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Rgme 8.17. Forward and backward of liquid flow with respect to 
steam flow in triple-effect evaporators. (a) Forward flow of liquid by 
action of pressure differences in the vessels. (b) Backward-pumped 
flow of liquid through the vessels. 

requirements of multiple effect evaporation are worked out by Kern 
(1950). 

SURFACE REClUIWEhAENTS 

The data of Tables 8.4-8.7 and particularly 8.10 for boiling liquids 
are applicable to evaporators when due regard is given the more 
severe fouling that can occur. For example, cases have been cited in 
which fouling presents fully half the resistance to heat transfer in 
evaporators. Some heat transfer data specifically for evaporators are 
in Figure 8.18. Forced circulation and falling film evaporators have 
the higher coefficients, and the popular long tube vertical, some- 
what poorer performance. 

With such data, an estimate can be made of a possible 
evaporator configuration for a required duty, that is, the diameter, 
length, and number of tubes can be specified. Then heat transfer 
correlations can be applied for this geometry and the surface 
recalculated. Comparison of the estimated and calculated surfaces 
will establish if another geometry must be estimated and checked. 
This procedure is described in Example 8.12. 

. l l .  FIRED HEATER 

High process temperatures are obtained by direct transfer of heat 
from the products of combustion of fuels. Maximum flame 
temperatures otf hydrocarbons burned with stoichiometric air are 
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Figure 8.18. Overall heat transfer coefficients in some types of 
evaporations. (a) Water and sugar juice evaporators; (b) Sea water 
evaporators. IF. C.  Standiford, Chem. Eng., 257-1 76 (9 Dec. 
1963)]. 

about 3500°F. Specific data are cited by Hougen, Watson, and 
Ragatz (Chemical Process Principles, Vol. I, Wiley, New York, 
1954, p. 409) and in Marks Mechanical Engineers Handbook, (1978, 
p. 4.57). With excess air to ensure complete combustion the 
temperatures are lower, but still adequate for the attainment of 
process temperatures above 2000°F when necessary. Lower temper- 
atures are obtained with heat transfer media such as those of Table 
8.2 which are in turn serviced in direct-fired heaters. 

DESCRIPTION OF EQUIPMENT 

In fired heaters and furnaces, heat is released by combustion of 
fuels into an open space and transferred to fluids inside tubes which 
are ranged along the walls and roof of the combustion chamber. 
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212 HEAT TRANSFER AND HEAT EXCHANGERS 

The heat is transferred by direct radiation and convection and also 
by reflection from refractory walls lining the chamber. 

Three zones are identified in a typical heater such as that of 
Figure 8.19(a). In the radiant zone, heat transfer is predominantly 
(about 90%) by radiation. The convection zone is “out of sight” of 
the burners; although some transfer occurs by radiation because the 
temperature still is high enough, most of the transfer here is by 
convection. The application of extended surfaces permits 
attainment of heat fluxes per unit of bare surface comparable to 
those in the radiant zone. Shield section is the name given to the 
first two rows or so leading into the convection section. On balance 
these tubes receive approximately the same heat flux as the radiant 
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tubes because the higher convection transfer counteracts the lesser 
radiation due to lack of refractory wall backing. Accordingly, shield 
tubes are never finned. 

The usual temperature of flue gas entering the shield section 
is 1300-1650°F and should be 200-300°F above the process 
temperature at this point. The proportions of heat transferred in the 
radiant and convection zones can be regulated by recirculation of 
hot flue gases into the radiant zone, as sketched on Figure 8.19(b). 
Such an operation is desirable in the thermal cracking of 
hydrocarbons, for instance, to maintain a proper temperature 
profile; a negative gradient may cause condensation of polymeric 
products that make coke on the tubes. Multiple chambers as in 

7 ’  //////////////// 
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Figure 8.19. Some types of process fired heaters (See also Fig. 17.16 for a radiation panel heater). (a) Radiant, shield, and convection 
sections of a box-type heater. (b) Heater with a split convection section for preheating before and soaking after the radiant section (Lobo and 
Evans, 1939). (c) Vertical radiant tubes in a cylindrical shell. (d) Two radiant chambers with a common convection section. 
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Figure 8.19(d) also provide some flexibility. In many operations, 
about 75% of the heat is absorbed in the radiant zone of a fired 
heater. 

Horizontal tube supports are made of refractory steel to 
withstand the high temperatures. Hangers for vertical tubes make 
for a less expensive construction per unit of tube surface. Furnaces 
are Lined with shaped light weight refractory brick 5-8 in. thick. A 
1 in. layer of insulating brick is placed between the lining and the 
metal shell. 

Differences of opinion exist among designers with respect to 
housing shapes and tube arrangements. Nelson (PetroZeurn Refinery 
Engineering, McGraw-Hill, New York, 1958, p. 587), for example, 
describes a dozen types. The most common are cylindrical shells 
with vertical tubes and cabin or box types with horizontal tubes. 
Figures 8.19 and 17.16 are of typical constructions. Convection 
zones are most commonly at the top. Process fluid goes first through 
the convection section and usually leaves the radiant tubes at the 
top, particularly when vaporization occurs in them. In the more 
complex flow pattern of Figure 8.19(b), some of the convection 
tubes are used for preheat and the remainder to maintain the 
process fluid at a suitable reaction temperature that was attained in 
the radiant tubes. Some of the convection zone also may be used for 
steam generation or superheating or for other heat recovery services 
in the plant. 

Capacities of 10-200 MBtu/hr can be accommodated in heaters 
with single radiant chambers, and three to four chambers with a 
common convection section are feasible. Stoichiometric combustion 
air requirements of typical fuels are tabulated: 

Combustion Air 
LHV 

Fuel (Btu/lb) Ib/lb lb/1000 Btu 

Methane 21,500 17.2 0.800 
Propane 19,920 15.2 0.763 
Light fuel oil 17,680 14.0 0.792 
Heavy fuel oil 17,420 13.8 0.792 
Anthracite 12,500 4.5 0.360 

Burners may be located in the floor or on the ends of the 
heaters. Liquid fuels are atomized with steam or air or 
mechanically. A particularly effective heater design is equipped with 
radiant panel (surface combustion) burners, illustrated in Figure 
17.16(a), (b). The incandescent walls are located 2-3ft from the 
tubes. The furnace side of the panel may reach 2200°F whereas the 
outer side remains at 120°F because of continual cooling by the 
air-gas mixture. Radiant panel burners require only 2-5% excess 

air compared with 10-20% for conventional burners. Heaters 
equipped with radiant panels cost more but provide better control 
of temperatures of reactions such as pyrolysis of hydrocarbons to 
ethylene for instance. 

