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A systematic procedure is presented to drawn n-compressor membrane cascades for 
gas-separation applications with n 2 1. In this method, a parent cascade structure is 
created that contains the n-compressor cascades as substructures. These substructures 
are then revealed by systematical& eliminating unwanted membrane stages and recycle 
compressors from the parent cascade. 5%; procedure is illustrated b>, generating arrays 
of one- and two-compressor cascade schemes. It is found that these arrays contain the 
cascade schemes known from the literature and also lead to some new schemes. This 
procedure increases the likelihood of finding an economically viable membrane cascade 
for a given separation application. 

Introduction 
Membrane-based gas separation processes have been the 

subject of intense study and development during the past two 
decades and several processes have been fully commercial- 
ized (Ho and Sirkar, 1992; Koros and Fleming, 1993). A sig- 
nificant number of these commercial applications use mem- 
brane cascades involving recycle streams. Cascades are re- 
quired when the available membrane selectivities are limited 
and the desired separation cannot be economically achieved 
from a simple one-stage membrane. Available membrane se- 
lectivities are limited for many gas-separation applications 
(Robeson, 1991). This has led to the development of several 
membrane cascade schemes for gas separation. 

A classic application of a membrane cascade was for the 
recovery of 235U isotope from natural uranium by gaseous 
diffusion of UF, through a microporous barrier. Because of 
the very low separation factor for the separation of uranium 
isotope 235U from 238U, thousands of gaseous-diffusion stages 
were re uired to produce 90% 235U from a feed containing 
0.7% z3'U (King, 1980). Unlike the uranium isotope enrich- 
ment case, the use of membranes in most other gas-sep- 
aration applications has to compete with alternative, non- 
membrane-based separation processes. This often requires 
that the capital portion of the processing cost of a membrane 
process be decreased. Cascades with only a few membrane 
stages are used in order to decrease the number and cost of 
the compressors. Decreasing the number of recycle streams 
used in a cascade process generally increases energy con- 
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sumption, but the capital-energy trade-off generally favors 
cascades with only a few compressors. Most commercial gas- 
separation cascade processes use only one or two compres- 
sors (Spillman, 1989; Prasad and Thompson, 1992). 

In the last two decades, a number of papers (Ohno et al., 
1978a,b; Laguntsov et al., 1992; Xu and Agrawal, 1996b; 
Agrawal and Xu, 1996) and patents (Iwata and Tamura, 1987; 
Prasad, 1992; Prasad, 1993, Gottzmann et al., 1994; Prasad, 
1994; Thompson, 1994; Xu, 1994a,b) have appeared in the 
literature suggesting different gas-separation membrane cas- 
cades using one or two recycle compressors. While a number 
of studies have analyzed the usefulness of these cascades 
(Matson et al., 1983; McCandless, 1985; Matson et al., 1986; 
Bhide and Stern, 1991; Pettersen and Lien, 1994; Bozhenko 
and Bozhenko, 1995), a systematic procedure to draw these 
cascades has been lacking. To date, each of these cascade 
schemes seems to have been drawn as a result of the inven- 
tive activity of a researcher trying to find an economic solu- 
tion for a particular application. This raises the question as 
to how one ensures that for a given application the choice of 
a membrane cascade with a given number of recycle com- 
pressors is the optimum one; what other cascade schemes with 
the same number of recycle compressors could be used for 
this given application? Answers to these questions require a 
priori identification of all possible membrane cascade schemes 
for the application. 

This article develops a stepwise systematic procedure for 
generating gas-separation membrane cascades using limited 
numbers of recycle compressors. For a given number of com- 
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pressors, this leads to all the known cascade schemes and 
also provides an array of new cascade schemes hitherto un- 
known in the literature; therefore, a nearly exhaustive list of 
cascade schemes is generated. For a given application, the 
problem is thus reduced to that of finding the most optimum 
cascade from an array of available cascade schemes. 

Hwang and Kammermeyer (1965) introduced the concept 
of an ideal membrane cascade for a binary separation as one 
where the compositions of two streams, which are combined 
before feeding to a membrane stage, are exactly the same. 
This avoids exergy losses due to mixing, and in principle 
should lead to the most efficient system. Although cascade 
schemes with inherent mixing losses have been suggested and 
studied in the literature (Ohno et al., 1978a,b; Bhide and 
Stern, 1991; Petterson and Lien, 1994), we believe that such 
nonideal cascade schemes are of limited utility (Bhide and 
Stern, 1991; Xu and Agrawal, 1996b). Therefore, no attempt 
has been made to generalize the proposed method to gener- 
ate nonideal cascade schemes. 

It is not the objective of this article to discuss the situations 
under which the proposed cascade schemes would be eco- 
nomically viable. Some discussion on the applicability and 
usefulness of one and two compressor membrane cascades 
can be found elsewhere (Xu and Agrawal, 1996b; and Agrawal 
and Xu, 1996). 

