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Flow Work Exchanger 
CHEN-YEN CHENG, SING-WANG CHENG, and LIANG-TSENG FAN 

Kansas State University, Manhattan, Kanras 

In a high-pressure process, feed streams are continually pressurized and product streams are 
continually depressurized. A flow work exchanger offers an efficient and economical scheme for 
simultaneously pressurizing a fluid stream and depressurizing a substantially equivalent volume 
of  another fluid stream. Its applicability is  however limited to fluids under condensed state. A 
flow work exchanger uses a displacement vessel to form a closed loop with a processing system. 
The displacement vessel is alternately filled by a low-pressure feed and a high-pressure product, 
both pressurized and depressurized, respectively, by substantially nonflow processes. The pres- 
surized feed is pushed into the processing system by the high-pressure product stream and the 
depressurized product stream is pushed out of the displacement vessel by the low-pressure feed 
stream. t h e  application of a flow work exchanger is illustrated by means of several high-pressure 
processes and the direct and indirect advantages obtainable are described. 

Many physical and chemical processes are carried out 
under high pressure. A reverse osmosis process ( 1  to 5 ) ,  
a freezing rocess based on high-pressure inversion of 

by the hydrolysis of chlorobenzene ( 7 ) ,  and hydrogena- 
tion of oil and coal (8) are some of the typical high- 
pressure processes in which at least part of the reactants 
and at least part of the products form condensed fluid 
streams. In the following discussions a condensed fluid 
will be used to mean any substance under condensed state 
that has sufficient fluidity to be handled by a pump; it 
may be a liquid, a slurry, or a paste. 

The disadvantages of the conventional schemes of flow 
pressurization can be attributed to the following reasons: 

1. The magnitude of the shaft work involved in a high- 
pressure pump or a turbine is high, The energy loss in a 
pumping operation increases with the magnitude of the 
shaft work. Therefore, both the reduction of the magni- 
tude of shaft work and the improvement of pumping effi- 
ciency are important to the reduction of energy loss in 
a pumping operation. Similar arguments also apply to a 
depressurization operation. 

2. Pumping efficiency is low. The efficiency of a cen- 
trifugal pump is usually less than 80% and the efficiency 
of a positive displacement pump is usually less than 90 % . 

3. Due to the large amount of shaft work involved, 
large machine members and large drivin mechanisms are 

ela 1 orate finishing and packing are required in manufac- 
ture, which leads to high equipment costs. 

A flow work exchanger herein described applies to a 
simultaneous pressurization of a condensed fluid A and de- 
pressurization of a condensed fluid B. The A and B fluids 
are pressurized and depressurized, respectively, by sub- 

the order o F melting points (6), manufacture of phenol 

re uired. Due to the large pressure di P erential involved, 

stantially nonflow processes. The movements of the fluids 
are conducted against small pressure differentials and 
thus A(PV) values for the movements of fluids are small 
and the shaft work is greatly reduced. This scheme of 
flow work exchange was first introduced by Cheng and 
Cheng in connection with their “freezing process which is 
based on the high-pressure inversion in the order of melt- 
ing points” (6) .  

A flow work exchanger can exchange flov work be- 
tween substantially equivalent volumes of two condensed 
fluids. Thus, high-pressure processes are classified into 
two types. Type A: A process in which the sum of the 
volumes of the high-pressure products in the condensed 
state is less than the sum of the volumes of the low- 
pressure feeds in the condensed state. Type B: A process 
in which the sum of the volumes of the high-pressure 
products in the condensed state is greater than the sum 
of the volumes of the low-pressure feeds in the condensed 
state. 

The excess volumes will be referred to as the excess 
volume of feed and excess volume of product, respectively. 
The excess volume of feed and the excess volume of prod- 
uct have to be pressurized and depressurized, respectively, 
conventionally. 

The optimal operating condition of a high-pressure 
proeess is greatly influenced by the efficiencies of the 
pressurization and depressurization operations. In addi- 
tion to the immediate cost reduction obtainable by the 
adoption of flow work exchangers in a process where the 
operating condition is substantially left unaltered, cost re- 
duction can also be realized by operating the process un- 
der the new optimal operating condition, This further cost 
reduction may be very significant in many cases. 
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FLOW WORK EXCHANGER 

Figure 1 illustrates a high-pressure processing system 
into which a feed is introduced by a 
which a roduct is discharged by a tur ine 12. The pump 
operates ietween pressures ( P L )  1 and ( P H )  1; the turbine 
operates between (PH) 2 and ( P L )  2. Quantitative discus- 
sions will refer to a high-pressure process operated at 
1,500 lb./sq.in. 

