1, the second equa-
tion becomes Ad = [862,400/(M × TLV)]K. For values of S less or greater than unity, simple mul-
tiplication can be used.

It is only for ideal mixing that K = 1. Hence, K must be adjusted upward, depending on ven-
tilation efficiency, operation, and the particular system application.

If mixing is perfect and continuous, then each air change reduces the contaminant concentra-
tion to about 35 percent of that before the air change. Perfect mixing is seldom attainable, how-
ever, so a room mixing factor, K, ranging from 3 to 10 is recommended in actual practice.

The practical mixing factor for a particular workspace is at best an estimate. Therefore, some
flexibility should be built into the ventilation system in anticipation of actual operations. For
small enclosures, such as ovens and fumigation booths, K-values range from 3 to 5. If you are not
familiar with efficient mixing within enclosures, use a K-factor equal to 10. Then your results will
be on the safe side. Figure 27 is based on a K-value equal to 8 to 10. Table 16 gives K-factors for
ventilation-air distribution systems as indicated.

In some installations, heat generated by rotating equipment (pumps, compressors, blowers)
process piping, and other equipment can be calculated, and the outside-air requirements for dilu-
tion ventilation determined. In most cases, however, the calculation is either too cumbersome and
time consuming or impossible.

Figure 27 was developed from actual practice in the chemical-plant and oil-refinery busi-
nesses. The chart is based on a closed processing system. Hence, air quantities found from the
chart are not recommended if (1) the system is not closed or (2) if abnormal operating conditions
prevail that permit the escape of excessive amounts of toxic and explosive materials into the
workplace atmosphere.

For these situations, special ventilation measures, such as local exhaust through hoods, are
required. Vent the exhaust to pollution-control equipment or, where permitted, directly outdoors.

Figure 27 and the procedure for determining dilution-air ventilation requirements were devel-
oped from actual tests of workspace atmospheres within processing buildings. Design and oper-
ating show that by supplying outside air into a building near the floor, and exhausting it high
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TABLE 16 K-values for Various Ventilation-Air Distribution Systems*

K-values Distribution system

1.2–1.5 Perforated ceiling
1.5–2.0 Air diffusers
2.0–3.0 Duct headers along ceiling with branch headers pointing downward
3.0 and up Window fans, wall fans, and the like

*Chemical Engineering.
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(through the roof or upper outside walls), safe and comfortable conditions can be attained. Use
of chevron-type stormproof louvers permits outside air to enter low in the room.

The chevron feature causes the air to sweep the floor, picking up heat and diluting gases and
vapors on the way up to the exhaust fan, (Fig. 28).

In the system shown in Fig. 28 there are a number of features worth noting. With low-level
distribution and adequate high exhaust, only the internal plant heat load (piping, equipment) is of
importance in maintaining desirable workspace conditions. Wall and transmission heat loads are
swept out of the building and do not reach the work areas. Even the temperature rise caused by
the plant load occurs above the work level. Hence, low-level distribution of the supply air main-
tains the work area close to supply-air temperatures.

For any installation, it is good practice to check the ratio of hp-deg/ft2 (kW-deg/m2) of floor
area. When this ratio exceeds 100, consider installing a totally enclosed ventilation system for
cooling. This should be complete with ventilating fans taking outside air, preferably from a high
stack, and discharging through ductwork into a sheetmetal motor housing.

The result is a greater use of outside air for cooling through a confined system at a lower ven-
tilation rate. Ventilation air flow needs may be obtained from the equipment manufacturer or
directly from the chart (Fig. 27). The remainder of the building may be ventilated as usual, based
either on the absence of equipment or on any equipment outside the ventilation enclosure.When
designing the duct system, take care to prevent moisture entrainment with the incoming
airstream.

This procedure is the work of John A. Constance, P.E., consultant, as reported in Chemical
Engineering.

ESTIMATING POWER-PLANT THERMAL POLLUTION

A steam power plant has a 1000-MW output rating. Find the cooling-water thermal pollution by this
power plant when using a once-through cooling system for the condensers if the plant thermal effi-
ciency is 30 percent.

ENVIRONMENTAL ENGINEERING 7.47

FIGURE 28 Ventilation system for effective removal of plant heat
loads. (Chemical Engineering.)
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Calculation Procedure

1. Determine the amount of heat added during plant operation. The general equation for power-
plant efficiency is E = W/QA, where E = plant net thermal efficiency, %; W = plant net output, MW;
QA = heat added, MW. For this plant, QA = W/E = 1000/0.30 = 3333 MW.

2. Compute the heat rejected by this plant. The general equation for heat rejected is QR = (W/E − W),
QR = heat rejected, MW. For this power plant, QR = (1000/0.3 − 1000) = 2333 MW. Thus, this plant
will reject 2333 MW to the condenser cooling water.

The heat rejected to the cooling water will be absorbed by the river, lake, or ocean providing the
water pumped through the condenser. Depending on the thermal efficiency of the plant, the required
cooling-water flow for the condenser will range from 250 × 106 lb/h, or 65,000 ft3/min (30 m3/s) to
400 × 106 lb/h or 100,000 ft3/min (50 m3/s). The discharged water in a once-through cooling system
will be 20 to 25°F (11 to 14°C) higher in temperature than the entering water.
3. Assess the effects of this thermal pollution. Warm water discharged in large volume to a
restricted water mass may affect the ecosystem in a deleterious way. Fish and plant life, larvae,
plankton, and other organisms can be damaged or have a high mortality rate. If chlorine is used to
control condenser scaling, the effect on the ecosystem can be more damaging.

If the warm condenser cooling water is discharged into a large body of water, such as a major
river or ocean, the effect on the ecosystem can be more beneficial than deleterious. Thus, well-
planned cooling-water outlets can be used to increase fish production in hatcheries. In agriculture,
the warm-water discharge can be used to markedly increase the output of greenhouses and open
fields in cold climates. Thus, the overall effect of thermal pollution can be positive, if the pollution
energy is used in an antipolluting manner.

Related Calculations Since thermal and atmospheric pollution are associated with the genera-
tion of electricity, environmental engineers are seeking ways to reduce electricity use. Personal
computers (PCs) are big users of electricity today. At the time of this writing, PCs consume some
5 percent of commercial energy used in the United States.

Typical PCs use 150 to 200 W of power when in use, or just on but not in use. Some 30 to
40 percent of PCs are left on overnight and during weekends. The extra electricity which must
be generated to carry this PC load leads to more thermal and air pollution.

New PCs have “sleep” circuitry which reduces the electrical load to 30 W when the computer
is not being used. Such microprocessors will reduce the electrical load caused by PCs. This, in
turn, will reduce thermal and air pollution produced by power-generating plants.

Internal-combustion engines—diesel, gas, and gas turbines—produce both thermal and air
pollution. To curb this pollution and wrest more work from the fuel burned, cogeneration is being
widely applied. Heat is extracted from the internal-combustion engine’s cooling water for use in
process or space heating. In addition, exhaust gases are directed through heat exchangers to
extract more heat from the internal-combustion engine exhaust. Thus, environmental considera-
tions are met while conserving fuel. This is one reason why cogeneration is so popular today.

Compute the heat recovery from cogeneration using the many concepts given earlier in this
section. Try to combine both heat recovery and pollution reduction; then the required investment
will be easier to justify from an economic standpoint.

7.48 SECTION SEVEN

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.

ENVIRONMENTAL ENGINEERING