Procedure to Draw Cascades with Limited 
Numbers of Compressors 

The theory of membrane cascades using reasonably large 
numbers of recycle compressors and membrane stages is very 
well developed (Pratt, 1967; Brigoli, 1979; Benedict et al., 
1981). In its simplest form, a cascade arrangement involves 
multiple membrane stages where the permeate from a stage 
after compression is sent as feed to the succeeding stage, while 

the nonpermeate stream from each stage is sent to the previ- 
ous stage (Figure la). A cascade is generally characterized in 
terms of parameters p and q, where p is the number of suc- 
ceeding membrane stages that the compressed permeate 
stream is fed to and q is the number of previous membrane 
stages that the nonpermeate stream is sent to. When the val- 
ues of cascade parameters p and q are unequal, the cascade 
is referred to as unsymmetrical cascade (Nikolaev et al., 1980). 
In Figure la, the value of both the parameters p and q is 
one and it is a symmetrical cascade. Figure l b  and l c  show 
examples of unsymmetrical cascades. In Figure lb, the per- 
meate stream from a membrane stage, after compression is 
not sent to the next membrane stage but to the one after it. 
Therefore, the value of parameter p is two. In Figure lc, 
while permeate stream is sent to the next membrane stage, 
the nonpermeate stream skips the immediate previous stage 
and is fed to a membrane stage before it. Therefore, while 
the value of p is one, the value of q is two. It is worth noting 
that cascades for any suitable values of p and q can be drawn; 
however, when the numerator and denominator of the frac- 
tion q / ip  + q )  have a common factor other than one, the cas- 
cade reduces to independent parallel cascades with lower val- 
ues of p and q (Pratt, 1967). For example, a cascade with 
p = 2, q = 2 consists of two independent parallel cascades with 
p = 1 and q = 1. 

The procedure to draw cascades with limited numbers of 
compressors starts with the modification of known cascade 
schemes such as the ones shown in Figure 1. (By limited 
numbers of compressors it is implied that only a few recycle 
compressors are used in a cascade; it means either one or 
more than one but not a large number of recycle compressors 
are associated with the cascade.) The modification to the ini- 
tial starting cascade is slightly dependent on whether the feed 
is at a high pressure or a low pressure. A feed is said to be at 
a high pressure if it can be directly fed to the high-pressure 
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Figure 1. Some known membrane cascade schemes using large numbers of recycle compressors. 
(a) Symmetrical cascade; p = 1, q = 1. (b) Unsymmetrical cascade; p = 2, q = 1.  (c) Unsymmetrical cascade; p = 1, q = 2. 
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Figure 2. A modified symmetrical cascade with high-pressure feed to yield parent cascade; p = 1, g = 1. 

side of a membrane unit without further compression. Simi- 
larly, a low-pressure feed would need some pressure boost 
before it could be fed to the high-pressure side of a mem- 
brane unit. A separate description of the procedure for each 
high-pressure feed and low-pressure feed case is now pre- 
sented. 

High-pressure feed case 

In this section, the procedure will be illustrated by drawing 
cascades with one and two recycle compressors when the feed 
can be directly fed to the high-pressure side of a membrane 
unit. 

The first step is to choose a scheme from the known cas- 
cade schemes, such as the ones shown in Figure 1, with cer- 
tain values of cascade parameters p and q. Let us start with 
the simplest of the cascades shown in Figure la. In the next 
step this cascade is modified as shown in Figure 2 to yield a 
parent cascade scheme; the dotted permeate streams show 
that the permeate from a membrane stage can either be com- 
pressed and fed to the high-pressure side of the next mem- 
brane stage or directly fed as sweep stream to the low-pres- 
sure side of the next membrane stage. Now n-compressor 
cascades, which are substructures of this parent cascade, can 
easily be derived. These feasible substructures are derived by 
systematically eliminating the unwanted membrane stages and 
recycle compressors. Before starting the process of eliminat- 
ing unwanted membrane stages and recycle compressors, it is 

important to note that the membrane stage S1, to which Feed 
is directly fed, cannot be eliminated. Even when all other 
membrane stages and recycle compressors are eliminated, 
stage S1 is needed to yield a simple one-stage membrane pro- 
cess. In order to generate distinct cascade schemes, if a mem- 
brane stage receives the permeate from the previous mem- 
brane stage as sweep, then its permeate discharge stream 
should not be sent as sweep to the low-pressure side of the 
next membrane stage. If this step is not followed, then mem- 
brane cascades will be created where a membrane stage would 
be shown as simply two or more membrane units connected 
in series. Generally the membrane area available in a mem- 
brane unit is limited and in a given application a membrane 
stage within a cascade can consist of two or more such units 
connected either in series or in parallel. Therefore, a cascade 
with a membrane stage consisting of multiple membrane units 
connected in series is not considered a distinct cascade in 
this article. 