When a con ensed fluid is pressurized without phase 
change to a high pressure, the reversible shaft work re- 
ceived by the fluid in a flow process -wf = $ Vdp  is on 
the order oft200 times the corresponding value for a 
nonflow process -w,j = - J pdV. This is due to the 
noncompressibility of a condensed fluid; a liquid shrinks 
by about 1% upon the application of 100 atm. pressure. 
Similar statements can be made for the depressurization 
operation. 

ump and turbine, 
shown in Figure 1, can be representel by 

rmp and from 

rge* 

The reversible shaft work for the 

I 7- 

Each equation shows that the shaft work for a flow proc- 
ess is the sum of the shaft work for a corresponding non- 
flow process and the difference in the flow work terms 
under the high and the low pressure h ( P V ) .  They also 
show that the large values of the shaft work for the re- 
versible pressurization and the depressurization should be 
attributed to the large values of the differences in flow 
work terms A( PV)’s. 

A flow pressurization may be considered as a superpo- 
sition, a nonflow pressurization, and a movement of fluid. 
The lA(PV) I term is large, because the movement of fluid 
takes place across a large pressure differential between 
( PL) and ( P H )  1. Similarly, for flow depressurization the 

erm is large because of the movement across a 
between ( P L )  2 and ( P H )  2. 

a condensed fluid and flow de- 
pressurizing another fluid simultaneously, as shown in 
Figure 1, it is possible to arrange the flow system so that 
movements of fluids take place across small pressure dif- 
ferentials; that is, between ( P H )  and ( P H )  2 and between 
( P L ) ~  and ( P L ) ~ .  Then the la(PV)I terms become very 
small, and the shaft work becomes small. The shaft work 
can approach the values of the corresponding nonflow 
processes. 

The simultaneous flow pressurization and flow depres- 
surization operation then involves the following steps: (1) 

Processing System -- 
1500 psig 

H i g h  Pressure 

Fig. 1. A high-pressure process with conventional ways of pressurira- 
tion and depressurization. 

2 - a  Floating piston type 

2 - b  Diaphragm type 

2 - c  Bladder type 
Fig. 2. Construction of a displacement vessel. 

low-pressure and small-pressure differential ( P L ) 1  - (PL)2 
displacement operation; ( 2) substantially nonflow pres- 
surization of the feed; (3)  high pressure and small pres- 
sure differential ( P H )  2 - ( P H )  1 displacement operation; 
(4 )  substantially nonflow depressurization of the product. 

In the following discussions the first and third steps 
will be referred to as the low-pressure displacement oper- 
ation and the high-pressure displacement operation, re- 
spectively. The entire operation will be called the flow 
work exchange operation. A fluid to be pressurized in a 
process may exchange flow work with another fluid to be 
depressurized in the same process or in other processes. 
The equipment will be called the flow work exchanger. 

A displacement vessel equipped with a floating solid 
partition (or separator) is the heart of a flow work ex- 
changer. This separator or partitioner may be a iston, a 
diaphragm, or a bladder. In the piston type of &place- 
ment vessel (Figure 2u) , the piston is similar to that in a 
hydraulic cylinder. However, the floating separator in the 
displacement vessel has no piston rod and is used to sep- 
arate two fluids at nearly equal pressures. Since the mova- 
ble piston is not used to pressurize the fluid and the 
problem of fluid leakage is minor, the floating piston can 
be simply constructed, with no elaborate finishing being 
required. As shown in Figure 2b, a diaphragm may be 
installed to separate the operating fluids. The displace- 
ment vessel would operate like a diaphragm type of gas 
meter. Alternately, in the bladder type, a ba may be 
placed in the displacement vessel (Figure 2cf. Further 
possibilities are the use of an immiscible fluid to separate 
the operating fluids or with no separator used if vessels 
with a large length to diameter ratio are used. 