Distances between tube banks are of the order of 20 ft or so. A 
rough guide to box size is about 4cuft/sqft of radiant transfer 
surface, but the ultimate criterion is sufficient space to avoid 
impingement of flames on the tubes. Some additional notes on 
dimensions are stated with the design procedure of Table 8.18. 

Tubes are mounted approximately one tube diameter from the 
refractory walls. Usual center-to-center spacing is twice the outside 
tube diameter. Wider spacings may be employed to Bower the ratio 
of peak flux at the front of the tube to the average flux. For single 
rows of tubes. some values of these ratios are 

Center-to-center/diameter 1 1.5 2 2.5 3 
Max flux/avg flux 3.1 2.2 1.8 1.5 1.2 

Less is gained by extending the ratio beyond 2.0. Excessive fluxes 
may damage the metal or result in skin temperatures that are 
harmful to the process fluid. 

A second row of tubes on triangular spacing contributes only 
about 25% of the heat transfer of the front row. Accordingly, new 
furnaces employ only the more economical one-row construction. 
Second rows sometimes are justifiable on revamp of existing 
equipment to marginally greater duty. 

HEAT TRANSFER 

Performance of a heater is characterized by the average heat flux in 
the radiant zone and the overall thermal efficiency. Heat fluxes of 
representative processes are listed in Table 8.15. Higher fluxes 
make for a less expensive heater but can generate high skin 
temperatures inside and out. Thermal sensitivity of the process 
fluid, the strength of the metal and its resistance to corrosion at 
elevated temperatures are factors to be taken into account in 
limiting the peak fiux. Because of the refractory nature of water, 
however, allowable fluxes in steam boilers may reach 130,00OBtu/ 
(hr)(sqft), in comparison with a maximum of about 20,000 in hydro- 
carbon service. Example 8.13 is a study of the effect of tube spacing 
on inside film peak temperatures. 

A certain amount of excess air is needed to ensure complete 
combustion. Typical minimum excess requirements are 10% for 
gaseous fuels and 15-20% for liquids. Radiant panel burners may 
get by with 2-5% excess air. 

Efficiency is the ratio of total heat absorbed in radiant, 

TABLE 8.15. Typical Radiant Fluxes and Process Temperatures 

Average Radiant Rate 
(Btu/hr/ftz) Temperature 

Service (Based on OD) (“F) 

Atmospheric crude heaters 10,000-14,000 400-700 
Reboilers 10,000-12,000 400-550 
Circulating oil heaters 8000-1 1,000 600 

Delayed coking heater 10,000-1 1.000 925 

Soaking section 6000-7000 950 
Lube vacuum heaters 7500-8500 850 

Catalytic reformer change and reheat 7500-1 2,000 800-1000 

Visbreaker heaters-heating section 9000-1 0,000 700-950 

700-850 Hydrotreater and hydrocracker charge heaters 

Natural gasoline plant heaters 10,000-12,000 - 

10,000 
Catalytic-cracker feed heaters 10,000-1 1,000 900-1050 
Steam superheaters 9000-13,000 700-1 500 

Ethvlene and DroDvlene svnthesis 10,000-15,000 1300-1 650 
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EXAMPLE 8.13 
Peak Temperatures 

tube spacings the peak temperatures are: 

Center-to-center/diameter 1 1.5 2 2.5 3 
Peak ("F) 1036 982 958 948 9.22 An average flux rate is 12,00OBtu/(hr)(sqft) and the inside film 

coefficient is 200 Btu/(hr)(sqft)("F). At the position where the 
average process temperature is 850"F, the peak inside film For heavy liquid hydrocarbons the upper limit of 950°F often is 
temperature is given by T = 850 + 12,000"R/200. At the several adopted. 

convection, and heat recovery sections of the heater to the heat 
released by combustion. The released heat is based on the lower 
heating value of the fuel and ambient temperature. With standard 
burners, efficiencies may be in the range 60-80%; with radiant 
panels, 8042%. Within broad limits, any specified efficiency can be 
attained by controlling excess air and the extent of recovery of 
waste heat. 

An economical apportionment of heat absorption between the 
radiant and convection zones is about 75% in the radiant zone. This 
can be controlled in part by recirculation of flue gases into the 
radiant chamber, as shown in Figure 8.19(b). 

Because of practical limitations on numbers and possible 
locations of burners and because of variations in process 
temperatures, the distribution of radiant flux in a combustion 
chamber is not uniform. In many cases, the effect of such 
nonuniformity is not important, but for sensitive and chemically 
reacting systems it may need to be taken into account. A method of 
estimating quickly a flux distribution in a heater of known 
configuration is illustrated by Nelson (1958, p. 610). A desired 
pattern can be achieved best in a long narrow heater with a 
multiplicity of burners, as on Figure 17.16 for instance, or with a 
multiplicity of chambers. A procedure for design of a plug flow 
heater is outlined in the Heat Exchanger Design Handbook (1983, 
3.11.5). For most practical purposes, however, it is adequate to 
assume that the gas temperature and the heat flux are constant 
throughout the radiant chamber. Since the heat transfer is 
predominantly radiative and varies with the fourth power of the 
absolute temperature, the effect of even substantial variation in 
stock temperature on flux distribution is not significant. Example 
8.14 studies this problem. 

DESIGN OF FIRED HEATERS 

The design and rating of a fired heater is a moderately complex 
operation. Here only the completely mixed model will be treated. 
For this reason and because of other generalizations, the method to 
be described affords only an approximation of equipment size and 
performance. Just what the accuracy is, it is hard to say. Even the 
relatively elaborate method of Lobo and Evans (1939) is able to 
predict actual performance only within a maximum deviation of 
16%. 

EXAMPLE 8.14 
Effect of Stock Temperature Variation 

A combustion chamber is at 2260"R, a stock enters at 1060"R and 
leaves at 1360"R. Accordingly, the heat fluxes at the inlet and outlet 
are approximately in the ratio (2.264 - 1.064)/2.264 - 1.364) = 
1.095. The small effect of even greater variation in flux on a mild 
cracking operation is illustrated in Figure 8.22. 

Pertinent equations and other relations are summarized in 
Table 8.16, and a detailed stepwise procedure is listed in Table 
8.17. A specific case is worked out in detail in Example 8.15. 
Basically, a heater configuration and size and some aspects of the 
performance are assumed in advance. Then calculations are made 
of the heat transfer that can be realized in such equipment. 
Adjustments to the design are made as needed and the process 
calculations repeated. Details are given in the introduction to 
Example 8.16. Figures 8.20, 8.21, and 8.22 pertain to this example. 
Some of the approximations used here were developed by 
Wimpress (1963); his graphs were converted to equation form for 
convenience. Background and more accurate methods are treated 
notably by Lobo and Evans (1939) and more briefly by Kern (1950) 
and Ganapathy (1982). Charts of gas emissivity more elaborate than 
Figure 8.23 appear in these references. 