Consider the generation of one-compressor cascades, which 
are substructures of the parent cascade scheme of Figure 2. 
In order to derive the first one-compressor cascade, let us 
start with a recycle compressor in the stripping section (the 
right of the feed location in Figure 3). Let the first choice be 
recycle compressor CS2. Since recycle compressor CS1 is 
eliminated, the permeate from membrane stage S2 should be 
directly sent as sweep to the low-pressure side of membrane 
stage S1. Similarly, any low-pressure feed to stage S2 from 
the permeate stream of stage S3 is eliminated due to use of 
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FEED NON-PERMEATE 
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- 

Figure 3. Derivation of cascade scheme HP1-11-3a from the parent symmetrical cascade with p = 1 and q = 1. 
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recycle compressor CS2. All other membrane stages and re- 
cycle compressors are eliminated to yield cascade HP1-11-3a 
shown in Figure 3. The low-pressure permeate discharge 
stream from stage S1 cannot be sent to any membrane stage 
and is the permeate product stream. It is worth noting that if 
instead of recycle compressor CS2, the choice was made to 
retain recycle compressor CS3, the cascade scheme obtained 
would still be HP1-11-3a. This is because in this case the per- 
meate from stage S3 will fed to the low-pressure side of stage 
S2 and stages S2 and S1 would be effectively one membrane 
stage. 

Before proceeding further with the generation of other 
cascade schemes, we are going to describe an alphanumeric 
system adopted by us to identify various cascade schemes with 
limited numbers of compressors. A derived cascade is desig- 
nated either HPa-pq-py or LPa-pq-py. The first two letters 
indicate whether the feed is at a high-pressure (HP) or a 
low-pressure (LP), the next number, a ,  indicates the total 
number of compressors and vacuum pumps used, the follow- 
ing two numbers, p and q, are the values of the cascade pa- 
rameters characterizing the parent cascade from which the 
cascade under consideration is derived, the value of p stands 
for the number of membrane stages in the cascade, and the 
last letter, y ,  is the assigned alphabetic serial of the cascade 
scheme. Thus HP1-11-3a for the cascade in Figure 3 indi- 
cates that the given feed is at a high pressure (needs no fur- 
ther compression). This cascade requires one Compressor, it 
is derived from a symmetrical cascade with parent cascade 
parameters p = 1 and q = 1, the cascade uses three mem- 
brane stages, and its assigned serial is a. 

Returning to the derivation of one-compressor cascades 
from the parent cascade of Figure 2, it is worth noting that 
for one recycle compressor in the stripping section, cascade 
HP1-11-3a provides a cascade scheme with the maximum 
number of membrane stages. A cascade with fewer stages 

1 PERMEFITE 

c s 1  
(a). CASCADE HPl-11-2a 

FEED NON- 

(b). CASCADE HP1-11-3b 
: 

CE2 .__ 

NON- FEEO 
s1 PERMEFITE 

I ’ -  
.. 

CEl (c). CASCADE HP1-11-Zb 

Figure 4. One-compressor high-pressure feed cas- 
cades derived from the parent cascade with 
p = q = l .  
(a) Cascade HP1-11-2a. (b) Cascade HP1-11-3b. (c )  Cascade 
HP1-11-2b. 

would be derived by retaining recycle compressor CS1 and 
the associated membrane stage S2 from the parent cascade 
of Figure 2. The resulting two-membrane stage cascade 
scheme HP1-11-2a is shown in Figure 4a. This cascade was 
originally introduced as “series type two unit membrane cell” 
(Ohno, 1978a). 

Once the possibilities with a recycle compressor in the 
stripping section have been exhausted, then cascades with a 
recycle compressor in the enriching section may be derived. 
As stated earlier, during the process of eliminating mem- 
brane stages, it is necessary to retain membrane stage S1. A 
cascade with the maximum number of membrane stages is 
derived by retaining from the set of usable recycle-feed com- 
pressors the one that is farthest away from the feed location. 
Thus, from the parent cascade scheme of Figure 2, recycle 
compressor CE2 and its associated membrane stages El and 
E2 are retained while other membrane stages (besides Sl) 
and recycle compressors are eliminated. Once again, the 
elimination of recycle compressor CE1 implies that the low- 
pressure permeate stream from stage S1 be sent as sweep 
stream to the low-pressure side of stage El. The resulting 
HP1-11-3b cascade scheme is shown in Figure 4b (Laguntsov 
et al., 1992). The next possibility is to retain recycle compres- 
sor CE1 and its associated membrane stage El and eliminate 
all other unwanted membrane stages and recycle compres- 
sors from the parent cascade; the resulting two-membrane 
stage cascade scheme HP1-11-2b is shown in Figure 4c (Got- 
tschlich et al., 1989; Spillman, 1989). This completes the pos- 
sibilities of one-compressor high-pressure feed cascades that 
can be derived from the parent cascade with p = q = 1. 