The displacement vessel is alternate1 filled by a low- 
pressure feed and a high-pressure pro d uct, and the con- 
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F i g .  3 - a  

High pressure Feed 
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product 

I 

F i g .  3 - b  

High pressure 
produc 

Feed 

Fig .  3-c 

Fig. 3. Nonflow pressurization of fluid in a displacement vessel. 

tents are pressurized and depressurized, respectively, by 
substantially nonflow processes. A nonflow pressurization 
can be attained in one of the followin 

equipped with a small pocket with a piston. When the 
displacement vessel and the pocket are filled with the 
low-pressure feed by pump JL, valve V1 is closed and 
the piston is advanced within the pocket to pressurize the 
contents. 

2. As regards Figure 3b, when the displacement ves- 
sel is filled with low-pressure feed by pump JL, valve V1 
is closed and an additional amount of feed is pumped in 
through a high-pressure pump J H  to compensate for the 
volume shrinkage of the fluid due to the pressurization. 

3. As regards Figure 3c, when the displacement vessel 
is filled with the low-pressure feed, valve V1 is closed and 
some high-pressure product is admitted into the vessel 
through Vs to pressurize the contents. Valves V2 and Vs 
are in the closed position during this operation. 

ways. 
1. As regards Figure 3a, a disp F aceinent vessel is 

ILLUSTRATION OF A FLOW WORK EXCHANGER 

Figure 4 illustrates a flow work exchanger in connec- 
tion with a high-pressure process, which belongs to type 
A. As has been mentioned, the excess volume of feed in 
a type A process has to be pressurized in a conventional 
way. 

A flow work exchanger consists of one or more displace- 
ment vessels (two as shown in Figure 4) ,  check valves 
(V1, Vz, V3, and V4), control valves (Vs, VS, V7, and 
VS), a low-pressure low head r m p  ( J I ) ,  and a high- 
pressure low head pump ( J z ) .  T e pump J z  is used to re- 
cover the pressure drop of fluid during its passage through 
the processing system and maintains ( P H ) 2  higher than 
( P H ) ~  by an amount sufficient to carry out a high-pressure 
displacement operation to be described. Alternately, the 
pump J2 may be installed at the inlet side of the high- 
pressure system such as location Y in Figure 4. The pump 
J 1  is used to maintain ( P L ) ~  somewhat higher than ( P L ) 2  
to carry out a low-pressure displacement operation to be 
described. The high-pressure pump (J3) is used to pres- 
surize the excess part of the feed. The feed end and 
product end of a displacement vessel will be called a end 
and b end, respectively. 

Each displacement vessel is operated cyclically in the 
following steps. 

Step I: Substantially nonflow depressurization. The dis- 
placement vessel 01 is filled with the high-pressure prod- 
uct. By closing the valve V5 and opening the valve V6, the 
content in the displacement vessel is depressurized and 
some product fluid in the amount corresponding to the 
volume expansion due to the depressurization flows out 
of the vessel through valve VS. This operation takes a 
very short time. The check valves V1 and Vz are in the 
closed position during this operation, 

Step 2: Low-pressure displacement operation. When 
the pressure in the vessel drops below ( P L ) I ,  the check 
valve Vz opens and the low-pressure feed flows in through 
Vz and the depressurized product flows out of the vessel 
through the valve VS. The solid partitioner MI moves 
from the a end to the b end. The valves V1 and V5 are 
kept closed. At the end of this operation the vessel is 
filled with low-pressure feed. 

Step 3: Substantially nonflow pressurization. The dis- 
placement vessel 0 2  is now filled with the low-pressure 
feed. One of the nonflow pressurization schemes described 
in the previous section may be used to pressurize the 
content; however, scheme 3 is used here. With the valve 
Vs closed and the valve V7 open, some high-pressure 
product flows into the vessel to pressurize the content. 
This operation takes a very short time, because only a 
small amount of fluid sufficient to compensate for the vol- 
ume shrinkage has to be introduced. During this opera- 
tion the check valves V, and Vq are in the closed position. 

Step 4: High-pressure displacement operation. When 
the pressure in the vessel exceeds ( P H ) I ,  the valve V3 
opens and the high-pressure product flows continually into 
the vessel through V3 and the pressurized feed fluid is 
displaced into the high-pressure processing system. The 
solid partitioner M z  moves from the b end to the a end. 
At the end of this operation the vessel is filled with high- 
pressure product. Then, it returns to step 1: and starts over 
tigain. 