An early relation between the heat absorption Q in a radiant 
zone of a heater, the heat release Qf, the effective surface A ,  and 
the air/fuel ratio R lb/lb is due to Wilson, Lobo, and Hottel [Znd. 
Eng. Chem. 24,486, (1932)l: 

(8.45) 

Although it is a great simplification, this equation has some utility in 
appraising directional effects of changes in the variables. Example 
8.16 considers changes in performance with changes in excess air. 

Heat transfer in the radiant zone of a fired heater occurs largely 
by radiation from the flue gas (90% or so) but also significantly by 
convection. The combined effect is represented by 

(8.46) 

where Tg and T, are absolute temperatures of the gas and the 
receiving surface. The radiative properties of a gas depend on its 
chemical nature, its concentration, and the temperature. In the 
thermal range, radiation of flue gas is significant only from the 
triatomic molecules H,O, CO,, and SO,, although the amount of 
the last is small and usually neglected. With fuels having the 
composition C,H,, the ratio of partial pressures is pHzo/pcOz = 1. 
In Figure 8.23, the emissivity of such a gas is represented as a 
function of temperature and the product PL of the partial pressures 
of water and carbon dioxide and the path of travel defined by the 
mean beam length. Item 8 of Table 8.16 is a curve fit of such data. 

When other pertinent factors are included and an approxima- 
tion is introduced for the relatively minor convection term, the heat 
transfer equation may be written 

Q/aA,F = 1730[(T,/1000)4 - (z/1000)4] + 7(T, - q). (8.47) 

Here the absorptivity depends on the spacing of the tubes and is 
given by item 5 of Table 8.16. The cold plane area A ,  is the 
product of the number of tubes by their lengths and by the 
center-to-center spacing. The combination aA, is equal to the area 
of an ideal black plane that has the same absorptivity as the tube 
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.I& Equations and Other Relations for Fired Heater Design 

4. Radiant zone heat transfer 

-""I\ 4000 J \ loo I J ' 

2. Radiant zone heat balance 

0, is the enthalpy absorbed in the radiant zone, Qa is the enthalpy of the entering air, a, 
that of the entering fuel, Q, is the enthalpy loss to the surroundings, Qg is the enthalpy of 
the gas leaving the radiant zone; Qa and Q,are neglected if there is no preheat, and 
Q,/Qn is about 0.02-0.03; Q,, is the total enthalpy released in the furnace 

3. Enthalpy Qs, of the stack gas, given by the overall heat balance 

Qs/Q,,=l +(l/Q")(Q~+a,-Q,-Q,-Q,,,,,,,i,,) 

4. Enthalpy Qg, of the flue gas as a function of temperature, "F 

Q g / Q n  = [a+  b(T/l000-0.1)~(T/1000-0.1) 
z= fraction excess air 
a = 0.22048 - 0.350272 + 0.92344~' 
b= 0.016086 + 0.293932 - 0.481392' 

5. Absorptivity, a, of the tube surface with a single row of tubes 

LY = 1 - 10.0277 + 0.0927(~ - l)l(x - 1) 
x =  (center-to-center spacing)/(outside tube diameter) 

6. Partial pressure of CO, + H,O 

P =  0.288 - 0.229~ + 0.090~' 
x=fraction excess air 

7. Mean beam lengths L of radiant chambers 

Dimensional Ratioa 
Rectangular Furnaces Mean Length L (ft) 

1. 1-1-1 to 1-1-3 
1-2-1 to 1-2-4 

2. 1-1-4 to 1-1-m 
3. 1-2-5 to 1-2-8 
4. 1-3-3 to I-m-m 

Cylindrical Furnaces 

2/3 vfurnace volume, (R3) 

1.0 x smallest dimension 
1.3 x smallest dimension 
1.8 x smallest dimension 

5. d x d  2/3 diameter 
6. d x 2 d t o  d x s d  1 x diameter 

a Length, width, height in any order. 

8. Emissivity @ of the gas (see also Fig. 8.20). 

@ = a + b ( f L )  + c(fL)' 
PL = product of the partial pressure (6) and the mean beam length (7) 
z= (T, +460)/1000 
a=0.47916-0.19847~ +0.0225692' 
b= 0.047029 + 0.06992 - 0.015282' 
c =  0.000803 - 0.007262 + 0.001597~~ 

9. Exchange factor F 

F =  a + bdp + c@' 
@ = gas emissivity, (8) 
z= A, J@AR 
a=0.00064+0.0591z+0.00101z2 
b = 7.0256 + 0.49082 - 0.0582' 
c= -0,144 - 0.5522 + 0.0402' 
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TABLE 8.16-(continoed) 

10. Overall heat transfer coefficient U, in the convection zone 

U, = (a  + bG + ~G’)(4.5/d)~’*~ 
G= flue gas flow rate, Ib/(sec)(sqft open cross section) 
d =  tube outside diameter, (in.) 
z=  T,/IOOO, average outside film temperature 
a = 2.461 - 0,7592 + 1.6252‘ 
b= 0.7655 + 21.3732 - 9.66252’ 
C =  9.7938 - 30.8092 + 14.3332* 

11. Flue gas mass rate Gf 

840 + 8.0x, with fuel oil ] 
Ib/MBtu heat release 

822 + 7.78x, with fuel gas 
x= fraction excess air 

TABLE 8.17. Procedure for the Rating of a Fired Heater, Utilizing the Equations of 
Table 8.16 

1. Choose a tube diameter corresponding to a cold oil velocity of 5-6ft/sec 
2. Find the ratio of center-to-center spacing to the outside tube diameter. Usually this is 

3. Specify the desired thermal efficiency. This number may need modification after the 

4. Specify the excess combustion air 
5. Calculate the total heat absorbed, given the enthalpies of the inlet and outlet process 

streams and the heat of reaction 
6. Calculate the corresponding heat release, (heat absorbed)/efficiency 
7. Assume that 75% of the heat absorption occurs in the radiant zone. This may need to be 

modified later if the design is not entirely satisfactory 
8. Specify the average radiant heat flux, which may be in the range of 8000- 
20,000 Btu/(hr)(sqft). This value may need modification after the calculation of Step 28 
has been made 

9. Find the needed tube surface area from the heat absorbed and the radiant flux. When a 
process-side calculation has been made, the required number of tubes will be known and 
will not be recalculated as stated here 

10. Take a distance of about 20 ft between tube banks. A rough guide to furnace dimensions 
is a requirement of about 4cuft/sqft of radiant transfer surface, but the ultimate criterion 
is sufficient space to avoid flame impingement 

11. Choose a tube length between 30 and 60ft or so, so as to make the box dimensions 
roughly comparable. The exposed length of the tube, and the inside length of the furnace 
shell, is 1.5ft shorter than the actual length 