We can now follow the same procedure to construct two- 
compressor cascades from the parent cascade of Figure 2. Let 
US start again by using both the recycle compressors in the 
stripping section of the parent cascade (Figure 5). The maxi- 
mum number of membrane stages results when recycle com- 
pressor CS4, which is farthest away from the feed, is utilized, 
and recycle compressor CS2 is retained. The rest of the recy- 
cle compressors and unwanted membrane stages are elimi- 
nated. The resulting scheme HP2-11-5a is shown in Figure 5. 
Other possible distinct cascades derived with both recycle 
compressors in the stripping section are shown in Figure 
6a-6c; recycle compressor CS4 has been eliminated from all 
these schemes. Use of recycle compressor CS3 with CS1 re- 
sults in cascade HP2-11-4a (Figure 6a); and the use of CS3 
with CS2 results in HP2-11-4b in Figure 6b. Elimination of 
all other recycle compressors except CS2 and CS1 leads to 
the three-membrane stage cascade HP2-11-3a, shown in Fig- 
ure 6c. 

Similar to the use of two recycle compressors in the strip- 
ping section, cascades with both the recycle compressors in 
the enriching section can be derived from the parent cascade 
scheme of Figure 2. These cascades are shown in Figure 
6d-6g. The cascade with maximum number of membrane 
stages, HP2-11-5b, is derived by retaining recycle compres- 
sors CE4 and CE2. Next recycle compressor CE4 is also elim- 
inated and possible combinations of recycle compressor CE3 
with another recycle compressor are considered to provide 
cascade schemes HP2-11-4c and HP2-11-4d (Figures 6e and 
6f). Finally, recycle compressor CE3 is eliminated and recycle 
compressors CE1 and CE2 are retained, resulting in cascade 
HP2-11-3b of Figure 6g. 
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Figure 5. Derivation of cascade scheme HP2-11-5a from the parent symmetrical cascade with p = q = 1. 

To exhaust all possible two-compressor cascades that can 
be derived from the parent cascade scheme of Figure 2, it is 
necessary to consider the scheme whereby one recycle corn- 
pressor is used in the stripping section and the other in the 

enriching section. Four such cascades are shown in Figure 
6h-6k. These are easily generated by following the steps de- 
scribed for the previous two-compressor cascades. 

The procedure can now easily be applied to generate all 

53 s4 t 1  4 
I I I I 
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6a. CASCADE HPZ-11-4a 

CSI 
6c. CASCADE HP2-11-3a 

CE4 CE2 
6d. CASCADE HPZ-ll-5b FEEO 

E3 E2 El 

I L A  
- 

C E 3  CEI 
6e. CASCADE HP2-11-4c FEED 

CE3 CEZ 
6f. CASCADE HP2-l l -4d 

FEED 
E2 El 

CE2 CEI 
69. CASCADE HP2-11-3b 

FEED 

In( 
6h. CCISCADE HPZ-11-5c cs2 

Inl 
CE2 

FEED 

€2 El S1 52 

Figure 6. Two-compressor cascades derived from the parent symmetrical cascade of Figure 2. 
(a) Cascade HP2-11-4a. (b) Cascade HP2-11-4b. (c) Cascade HP2-11-3a. (d) Cascade HP2-11-5b. ( e )  Cascade HP2-11-4c. (f) Cascade HP2- 
11-4d. (g) Cascade HP2-11-3b. (h) Cascade HP2-11-5c. (i) Cascade HP2-11-4e. Cj) HP2-11-4f. (k) Cascade HP2-11-3c. 
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Figure 7. Repeating blocks for the cascades derived from the parent symmetrical cascade scheme of Figure 2. 
(a) and (b) For the stripping section. (c) and (d) For the enriching section. 

cascades with three or more compressors that are substruc- 
tures of the symmetrical parent cascade with p = q = l  of 
Figure 2. From Figures 3, 4b, 5, 6d, and 6h, it is observed 
that in such n-compressor cascades the maximum number of 
membrane stages is 2n + 1. This observation makes the task 
of generating cascades a little easier. 