The displacement operations, steps 2 and 4, occupy 
most of the time in an operating cycle and each nonflow 
process, step 1 or step 3, takes rather short periods of 
time. Thus when two displacement vessels are operated 
with proper timing, fluid flow through the processing sys- 
tem will 'be continuous except for the short periods dur- 
ing step 1 and step 3 and the time taken in operating the 
valves. These disturbances may be lessened by accom- 
modating a small accumulator in the system. 

High Pressure 

High Press Processing System 

Low Head Pump 

Displocernent Vessel v8 

4 Pd2 

Fig. 4. A high-pressure processing system incorporating flow work 
exchangers. 
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It may be noted that a three-way valve may be used 
to replace a pair of two-way valves, either Vs and Vs or 
V7 and Vs.  Furthermore a four-way valve may be used 
to replace the four valves, V:, through Vs. 

Flow work exchangers may also be used in connection 
with a type B rocess. In this case, the excess volume of 

tional way. 
condensed pro i uct has to be depressurized in a conven- 

EFFICIENCY OF A FLOW WORK EXCHANGER 

The operation of a flow work exchanger described in 
the last section can be illustrated by an idealized indica- 
tor diagram shown in Figure 5 and the lost work involved 
in each step can be estimated from the figure. 

Referring to the figure, AB represents the volume of 
the displacement vessel VD, AX represents the volume of 
the feed VF in the vessel, and BX represents the volume 
of the product V p  in the vessel. Therefore 

V.P + Vp = VD and AX + BX = AB 

The operational steps illustrated in the last section can 
be represented on the indicator diagram as follows. 

1. Substantially nonflow depressurization. This opera- 
tion is represented by 7-8 in Figure 5. Point 7 represents 
the situation where the displacement vessel is filled with 
product fluid at pressure (P& When the valve Ve is open, 
the content is depressurized and its volume expands from 
7 to 8, and its pressure drops to ( P L ) z .  A volume of prod- 
uct fluid in the amount of 9-8 flows out of the vessel. 

2. Low-pressure displacement operation. This operation 
is represented by 3 + 4 and 9 -+ 10 in Figure 5. They 
show that feed fluid enters the vessel at (PI,)* and 
product fluid leaves the vessel at ( P L )  2. 

3. Substantially nonflow pressurization. This operation 
is represented by 4 -+ 1 and 10 -+ 6 4 6'. I t  shows that 
the high-pressure product is introduced into the vessel 
in the amount represented by 6-6' to compress the feed 
in the vessel to ( P H ) 1 .  

4. High-pressure displacement operation. This opera- 
tion is represented b 1 + 2 and 6' -+ 7 in Figure 5 .  They 

and the feed leaves the vessel and is moved into the proc- 
essing system at ( P H )  1. 

show that the pro d uct fluid enters the vessel at ( P H ) ~  

A Vol. of feed fluid, V, B 

Vol. of produced fluid, Vp 
6 

Fig. 5. Schematic indicator diagram of a flow work exchanger. 

The lost work involved in the steps is represented by 
the shaded areas. Area 7-8-9 is the work of expansion in 
step 1; it is so small that it may well be unrecovered to 
simplify the operation. Area 4-5-6-6'-1 is the irreversibil- 
ity involved in step 3; and areas 3-9-10-4 and 7-2-1-6' 
represent the lost work involved in the displacement oper- 
ation, that is, step 2 and step 4. 

The net work required in simultaneously pressurizing 
one fluid from ( P L ) ~  to ( P H ) 1  and depressurizing another 
fluid from ( P H ) 2  to ( P L ) Z  is zero in a reversible case. In 
an actual operation the net work to be supplied is equal 
to the sum of the lost work. The net work to be supplied 
in operating a flow work exchanger thus is equal to the 
sum of lost work shown by the shaded areas in Figure 5,  
lost work due to leakage of fluid due to volume inefi- 
ciencies of valves, and that due to the inefficiencies of the 
pumps JI and Jz. 

For a flow work exchange between an equal volume of 
a low-pressure (1 atm.) feed and a high-pressure (100 
atm.) product, the net work to be supplied is in the 
order of 5 to 10% of the value of the reversible shaft 
work in the pressurization. 