12. Select the number of shield tubes between the radiant and convection zones so that the 
mass velocity of the flue gas will be about 0.3-0.4Ib/(sec)(sqft free cross section). 
Usually this will be also the number of convection tubes per row 

determined by the dimensions of available return bends, either short or long radius 

corresponding numbers of tubes have been found 

13. The convection tubes usually are finned 
14. The cold plane area is 

A,, = (exposed tube length)(center-to-center spacing) 
(number of tubes exclusive of the shield tubes) 

15. The refractory area 4, is the inside surface of the shell minus the cold plane area A,, of 
Step 14 

4, = 2[ W(H + L )  + H X L)] -A,  

where W, H, and L are the inside dimensions of the shell 

the shield tubes, 01 = 1 
16. The absorptivity 01 is obtained from Eq. (5) when only single rows of tubes are used. For 

17. The sum of the products of the areas and the absorptivities in the radiant zone is 

= Ahield + OIAcp 

18. For the box-shaped shell, the mean beam length L is approximated by 

L = $(furnace volume)’” 
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TABLE 8.ljl-(continued) 

19. The partial pressure P of CO, + H,O is given in terms of the excess air by Eq. 16) 
20. The product PL is found with the results of Steps 18 and 19 
21. The mean tube wall temperature < in the radiant zone is given in terms of the inlet and 

outlet process stream temperatures by 

T, = 100 + 0.5(T, + T.) 

22. The temperature Tg of the gas leaving the radiant zone is found by combining the 
equations of the radiant zone heat transfer [Eq. ( I ) ]  and the radiant zone heat balance [Eq. 
(211. With the approximation usually satisfactory, the equality is 

The solution of this equation involves other functions of Tg, namely, the emissivity $J by 
Eq. (8), the exchange factor F by Eq. (9) and the exit enthalpy ratio Qg/Qn by Eq. (4) 

23. The four relations cited in Step 22 are solved simultaneously by trial to find the 
temperature of the gas. Usually it is in the range 1500-1800°F. The Newton-Raphson 
method is used in the program of Table 3.13. Alternately, the result can be obtained by 
interpolation of a series of hand calculations 

24. After Tg has been found, calculate the heat absorbed Q, by Eq. (1) 
25. Find the heat flux 

QIA= QF,lka,imt 

and compare with value specified in Step 3. If there is too much disagreement, repeat the 
calculations with an adjusted radiant surface area 

26. By heat balance over the convection zone, find the inlet and outlet temperatures of the 
process stream 

27. The enthalpy of the flue gas is given as a function of temperature by Eq. (4). The 
temperature of the inlet to  the convection zone was found in Step 23. The enthalpy of the 
stack gas is given by the heat balance [Eq. (3)], where al l  the terms on the right-hand side 
are known. Q / Q n  is given as a function of the stack temperature T,  by Eq. (4). That 
temperature is found from this equation by trial 

28. The average temperature of the gas film in the convection zone is given in terms of the 
inlet and outlet temperatures of the process stream and the flue gas approximately by 

The flow is countercurrent 
29. Choose the spacing of the convection tubes so that the mass velocity is 

G = 0.3-0.4 Ib/(sec)isqft free cross section). Usually this spacing is the same as that of 
the shield tubes, but the value of G will not be the same if the tubes are finned 

30. The overall heat transfer coefficient is found with Eq. ( I O )  
31. The convection tube surface area is found by 

A, = Q,/U, (LMTD) 

and the total length of bare of finned tubes, as desired, by dividing A, by the effective 
area per foot 

32. Procedures for finding the pressure drop on the flue gas side, the draft requirements and 
other aspects of stack desiqn are presented briefly by Wimpress. 

[Based partly on the graphs of Wimpress, Hydrocarbon Process. 42(10), 115-126 (1963)l. 

EXAMPLE 8.15 
Design of a Fired Heater 

The fuel side of a heater used for mild pyrolysis of a fuel oil will be 
analyzed. The flowsketch of the process is shown in Figure 8.20, 
and the tube arrangement finally decided upon is in Figure 8.21. 
Only the temperatures and enthalpies of the process fluid are 
pertinent to this; aspect of the design, but the effect of variation of 
heat flux along the length of the tubes on the process temperature 

and conversion is shown in Figure 8.22. In this case, the substantial 
differences in heat flux have only a minor effect on the process 
performance. 

Basic specifications on the process are the total heat release 
(102.86 MJ3tu/hr), overall thermal efficiency (75%), excess air 
(25%), the fraction of the heat release that is absorbed in the 
radiant section (75%), and the heat flux (10,000 Btu/(hr)(sqft). 

In the present example, the estimated split of 75% and a 
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EXAMPLE 8.15-(continued) 

HEAT TRANSFER AND HEAT EXCHANGERS 

radiant rate of 10,000 lead to an initial specification of 87 tubes, but 
90 were taken. The final results are quite close to the estimates, 
being 77.1% to the radiant zone and 9900Btu/(hr)(sqft) with 90 
tubes. If the radiant rate comes out much different from the desired 
value, the number of tubes is changed accordingly. 

Because of the changing temperature of the process stream, the 
heat flux also deviates from the average value. This variation is 
estimated roughly from the variation of the quantity 

/3 = 1730(T: - T i )  + 7.0(T, - TL), 

where the gas temperature Tg, in the radiant zone is constant and 
TL is the temperature of the process stream, both in “R. In 
comparison with the average flux, the effect is a slightly increased 
preheat rate and a reduced flux in the reaction zone. The inside skin 
temperature also can be estimated on the reasonable assumptions of 
heat transfer film coefficients of more than 100 before cracking 
starts and more than 200 at the outlet. For the conditions of this 
example, with Q / A  = 9900 and T,  = 2011”R, these results are 
obtained: 

T,W 8 / f h  T,,inFW 
547 1.093 >IO0 <655 
724 1 ,100 <823 
900 1.878 >200 <943 

The equation numbers cited following are from Table 8.16. The 
step numbers used following are the same as those in Table 8.17: 

1. Flow rate = 195,394/3600(0.9455)(62.4) = 0.9200 cfs, 
velocity = 5.08 fps in 6-5/8 in. OD Schedule 80 pipe. 

2. Short radius return bends have 12 in. center-to-center. 
3. q =0.75. 
4. Fraction excess air = 0.25. 
5. From the API data book and a heat of cracking of 

332 Btu/(lb gas + gasoline): 

H,, = 0.9(590) + 0.08(770) + 0.02(855) = 609.6 Btu/lb, 
Qtotal = 195,394(609.6 - 248) + 19,539(332) = 77.14(E6). 

6. 

7. 

8. 
9. 

11. 

12. 