Another interesting observation can be made by comparing 
the one-compressor cascade schemes of Figures 3 and 4 with 
the two-compressor cascades of Figures 5 and 6. It is appar- 
ent that the two repeating blocks for each stripping and en- 
riching section can be added to the one-compressor cascade 
schemes to generate all the two-compressor cascades (Figure 
7). Therefore, the repeating block shown in Figure 7a can be 
added in the stripping sections of Figures 3 (HP1-11-3a) and 
4 to generate two-compressor cascades of Figures 5 (HP2-11- 
Sa), 6a, 6h, and 6j. Similarly, addition of the repeating block 
in Figure 7b to these one-compressor cascades leads to the 
two-compressor cascades of Figure 6b, 6c, 6i, and 6k. The 
addition of the enriching section block of Figure 7c to the 
enriching sections generates the cascades shown in Figure 6h, 
6i, 6d, and 6e. A similar exercise with the enriching block of 
Figure 7d leads to the cascade in Figure 6j, 6k, 6f and 6g. 
Clearly, all of the two-compressor cascades may be derived 
through this exercise. A similar exercise of adding the repeat- 
ing blocks to two-compressor cascades will yield all the 
three-compressor cascades. This provides an alternative pro- 
cedure for generating n-compressor substructures of the 
symmetrical parent cascade with p = 1 and q = 1. 

Not all of the known one- and two-compressor cascades 
are substructures of the symmetrical parent cascade of Fig- 
ure 2. These other cascade schemes may, however, be de- 
rived by applying the same modifications and steps to other 
cascades with different values of cascade parameters p and 
q; specifically to two unsymmetrical cascades with p = 2, q = 1 
and p = 1, q = 2. 

First consider the unsymmetrical cascade with p = 2, q = 1 
(Figure lb). The parent unsymmetrical cascade is created by 
allowing for the possibility of the permeate stream to be in- 
troduced as sweep stream to the low-pressure side of the next 
membrane stage; this is shown by dotted lines in Figure 8a. 

All the n-compressor cascades can now be created by system- 
atically generating schemes containing all combinations of 
n-compressors. For example, one-compressor cascades can be 
created by retaining either one of the compressors from CS1, 
CS2, CS3, CE1, or CE2. Figure 8b and 8c show the substruc- 
ture containing compressor CS1 leading to cascade HP1-21-3a 
(Xu, 1994a). Note that although the one-compressor cascades 
shown in Figures 3 and 4 are different from the one-com- 
pressor cascade HP1-21-3a, these are also embedded as sub- 
structures in the parent unsymmetrical cascade of Figure 8a. 
For example, elimination of all compressors but CS3 leads to 
HP1-11-3a, retention of CS2 leads to HP1-11-2a, use of only 
CE2 gives HP1-11-3b, and the substructure containing only 
CE1 is HP1-11-2b. It can therefore be concluded that the 
parent unsymmetrical structure with p = 2, q = 1 contains all 
the feasible substructures of the parent symmetrical structure 
with p = l ,  q = 1 ,  and is more general. The procedure for 
generating cascades with more than one compressor is the 
same as that described for symmetrical cascades with p = 1, 
q = 1, and will not be repeated here; some examples of such 
two-compressor cascades can be found elsewhere (Agrawal 
and Xu, 1996). 

Now consider the unsymmetrical cascade with p = 1, q = 2 
(Figure lc). Besides the modification on the low-pressure side, 
this cascade also required that a similar modification be made 
on the high-pressure side (Figure 9a). Thus a high-pressure 
stream discharging from a membrane stage can either be fed 
to the immediately preceding membrane stage (dotted lines 
in the figure) or to the second previous membrane stage. 
After the creation of the parent cascade scheme of Figure 
9a, all desired n-compressor cascade schemes can be gener- 
ated by retaining n-compressor substructures. An example of 
a two-compressor cascade HP2-12-3a is illustrated in Figure 
9. Note that any n-compressor substructure of the parent 
symmetrical cascade with p = q = 1 is also embedded in the 
parent unsymmetrical cascade with p =1, q = 2. It seems 
that with the suggested procedure for drawing n-compressor 
cascades with n > 1, an unsymmetrical cascade provides a 
more general structure than the corresponding symmetrical 
cascade. 
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Figure 8. Derivation of cascade HP1-21-3a from the parent unsymmetrical cascade with p = 2, q = 1. 

(a) parent cascade; (h) parent cascade with substructure HPI-21-3a highlighted; and (c) Cascade HP1-21-3a. 

The procedure for a high-pressure feed is now complete Low-pressurefeed case 

and can be applied to a cascade with a given set of parame- 
t e n  p and q to generate n-compressor cascades with n 2 1. 
The parameters p and q can have any suitable set of values. 

A feed gas mixture is often available at a low pressure and 
needs to be compressed before a separation can be per- 
formed. Even though all the high-pressure feed cascades can 
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Figure 9. Derivation of cascade HP2-12-3a from the parent unsymmetrical cascade with p = 1, q = 2. 
(a) parent cascade; (b) parent cascade with substructure HP2-12-3a highlighted; and (c) Cascade HP2-12-3a. 
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Figure 10. Parent cascades for low-pressure feed case. 
(a) p = 1, q = 1, (b) p = 2,  9 = 1. (c) p = 1, 9 = 2 .  

be applied to the low-pressure feed case by adding feed com- 
pressors, additional alternative cascade schemes may also be 
drawn. Once again the procedure for generating these addi- 
tional n-compressor cascades (n 2 1) starts with the modifica- 
tion of known cascades with a set of values for parameters 
and p and q (Figure 1). The process of eliminating the un- 
wanted recycle compressors and membrane stages to obtain 
the desired substructure from a parent cascade is similar to 
that for the high-pressure feed case. The entire procedure, 
including the generation of parent cascades for a low-pres- 
sure feed, will now be discussed. 