The inefficiency of a flow work exchanger will be de- 
fined as the ratio of the net work to the reversible shaft 
work in the pressurization. The quoted inefficiency value 
is estimated from reasonable performances of the com- 
ponent parts of a flow work exchanger as follows: 

1. Referring to Figure 5 

( P H )  2 - ( P H )  1 = 5 - 10 Ib./sq.in. 
( PL) - ( PL) = 5 - 10 lb./sq.in. 

2. Volume shrinkage and volume expansion in the non- 
flow pressurization and depressurization operations = 1 - 1.5%. 

3. Valve efficiencies = 98 - 99%. A high valve effi- 
ciency call be expected because of the less frequent oper- 
ation as compared with a valve in a conventional pump. 

4. Efficiencies of pumps J1 and Jz  = 80%; efficiencies 
of motors = 90 % . 

When a conventional pump and a turbine are used in 
the pressurization and depressurization operation (Figure 
I), the net work required can be calculated by the fol- 
lowing equation: 

PPU 

,,,,* -,p 

where vm, rlpr and vt are motor, pump, and turbine effi- 
ciencies, respectively. Assuming T~ = 80%, qt = 8076, 
and TJ,,~ = 90%, the net work to be supplied is 60% of 
the reversible shaft work in the pressurization. Even as- 
suming T p  = go%, qt = go%, and qm = 90%, the net 
work to be supplied is 35% of the reversible shaft work 
in the pressurization. The inefficiencies of the operations 
are thus 80 and 35%, respectiveIy. Therefore, it can be 
seen that a flow work exchanger is a veiy efficient scheme 
for simultaneous pressurization and depressurization of 
condensed fluids. 

As is seen in Figure 5 flow work ( P H ) ~  V (that is, area 
A-B-6-7) is utilized to supply the work required in the 
nonflow pressurization of the feed - J pm7 (that is, area 
10-1-123) and the flow work of the feed (PH)I V (that 
is, area A-2-1-12). And the work recoverable in the non- 
flow depressurization of the roduct fluid (that is, area 

These are the reasons for calling this scheme a flow work 
exchanger. 

A-7-8-11) is not directly exc K anged with the feed fluid. 
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EXAMPLES OF THE APPLICATION OF FLOW WORK 
EXCHANGE 

Reverse Osmosis Desalination Process 

In a reverse osmosis process (1, 2 ) ,  seawater is pres- 
surized and introduced into a reverse osmosis cell and 
the reject solution is depressurized. A system analysis of 
a single-stage operation has been worked out (10) and 
extended to a multistage operation (11 ) . In the analysis 
the membrane permeability is assumed to be 0.86 x 

cu.ft./(sq.ft.) (hr.) (lb./sq.in.) and linear cost re- 
lations are assumed. An optimization calculation has been 
applied to its operation and a quantitative discussion of 
the advantages of the adoption of a flow work exchanger 
has been made. The result of the study shows that the 
optimum operating condition is significantly shifted by 
the introduction of a flow work exchanger. When conven- 
tional ways of pressurization and depressurization are 
used, the optimum operating condition is: operating 
pressure = 1,260 lh./sq.in., concentration of reject brine 
= 5.5%, membrane area to feed ratio = 0.117 sq.ft./ 
(lb.n,)(hr.), and water production cost = 40.2$/1,000 gal. 
When a flow work exchanger of 10% inefficiency is used 
the optimum operating condition becomes: operating pres- 
sure = 1,200 lb./sq.in., concentration of the reject solu- 
tion = 4.6%, membrane area to feed ratio = 0.065 sq.ft./ 
( lb.m) (hr.), and the water production cost = 30.44/1,000 
gal. The calculated saving in the water production cost 
is 9.8$/1,000 al., of which a significant amount (1.74/ 
1,000 gal.) is s u e  to changing the operating condition to 
the new optimum operating condition. 

A Freezing Process Based on the Inversion of Melting Points 
Due to Applied Pressure 

This new freezing process developed for the desalina- 
tion of seawater, brackish water, and other aqueous solu- 
tions utilizes a unique way of up rading heat energy. 