Heat released: 

Q, = 77.14/0.75 = 102.86(E6) Btu/lb. 

Radiant heat absorption: 

QR = 0.75(77.14)(E6) = 57.86(E6). 

( Q / A )  rad = 10,000 Btu/(hr)(sqft), average. 
Radiant surface: 

A = 57.86(E6)/10,000 = 5786 sqft. 

Tube length = 5786/1.7344 = 3336 ft; 40 foot tubes have an 
exposed length of 38.5 ft; N = 3336/38.5 = 86.6, say 92 
radiant tubes. 
From Eq. (11) the flue gas rate is 

Gf = 102.85(1020) = 104,9071b/hr. 

With four shield tubes, equilateral spacing and 3 in. distance 
to walls, 

104’907(12) = 0.325 lb/sec sqft. G =  3600(38.5)(27.98) 

13. The 90 radiant tubes are arranged as shown on Figure 8.22: 
4 shields, 14 at the ceiling, and 36 on each wall. Dimensions 
of the shell are shown. 

14. A ,  = (38.5)(1)(90 - 4) = 3311 sqft. 
15. Inside surface of the shell is 

A, = 2[20(37 + 38.5) + 37(38.5)] = 5869 sqft. 

Refractory surface, 

A ,  = 5869 - 3311 = 2558 sqft. 

16. (Center-to-center)/OD = 12/6.625 = 1.81, 

a = 0.917, single rows of tubes [Eq. (5)]. 

17. Effective absorptivity: 

“AR = 4(38.5)(1) + 0.917(3311) = 3190 sqft, 
A,/aA,  = 2558/3190 = 0.8018. 

18. Mean beam length: 

L = (2/3)(20 X 37 X 38.5)l” = 20.36. 

19. From Eq. (6), with 25% excess air, 

P = 0.23. 

20. P L  = 0.23(20.36) = 4.68 atm ft. 
21. Mean tube wall temp: The stream entering the radiant 

section has absorbed 25% of the total heat. 

H, = 248 + 0.25(77.14)(E6)/195,394 = 346.7, 
TI = 565“F, 
T,  = 100 + (565 + 900)/2 = 832.5. 

22-24. Input data are summarized as: 

P L  = 4.68, 
D, = 0.8018, 
D2 = 0.25, 

Q ,  = Q,/aAR = 102.86(E6)/3190 = 32,245. 
= 832.5, 

From program “FRN-1”, 

Tg = 1553.7, 
F=0.6496 [Eq. (9)], 

QR= ~A,F[I~~O[(-)~- (-r] 
+ 7(Tg - T I }  

= 3190(0.6496)(28,679) = 59.43(E6). 

Compared with estimated 57.86(E6) at 75% heat absorption 
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EXAMPLE 8,15--(continued) 
in the radiant section. Repeat the calculation with an 
estimate of 60(E6) 

HI =: 248 + (77.14 - 60)(E6)/195,394 = 335.7, 
TI = 542, 
T, = 100 + 0.5(542 + 900) = 821, 
T, = 1550.5, 
F = 0.16498, 

QR = 3190(0.6498)(28,727) = 59.55(E6). 

Interpolating, 

~Bss"PII.3Kl ? 8, T, Qcalsd Q / A  

57.86 565 832.5 1553.7 59.43 
60.00 642 821 1550.5 59.55 

Interpolation [547 1551.2 59.50 99001 

26-27. 
Q,,,, = (7'7.14 - 59.50)(E6) 

= 17.54(E6). 

Fraction lost in stack gas 

Qs/Q,  = 1 - 0.02 - 0.75 = 0.23. 

From (Eq. (4), 

T,  = 920°F. 

28-31. 

LMTD = 735.6 

mean gas film temp is 

4 = 0.5(400 + 547 + 735.6) = 841.3. 

Since G = 0.325 lb/(sec)(sqft), 

V, = 5.6 Btu/(hr)(sqft)("F) [(Eq. (1091, 

17'64(E6) 4282 sqft, 
= 735.60 = 

4282 = 64.1 bare tubes 1.7344(38.5) 

or 16 rows of 4 tubes each. Spacing the same as of the shield 
tubes. 

Beyond the first two rows, extended surfaces can be 
installed. 

Total rows = 2 + 1412 = 9. 

bank, and is called the equivalent cold plane area. Evaluation of the 
exchange factox F is explained in item 9 of Table 8.16. It depends 
on the emissivity of the gas and the ratio of refractory area A,,, to 
the equivalent cold plane area aA,. In turn, A,,, = A  -A,, where 
A is the area of the inside walls, roof, and floor that are covered by 
refractory. 

In the convection zone of the heater, some heat also is trans- 
fenred by direct radiation and reflection. The several contribu- 
tions to overall heat transfer specifically in the convection zone of fired 
heaters were coirrelated by Monrad [Ind. Eng. Chern. 24,505 (1932)]. 
The combined effects are approximated by item 10 of Table 8.16, 
which is adequate for estimating purposes. The relation depends on 
the temperature of the gas film which is taken to be the sum of the 
average process temperature and one-half of the log mean 
temperature difference between process and flue gas over the entire 
tube bank. The temperature of the gas entering the convection zone 

is found with the trial calculation described in Steps 22-23 of Table 
8.17 and may utilize the computer program of Table 8.18. 

8.12. INSULATION OF EQUIPMENT 

Equipment at high or low temperatures is insulated to conserve 
energy, to keep process conditions from fluctuating with ambient 
conditions, and to protect personnel who have occasion to approach 
the equipment. A measure of protection of the equipment metal 
against atmospheric corrosion also may be a benefit. Application of 
insulation is a skilled trade. Its cost runs to 8-9% of purchased 
equipment cost. 

In figuring heat transfer between equipment and surroundings, 
it is adequate to take account of the resistances of only the 
insulation and the outside film. Coefficients of natural convection 
are in Table 8.9 and properties of insulating materials at several 

EXAMPLE 8.16 
Applieaticaln of the Wilson-Lobo-Hottel Equation 

In the case of Example 8.15, 25% excess air was employed, 
corresponding to 19.0 lb/air/lb fuel, the heat release was 
Qf = 102.86(10') Btu/hr, and cuA, = 3036. The effect will be found 
of changing the excess air to 10% (16.721b air/lb fuel) on the 
amount of fuel to be fired while maintaining the same heat 
absorption. 

Ratioing Eq. (8.45) to yield the ratio of the releases at the two 
conditions, 

Qf2 .= 1 + (16.72/4200)a,/3036 
102.86(106:) 1 + (19.O/4200)'d102.86(1O6)/3036 

1 + 0 . 0 7 2 2 v m  
1.8327 

- - 

:. Q, = 95.82(106) Btu/hr, 

which is the heat release with 10% excess air. 