The first step is to modify high-pressure feed cascades, such 
as the ones shown in Figure 1, for the low-pressure feed con- 
dition (Figure 10). The modification is achieved by feeding 
low-pressure feed to one of the recycle compressors. In Fig- 
ure 10, three modified parent cascades are shown. In these 
figures the possibility of having a portion of the feed at high 
pressure is retained. However, without any loss of generality, 
only cases where all the feed is available at low pressure will 
be discussed in this section. 

Before starting the process of elimination to create cas- 
cades that are substructures of a parent cascade, it is worth- 
while to note that there are a total of nine distinct possibili- 
ties for introducing a low-pressure feed (Figure 11). These 
nine options differ in the manner in which the permeate 
stream from the previous membrane stage (flow at point A) is 
mixed with the low-pressure feed (flow at point B): 

All of the permeate flow at point A is combined 
with the low-pressure feed at point B, compressed, and fed 
to the high-pressure side of a suitable membrane stage (Fig- 
ure lla). 

Case 2. Permeate flow at point A is not mixed with the 
low-pressure feed; instead, it is fed as a low-pressure sweep 
stream to the next membrane stage, and the low-pressure feed 
is compressed alone and sent to the high-pressure side of a 
suitable membrane stage (Figure 1lb). 

Case 1. 

Case 3. Permeate flow at point A is not mixed with the 
low-pressure feed; instead, it is compressed alone and sent to 
the high-pressure side, and all of the low-pressure feed is fed 
to the low-pressure side (Figure llc). 

All the low-pressure feed is combined with the 
permeate stream and fed as sweep to the low-pressure side 
of the next membrane stage (Figure lld). 

Only a portion of the low-pressure feed is mixed 
with the permeate stream and directly fed to the low-pres- 
sure side of the next membrane stage, while the other por- 
tion of the low pressure feed is compressed and sent to the 
high-pressure side (Figure 1 le). 

Case 4. 

Case 5. 

f- 
(a) CASE 1 

I* 
(d) CASE 4 

-qP 
(g) CASE 7 

(b) CASE 2 

- I T  
(el CASE 5 

I --+- 
/B 

(h) CASE 8 

i 

(c) CASE 3 

A 

I 

( f )  CASE 6 

- --“.I- 
(1) CASE 9 

Figure 11. Different cases showing alternate ways to 
feed a low-pressure feed to a cascade. 
Point A denotes permeate stream from the previous mem- 
brane stage and point B the low-pressure feed. (a) Case 1. 
(b) Case 2. (c) Case 3. (d) Case 4. (e) Case 5. (f) Case 6 .  (g) 
Case 7. (h) Case 8. (i) Case 9. 
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Case 6. Only a portion of the permeate stream is com- 
bined with all the low-pressure feed; the mixed stream is 
compressed and sent to the high-pressure side; whereas the 
other portion of the permeate stream is directly fed to the 
low-pressure side of the next membrane stage (Figure llf). 

A portion of the low-pressure feed is mixed with 
all of the permeate stream, compressed, and sent to the 
high-pressure side, whereas the other portion of the low- 
pressure feed is fed to the low-pressure side of the next 
membrane stage (Figure 1 lg). 

Case 8. Only a portion of the permeate stream is com- 
bined with all of the low-pressure feed, the mixed stream is 
sent to the low-pressure side of the next membrane stage; the 
other portion of the permeate stream is compressed and sent 
to the high-pressure side of a membrane stage (Figure llh). 

The low-pressure feed and the permeate streams 
are mixed and then divided into two portions. One portion is 
sent to the low-pressure side of the next membrane stage, 
while the other portion is compressed and sent to the high- 
pressure side of a suitable membrane stage (Figure lli). 

Basically the preceding nine cases result from all possible 
combinations of handling the low-pressure feed and the per- 
meate streams. Either the two streams are not mixed at all 
(Cases 2 and 3) or completely mixed (Cases 1 and 4) or one 
of the steams can be partially mixed with another stream 
(Cases 5-8). Furthermore, one has an option to send either 
of the resulting streams through the compressor or directly as 
the sweep stream to the permeate side of the next membrane 
stage. This results in eight options. The last option results 
when the completely mixed stream is split into two and each 
resulting stream is treated separately (Case 9). 