This method of upgrading heat energy takes advantage 
of the abnormal melting point curve of water. Water 
melts at a lower temperature under a higher applied 
pressure (that is, (dP/dT) melting < 0) , while an ordinary 
substance melts at a higher temperature under a .higher 
applied pressure (that is, (dP/dT)melting > 0).  Due to 
this difference a substance that melts at a temperature 
lower than the freezing point of an aqueous solution may 
melt at a temperature higher than the melting point of 
water at a sufficiently high applied pressure 

When conventional methods are used, 5,000 gal. of 
feed (ice and organic liquid) have to be pumped through 
a hi h-pressure pump and 4,500 gal. of products have to 

of water. The equipment therefore is very large and the 
ener y consumption in this operation is in the order of 25 

When flow work exchangers are adopted, only 500 gal. 
of feed have to be pressurized through a high-pressure 
pump and no turbine is required. It is estimated that 
about a 50% reduction in equipment cost is obtained and 
the energy requirement is reduced to 15 kw.-hr./1,000 
gal. of water produced. 

Production of Phenol from Chlorobenzene 
In the so-called caustic process ( 7) ,  chlorobenzene, 

10% diphenyl oxide, and a 10 to 15% aqueous caustic 
soda solution are introduced into a reactor maintained at 
5,000 lb./sq.in. and 700°F. The product stream is de- 
pressurized. This is an example of high-pressure processes 
where high pressures are applied to maintain reactants 
and products under condensed state. When a flow work 
exchanger is used there is no need for the high-pressure 
pump and the turbine. 

Only condensed phases are involve cf in the process (6 ) .  

be B epressurized through a turbine to produce 1,000 gal. 

kw.- f r./1,000 gal. of fresh water produced. 

Hydrogenation of Organic Substances 
Butanol can be manufactured by the high-pressure 

hydrogenation of aldol (9). Since the density of butanol 
is less than that of aldol, there is a volume expansion 
accompanying the process. Thus, it belongs to the type 
B process. When a flow work exchanger is used, neither 
the high-pressure pump nor the turbine will be required. 
Hydrogenation of coal also belongs to this category. 
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NOTATION 

Jl,JZ, J 3  = pumps 
P = pressure 
PH 
PL 
PV = flowwork 
V = volume 
VF 
Vp 
V1, Vz, . . V7, Vs = valves 
--wf = shaft work for flow process 
-wnf = shaft work for nonflow process 
r)m = motor efficiency 
vp = pumpefficiency 
Tt = turbine efficiency 

= pressure at the high-pressure side 
= pressure at the low-pressure side 

= volume of feed fluid 
= volume of product fluid 

LITERATURE CITED 

1. Loeb, Sidney, and Srinivasa Sourirajan, Adoan. ChctJZ. Ser., 
No. 38, 117-132 (1963). 

2. Manjikian, S., S. Loeb and J. W. McCutchan, paper pre- 
sented at First Intern. Symp. Water Desalination, Wash- 
ington, D. C. (Oct., 1965). 

3. Merten, Ulrich, H. K. Lonsdale, and R. L. Riley, Ind. Eng. 
Chem. Fundamentals, 3, No. 3, 210 (1964). 

4. Loeb, Sidney, and S. Mnnjikian, Ind. Eng. Cheni. Process 
Design Develop., 4, 207 ( 1963). 

5. Keilin, B., and C. G. DeHaven, paper presented at First 
Intern. Symp. Water Desalination, Washington, D. C. 
(Oct., 1965). 

6. Cheng, Chen-yen, and Sing-wang Cheng, A.1.Ch.E. J.,  
13, No. 1, 41 (1967). 

7. Faith, W. L., D. B. Keyes, and R. L. Clark, “Industrial 
Chemicals,” 3 ed., p. 585, Wiley, New York (1965). 

8. Kirk, R. E., and D. F. Othmer, “Encyclopedia of Chemi- 
cal Technology,” 1 ed., Vol. 7, p. 701, Interscience, New 
York (1951). 

9. - , ibid., Vol. 2, p. 678 ( 1948). 
10. Lonsdale, H. K., Ulrich Merten, R. L. Riley, K. D. Vos, 

and J. C. Westmoreland, Ofice Saline Water Re@. No. 
111 (1964). 

11. Chen, Y. C., C. Y. Cheng, L. E. Erickson, L. T. Fan, 
and C. L. Hwang, paper presented at Div. Water, Air, 
Waste Chem., Pittsburgh ACS Meeting (Mar., 1966). 

Manuscript received May 6,  1966; revision received August 1 ,  1966; 
paper accepted August I ,  1966. 

Page 442 AlChE Journal May, 1967 