With 25% excess air, 
With 10% excess air, 

Q/Q, = 111.8327 = 0.5456, 
Q/Q,  = 0.5456(102.86/95.82) = 0.5857, 

which shows that approximately 7% more of the released heat is 
absorbed when the excess air is cut from 25% down io 10%. 
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Figure 8.22. Effects of three modes of heat flux distribution on 
temperature and conversion in pyrolysis of a fuel oil: (1) two levels, 
12,500 and 7500; (2) linear variation between the same limits; (3) 
constant at 10,000 Btu/(hr)(sqft). Obtained by method of Example 
8.16. 

Fuel 
+ 25% excess air 

Figure 8.20. Flowsketch of process of Example 8.16. 

temperature levels are in Tables 8.19-8.21. Outdoors under windy 
conditions, heat losses are somewhat greater than indoors at natural 
convections. Tabulations of economic thicknesses in Chemical 
Engineers Handbook (McGraw-Hill, New York, 1984, 11.55-11.58) 
suggest that 10-20% greater thickness of insulation is justified at 
wind velocity of 7.5 miles/hr. 

The optimum thickness of insulation can be established by 
economic analysis when all of the cost data are available, but in 
practice a rather limited range of thicknesses is employed. Table 
8.22 of piping insulation practice in one instance is an example. 

The procedure for optimum selection of insulation thicknesses 
is exemplified by Happel and Jordan [Chem. Process Economics, 
380 (1975)l. They take into account the costs of insulation and fuel, 
payout time, and some minor factors. Although their costs of fuel 
are off by a factor of 10 or more, their conclusions have some 
validity if it is recognized that material costs likewise have gone up 
by roughly the same factor. They conclude that with energy cost of 
$2.5/millionBtu (adjusted by a factor of lo), a payout time of 2 
years, for pipe sizes of 2-8in., the optimum thicknesses in 
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Figure 8.21. Tube and box configuration of the fired heater of 
Example 8.16. 

Figure 8.23. Total emissivity of carbon dioxide and water with 
PH2,/Pc,, = 1 and a total pressure of 1 atm [Haduig, J. Inst. Fuel 
43, 129 (1970)]. 
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TABLE 8.18. Program for Finding the Radiant Gas 
Temperature by Steps 22 and 23 of Table 8.17 

insulation depend on the process temperature according to: 

T ( O F )  200 400 600 
Thickness (in.) 0.5 1.0 1.25 

The data of Table 8.22 are roughly in agreement with these 

calculations. Optimum thicknesses of pipe insulation also are 
tabulated in Chemical Engineers Handbook (1984, 11.56); they 
cover both indoor and outdoor conditions, temperature ranges of 
150-1200°F and energy costs of 1-8 dollars/million Btu. 

For very large tanks storing volatile liquids and subject to 
pressure buildup and breathing losses, it is advisable to find eco- 
nomic thickness of insulation by economic analysis. The influence 
of solar radiation should be taken into account; a brief treatment 
of this topic is in the book of Threlkeld (Thermal Environmental 
Engineering, Prentice-Hall, Englewood Cliffs, NJ, 1970). In at least 
one application, rigid urethane foam sprayed onto storage tanks in 
2in. thickness and covered with a 4mil thickness of neoprene 
rubber for weather proofing was economically attractive. 

Although resistance to heat transfer goes up as the thickness of 
pipe insulation is increased, the external surface also increases; a 
thickness may be reached at which the heat transfer becomes a 
minimum and then becomes larger. In accordance with this kind of 
behavior, heat pickup by insulated refrigerated lines of small 
diameters can be greater than that of bare lines. In another 
instance, electrical transmission lines often are lagged to increase 
the rate of heat loss. An example worked out by Kreith (Principles 
of Heal Transfer, Pntext, New York, 1973, p. 44) reveals that an 
insulated 0.5 in. OD cable has a 45% greater heat loss than a bare 
one. 

LOW TEMPERATURES 

Insulants suited to cryogenic equipment are characterized by 
multiple small spaces or pores that occlude more or Iess stagnant air 
of comparatively low thermal conductivity. Table 8.19 lists the most 
common of these materials. In application, vapor barriers are 
provided in the insulating structure to prevent inward diffusion of 
atmospheric moisture and freezing on the cold surface with resulting 
increase in thermal conductivity and deterioration of the insulation. 
Sealing compounds of an asphalt base are applied to the surface of 
the insulation which then is covered with a weatherproof jacket or 
cement coating. For truly cryogenic operations such as air 
liquefaction and rectification in which temperatures as low as 
-300°F are encountered, all of the equipment is enclosed in a box, 
and then the interstices are filled with ground cork. 

MEDIUM TEMPERATURES 

Up to about 600"F, 85% magnesia has been the most popular 
material. It is a mixture of magnesia and asbestos fibers so 
constructed that about 90% of the total volume is dead air space. 
Equivalents are available for situations where asbestos is 
undesirable. Such insulants are applied to the equipment in the 
form of slabs or blankets which are held in place with supports and 
clips spotwelded to the equipment. They are covered with cement 
to seal gaps and finished off with a canvas cover that is treated for 
resistance to the weather. A galvanized metal outer cover may be 
preferred because of its resistance to mechanical damage of the 
insulation. 

A mixture of diatomaceous earth and an asbestos binder is 
suitable for temperatures up to the range of 1600-1900°F. 
Johns-Manville "Superex" is one brand. Since this material is more 
expensive than 85% magnesia, a composite may be used to save 
money: sufficient thickness of the high temperature resistant mate- 
rial to bring its external surface to below 600"F, finished off with 85% 
magnesia in appropriate thickness. Table 8.22(c) is one standard speci- 
fication of this type. 

REFRACTORIES 
Equipment made of metal and subject to high temperatures or 
abrasive or corrosive conditions often is lined with ceramic material. 
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TABLE 8.19. Thermal Conductivities of Insulating Materials for Low Temperatures 
[k Btu/(hr)(sqft)("F/ft)l 

Bulk/ Bulk 

Material (Ib/cuft) ("F) h Material (Ib/cuft) ("F) h 
Density, Temp Density, Temp 

Corkboard 

Fibreglas with 
asphalt coating 
(board) 

Glass blocks, 
expanded, 
"Foamglas" 

Mineral wool 
board, 
"Rockcork" 

6.9 100 
-100 
-300 

11.0 100 
-100 
-300 

10.6 100 
-100 
-300 

14.3 100 
-100 
-300 

0.022 
0.018 
0.010 

0.023 
0.014 
0.007 

0.036 
0.033 
0.018 

0.024 
0.017 
0.008 

Rubber board, 
expanded, 
"Ru batex" 

Silica aerogel, 
powder 
"Santocel" 

Vegetable fiber- 
board, asphalt 
coating 

Foams: 
Polystyrenea 
Polyurethaneb 

4.9 100 
-100 
-300 

5.3 100 
0 

-100 

14.4 100 
-100 
-300 

2.9 -100 
5.0 -100 

0.018 
0.015 
0.004 

0.013 
0.01 2 
0.010 

0.028 
0.021 
0.013 

0.01 5 
0.019 

'Test space pressure, 1.0 atm; k =  0.0047 at 
bTest space pressure, 1.0 atm; k =  0.007 at 
(Marks Mechanical Engineers Handbook, 1978, p. 4.64). 

mm Hg. 
mm Hg. 