All of the high-pressure feed cascades can be used as low- 
pressure feed cascades with a feed compressor. Therefore, 
when n-compressor substructures are created from the par- 
ent cascades, such as the ones shown in Figure 10 for a low- 
pressure feed, a large number of them are duplicates of the 
n-compressor high-pressure feed cascades. 

In order to create practical n-compressor cascades for a 
low-pressure feed, it is required that at least one compressor 
that is downstream of the low-pressure feed point must be 
retained during the process of elimination of the unwanted 
compressors and membrane stages from a parent cascade. 
This ensures that at least one compressor is used in the en- 
riching section and a high-pressure feed is available to a 
membrane stage in this section. Therefore, in Figure 10a, at 
least one compressor from compressors CSl, or from series 
CE must be used. Similarly in Figure lob, a compressor from 
CS2, CS1 or from series CE must be used. 

The process of elimination and generation of n-compres- 
sor cascades with n 2 1 from a parent cascade for low-pres- 
sure feed is the same as for the high-pressure feed case. Now 
it will be briefly discussed for each of the nine cases. Unless 
specifically mentioned, the illustrative examples of n-com- 
pressor cascades will be for those derived from the parent 
cascade with p = q = 1 (Figure 10a). Examples of some of the 
n-compressor cascades derived from the two other parent 
cascades with p = 2 ,  q =1 and p =  1, q = 2  can be found 
elsewhere (Agrawal and Xu, 1996). 

Substructures generated according to case 1 are identical 
to those already available for the high-pressure feed case. For 
example, cascades HP1-11-2a (Figure 4a), HP2-11-4a, HP2- 

Case 7. 

Case 9. 

ll-3a, HP2-11-4e, and HP2-11-3c (Figures 6a, 6c, 6i, and 6k) 
result for this case from the parent cascade with p = 1, q = 1 
(Figure 10a); the trivial modification needed is that the low- 
pressure feed and the permeate streams are first combined 
and then sent to the compressor. Similarly, a known low- 
pressure feed version of cascade HP2-12-3a (Figure 9c) re- 
sults according to case 1 from the parent cascade with p = 1, 
q = 2 of Figure 10 (Prasad, 1994). 

For case 2, where one of the recycle compressors is used to 
compress the low-pressure feed and the permeate stream 
from the corresponding membrane stage is sent to the low- 
pressure side of the next membrane stage, all the resulting 
n-compressor substructures are duplicates of some of the 
high-pressure feed cascades. An ( n  + 1)-compressor cascade 
with a compressor on the low-pressure feed is equivalent to 
an n-compressor high-pressure feed cascade. Thus a two- 
compressor cascade with a compressor in the stripping sec- 
tion derived from the parent cascade of Figure 10a is equiva- 
lent to HPl-11-3a (Figure 3). Two three-compressor cascades 
obtained by retaining two compressors in the stripping sec- 
tion are equivalent to cascades HP2-11-5a (Figure 5 )  and 
HP2-11-4b (Figure 6b). When only the compressors in the 
enriching section are used, the two membrane stages S1 and 
S2 combine together to effectively provide one membrane 
stage. In this case, two-compressor cascades that can be de- 
rived are equivalent to HP1-ll-3b and HP-ll-2b (Figure 4b 
and 4c); and three-compressor cascades are analogous to 
HP2-11-5b, HP2-ll-4c, HP2-11-4d, and HP2-11-3b (Figure 
6d-6g). When only one compressor is retained in each of the 
stripping and enriching sections, the resulting cascades are 
equivalent to HP2-11-5c and HP2-11-4f (Figure 6h and 6j). 
When no additional compressors are used in either of the 
sections, a trivial case results with one membrane stage unit 
and a feed compressor. It is worth noting that cases 1 and 2 
together provide all the equivalent low-pressure feed cas- 
cades of the high-pressure feed cascades in Figures 3 through 
6 derived earlier for p = q = 1. 

The modified low-pressure feed parent cascade according 
to case 3 for p = q = 1 is shown in Figure 12a. The one- and 
two-compressor cascade schemes derived from this structure 
are shown in Figure 12b-12f. One recycle compressor down- 
stream of the low-pressure feed is always retained. Whenever 
a membrane stage in the stripping section is used, compres- 
sors CS1 must not be eliminated; the only exception is when 
the permeate from the membrane stage S2 can be treated as 
a product stream and need not be recycled. For this case, 
case 3, the maximum number of membrane stages used in an 
n-compressor cascade is 2n. 

The parent cascade derived according to case 4 for p = q 
= 1 is shown in Figure 13a. Notice that during the process of 
generating substructures, membrane stages S1 and S2 cannot 
be eliminated. The resulting substructures containing one and 
two compressors are shown in Figure 13b-13f. The maximum 
number of membrane stages used in this case by an n-com- 
pressor cascade is 2n + 1. 