When the pressure is moderate and no condensation is likely, brick 
construction is satisfactory. Some of the materials suited to this 
purpose are listed in Table 8.21. Bricks are available to withstand 
3000°F. Composites of insulating brick next to the wall and stronger 
brick inside are practical. Continuous coats of insulants are formed 
by plastering the walls with a several inch thickness of concretes of 
various compositions. "Gunite" for instance is a mixture of 1 part 
cement and 3 parts sand that is sprayed onto walls and even 
irregular surfaces. Castable refractories of lower density and greater 
insulating powers also are common. With both brickwork and 
castables, an inner shell of thin metal may be provided to guard 
against leakage through cracks that can develop in the refractory 

lining. For instance, a catalytic reformer 4ft OD designed for 
65Opsig and 1100°F has a shell 1.5 in. thick, a light weight castable 
lining 4-5/8in. thick and an inner shell of metal 1/8in. thick. A 
catalytic cracker 10 ft dia designed for 75 psig and 1100°F has a 3 in. 
monolithic concrete liner and 3in. of blanket insulation on the 
outside. Ammonia synthesis reactors that operate at 250atm and 
1000°F are insulated on the inside to keep the wall below about 
700"F, the temperature at which steels begin to decline in strength, 
and also to prevent access of hydrogen to the shell since that causes 
embrittlement. An air gap of about 0.75 in. between the outer shell 
and the insulating liner contributes significantly to the overall in- 
sulating quality. 

TABLE 8.20. Thermal Conductivities of Insulating Materials for High Temperatures [k Btu/(hr)(sqft)oF/ft)] 

Bulk Max 
Density, Temp 

Material Ib/cuft ("F) 100°F 300°F 500°F 1000°F 1500°F 2000'F 

Asbestos paper, laminated 22 400 0.038 0.042 
Asbestos paper, corrugated 16 300 0.031 0.042 
Diatomaceous earth, silica, powder 18.7 1500 0.037 0.045 0.053 0.074 
Diatomaceous earth, asbestos and bonding 18 1600 0.045 0.049 0.053 0.065 

Fiberglas block, PF612 2.5 500 0.023 0.039 
Fiberglas block, PF614 4.25 500 0.021 0.033 
Fiberglas block, PF617 9 500 0.020 0.033 
Fiberglas, metal mesh blanket, #900 - 1000 0.020 0.030 0.040 
Glass blocks, average values 14-24 1600 - 0.046 0.053 0.074 
Hydrous calcium silicate, "Kaylo" 11 1200 0.032 0.038 0.045 
85% magnesia 12 600 0.029 0.035 
Micro-quartz fiber, blanket 3 3000 0.021 0.028 0.042 0.075 0.108 0.142 
Potassium titanate, fibers 71.5 - - 0.022 0.024 0.030 

0.027 0.038 0.049 0.078 Rock wool, loose 8-12 - 
Zirconia grain 113 3000 - - 0.108 0.129 0.163 0.217 

material 

(Marks, Mechanical Engineers Handbook, 1978, p. 4.65). 



TABLE 8.21. Properties of Refractories and Insulating Ceramics" 

(a) Chemical Composition of Typical Refractories 

Resistance to 

! 
2 
3 
4 
5 
6 
7 
8 
S 

10 
11 
12 
13 
14 
15 
16 

Alumina (fused) 
Chrome 
Chrome (unburned) 
Fire clay (high-heat duty) 
Fire clay (super-duty) 
Forsterite 
High-alumina 
Kaolin 
Mag iiesite 
Magnesite (unburned) 
Magnesite (fused) 
Refractory porcelain 
Silica 
Silicon carbide (clay bonded) 
Sillimanite (mullite) 
Insulating fire-brick (2600°F) 

8-10 
6 
5 

52 
34.6 

52 
3 
5 

50-57 

22-26 

- 
25-70 

7-9 
96 

35 
57.7 

85-90 
23 
18 
36-42 
43 
0.9 

68-72 
45.4 

2 
7.5 

25-60 
- 

1 
2-4 

62 
36.8 

1-1.5 
15b 
12b 

1.5-2.5 
1 
7.0 
1-1.5 
0.6 
6 
8.5 
- 
- 
1 

0.3-1 
0.5 
2.4 

1.5-2.2 
_I 

- 
1.5-2.5 

2 

3.5 
1.7 

- 

- 

1 
1.5 
1.5 

- 
1.3 

0.1 
3 
2 

- 

- 
- 
2 
- 
- 
0.6 

17 
32 
- 
- 

55.4 

0.2 

- 

86 
64 
- 

- 
0.5 

- 

38 
30 
- 

- 
85-90 
- 

0.8-1.3= 
- 

- 
1-3.5' 

2' 

1-1.5c 
- 

G 
F 
P 
P 
F 
G 
E 
E 
G 
P 

F 
P 
E 
E 
E 
F 
P 
G 
F 
P 

F 

E 
E 
E 
F 
F 
F 
F 
G" 

G d  
F 
F 
E 
E 
E 
F 
P 
E 
F 
P 

Fusion Point wt. of 
Deformation under Repeat Shrinkage Straight 

No. "F Cone and Ib/in.) Resistancef (% "F) Brick (Ib) 
Refractory Pyrometric Load (% at "F Spalling after 5 hr 9 in. 

1 3390+ 39 + 1 at 2730 and 50 G +0.5 (2910) 9-10.6 
2 3580+ 41 + shears 2740 and 28 P -0.5-1 .O (3000) 11.0 
3 3580+ 41 + shears 2955 and 28 F -0.5-1 .O (3000) 11.3 
4 3060-3170 31-33 2.5-10 at 2460 and 25 G f0-1.5 (2550) 7.5 
5 31 70-3200 33-34 2-4 at 2640 and 25 E f0-1.5 (2910) 8.5 

9.0 6 3430 40 10 at 2950 F 
7 3290 36 1-4 at 2640 and 25 E -2-4 (2910) 7.5 
8 3200 34 0.5 at 2640 and 25 E -0.7-1.0 (2910) 7.7 

10.0 9 3580+ 41 + shears 2765 and 28 P 
10 3580 + 41 + shear 2940 and 28 F -0.5-1.5 (3000) 10.7 
11 3580+ 41 + F - 10.5 
12 2640-3000 16+30 G 
13 3060-3090 31-32 shears 2900 and 25 P +0.5-0.8 (2640) 6.5 
14 3390 39 0-1 at 2730 and 50 E +2 (2910) 8-9.3 
15 331 0-3340 37-38 0-0.5 at 2640 and 25 E -0-0.8 (2910) 8.5 
16 2 9 8 0 - 3 0 0 0 29-30 0.3 at 2200 and 10 G -0.2 (2600) 2.25 

- 

-1-2 (3000) 

"Divide by 12 to obtain the units k Btu/(hr)(sqft)("F/ft). 
bAs FeO. 

e Oxidizing atmosphere. 

'[Some data from Trostel, Chem. Met. Eng. (Nov. 1938)l. 
Marks, Mechanical Engineers Handbook, McGraw-Hill, New York, 1978, pp. 6.172-6.173. 

E = Excellent. G = Good. F = Fair. P = Poor. 
Includes lime and magnesia. 
Excellent if left above 1200°F. 
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TABLE 8.22. Specifications of Thicknesses of Pipe Insulation 
for Moderate and High Temperatures, in Single 
or Double Strength as May Be Needed 

HEAT TRANSFER AND HEAT EXCHANGERS 

(a) Insulation of 85% Magnesia or Equivalent up to 600°F 

Pipe Size Standard Thick Double Standard 
(in.) (in.) Thick (in.) 

1-112 or less 
2 
2- 112 
3 
4 
5 
6 
8 

10 
12-33 

718 
1-1/32 
1-1/32 
1-1/32 
1-118 
1-118 
1-118 
1-114 
1-114 
1-112 

1-1 511 6 
2-5/32 
2-5/32 
2-5/32 
2- 1 /4 
2-5/16 
2-5/16 
2-112 
2-112 
3 

(b) Molded Diatomaceous Earth Base Insulation, to 1900°F. 
Single or Double Thickness as Needed 

Pipe Size 
(in.) Thickness (in.) 

~~ 

1-112 2 2 
2 1-114 2- 1 /8 
2-112 1-5/16 1-13/16 
3 1-9/16 2-1/16 
4 1-9/16 2-1/16 

6 1-112 2-1/16 
5 1-112 2 

8 1-112 2 

14-33 1-112 2 

10 1-9/16 2-118 
12 1-9/16 2-118 

(c) Combination Insulation, inner Layer of Diatomaceous Earth 
Base, and Outer of 85% Magnesia or Equivalent, for High Level 
Insulation to 19OOOF 

Inner Layer Outer Layer 

Pipe Size Thickness Nominal Pipe Thickness 
(in.) (in.) Size (in.) (in.) 

1-112 or less 2 
2 1-114 
2- 112 1-5/16 
3 1-9/16 
4 1-9/16 
5 1-112 
6 1-112 
8 1-112 

14-33 1-112 

10 1-9/16 
12 1-9/16 

no outer layer 
4- 1 /2 
5 
6 
7 
8 
9 

11 
14 
16 
17-36 

- 
1-112 
1-112 
1-112 
1-112 
2 
2 
2 
2 
2 
2 

Data of an engineering contractor. 

8.13. REFRIGERATION 

Process temperatures below those attainable with cooling water or 
air are attained through refrigerants whose low temperatures are 
obtained by several means: 

1. Vapor compression refrigeration in which a vapor is compressed, 
then condensed with water or air, and expanded to a low 
pressure and correspondingly low temperature through a valve 
or an engine with power takeoff. 

2. Absorption refrigeration in which condensation is effected by 
absorption of vapor in a liquid at high pressure, then cooling and 

3. 

expanding to a low pressure at which the solution becomes cold 
and flashed. 
Steam jet action in which water is chilled by evaporation in a 
chamber maintained at low pressure by means of a steam jet 
ejector. A temperature is 55°F or so is commonly attained, but 
down to 40°F may be feasible. Brines also can be chilled by 
evaporation to below 32°F. 

The unit of refrigeration is the ton which is approximately the 
removal of the heat of fusion of a ton of ice in one day, or 
288,000 Btu/day, 12,000 Btu/hr, 200 Btu/min. The reciprocal of the 
efficiency, called the coefficient of performance (COP) is the term 
employed to characterize the performances of refrigerating 
processes: 

COP 
- energy absorbed by the refrigerant at the low temperature - 

energy input to the refrigerant 

A commonly used unit of COP is (tons of refrigeration)/ 
(horsepower input). Some of the refrigerants suited to particular 
temperature ranges are listed in Tables 1.10, 8.23, and 8.24. 

COMPRESSION REFRIGERATION 

A basic circuit of vapor compression refrigeration is in Figure 
8.24(a). After compression, vapor is condensed with water cooling 
and then expanded to a low temperature through a valve in which 
the process is essentially at constant enthalpy. In large scale 
installations or when the objective is liquefaction of the 
“permanent” gases, expansion to lower temperatures is achieved in 
turboexpanders from which power is recovered; such expansions are 
approximately isentropic. The process with expansion through a 
valve is represented on a pressure-enthalpy diagram in Figure 
8.24(b). 

A process employing a circulating brine is illustrated in Figure 
8.24(c); it is employed when cooling is required at several points 
distant from the refrigeration unit because of the lower cost of 
circulation of the brine, and when leakage between refrigerant and 
process fluids is harmful. 

For an overall compression ratio much in excess of four or so, 
multistage compression is more economic. Figure 8.24(d) shows two 
stages with intercooling to improve the capacity and efficiency of the 
process. 

Many variations of the simple circuits are employed in the 
interest of better performance. The case of Example 8.17 has two 
stages of compression but also two stages of expansion, a scheme 
due originally to Windhausen (in 1901). The flashed vapor of the 
intermediate stage is recycled to the high pressure compressor. The 
numerical example shows that an improved COP is attained with 
the modified circuit. In the circuit with a centrifugal compressor of 
Figure 8.25, the functions of several intermediate expansion valves 
and flash drums are combined in a single vessel with appropriate 
internals called an economizer. This refrigeration unit is used with a 
fractionating unit for recovering ethane and ethylene from a 
mixture with lighter substances. 

Low temperatures with the possibility of still using water for 
final condensation are attained with cascade systems employing 
coupled circuits with different refrigerants. Refrigerants with higher 
vapor pressures effect condensation of those with lower vapor 
pressures. Figure 8.26 employs ethylene and propylene in a cascade 
for servicing the condenser of a demethanizer which must be cooled 
to -145°F. A similar process is represented on a flowsketch in the 
book of Ludwig (1983, Vol. 1, p. 249). A three element cascade 
with methane, ethylene and propylene refrigerants is calculated by 
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