The modified parent cascade for case 5 with p = q = 1 is 
shown in Figure 14a. In order to generate cascades that are 
distinct from the other cases, membrane stage S1 and com- 
pressor CS1 must always be retained; and a portion of the 
low-pressure feed should also be sent to the low-pressure side 
of membrane stage S1. One has an option to eliminate mem- 
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Figure 12. (a) Parent cascade for case 3 with p = g = 1 ; (b)-(f) substructures of one- and two-compressor cascades. 
(b) Cascade LP1-11-2a. (c) Cascade LP1-11-4c. (d) Cascade LP2-11-3c. (e) Cascade LP2-11-4f. (f) Cascade LP2-11-3e. 

brane stage S2 and its associated permeate stream for the 
substructures when only the membrane stages downstream of 
S1 are retained, that is, it is possible to eliminate membrane 
stage S2 when all other membrane stages in the stripping sec- 
tion are eliminated. The resulting one-compressor cascades 

are shown in Figure 14b and 14c. There are six options for 
two-compressor cascades that are not shown in Figure 14. 
The maximum number of membrane stages used in an n- 
compressor cascade is 2n .  

The parent cascade for case 6 with p = q = 1 is shown in 

NON- 
PERMEATE 

P 

CEn CE4 CE3 CE2 CEl LOW-PRESSURE CS2 cs3 CSn 
FEED 

(a) 
E l  s 1  sz 

PERMEATE 

CE1 n FEED I =  
(c) CASCADE LP2-11-58 (b) CASCADE LPl-11-3a 

E l  s1 52 s3 E 3  € 2  E l  s 1  s2 

(e) CASCADE LP2-11-5b (d) CASCADE LP2-11-48 

(f) CASCADE LP2-11-40 

Figure 13. (a) Parent cascade according to case 4 for p = g = 1 ; (b)-(f) substructures of one- and two-compressor 
cascades. 
(b) Cascade LP1-11-3a. (c) Cascade LP2-ll-5a. (d) Cascade LP2-11-4a. (e) Cascade LP2-11-5b. (f) Cascade LP2-11-4e. 
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(c) LPl-11-la 

Figure 14. (a) Parent cascade according to case 5 for p = 9 = 1; (b) and (c) substructures of one-compressor cas- 
cades. 
(b) Cascade LPl-11-2c. (c) LP1-11-la. 

Figure 15a. For the substructures of this case to be distinct 
from other cases, it is essential that both membrane stages S1 
and S2 and compressor CS1 be retained in all the derived 
substructures. A portion of the permeate from membrane 
stage S2 is sent to membrane stage S1 and the other portion 
is mixed with the low-pressure feed. Therefore, there is only 

one substructure with one compressor. When substructures 
from case 6 are compared with substructures from case 5, it 
becomes evident that all the substructures from case 5 that 
contain both membrane stages S1 and S2 can be trivially 
modified to yield the substructures for case 6. The trivial 
modification is that rather than mixing a portion of the feed 
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Figure 15. Parent cascades modified according to cases, 6, 7, 8, and 9 for p = 9 = 1. 
(a) Case 6. (b) Case 7. (c) Case 8. (d) Case 9. 
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with permeate from S2, now a portion of the permeate is 
mixed with all of the feed stream and the mixed stream is 
sent to compressor CSl. For a given feed flow rate, case 6 
will have higher flow through compressor CS1 than case 5. 
There are four cascades that are two-compressor substruc- 
tures of the parent cascade in Figure 15a, and the maximum 
number of membrane stages used in these cascades is four. 

Figure 15b shows the modified parent cascade according to 
case 7 ( p  = q = 1). Once again, for all the substructures to be 
distinct from all other cases, both membrane stages S1 and 
S2 and compressor CS1 must be retained in all the substruc- 
tures. Clearly the substructures for this case can also be eas- 
ily obtained by trivial modification of corresponding cascade 
schemes that contain both membrane stages S1 and S2 in 
case 5. The trivial modification is that the mixed stream of 
the permeate and the feed is to be sent to compressor CS1 
and the nonmixed portion of the feed is fed to the low-pres- 
sure side of membrane stage S1. 

The parent cascade for case 8 with p = q = 1 is shown in 
Figure 1%. Distinct cascades result as substructures when 
both membrane stages S2 and S1 and compressor CS1 are 
retained during the process of elimination. Once again sub- 
structures for this can be obtained by trivial modification of 
substructures derived according to case 5 for p = q =  1 and 
that contain both membrane stages S2 and S1. 

The modified parent cascade according to case 9 for p = q 
= 1 is shown in Figure 15d. To derive distinct cascades, both 
membrane stages S1, S2, and compressor CS1 must be re- 
tained in all the substructures. The relation between the sub- 
structures derived for this case and the cascades derived for 
case 5 is similar to the relation between cascades from either 
cases 6, 7, or 8 and cascades from case 5. It is worth noting 
that when the composition of the feed and the permeate 
stream to be mixed is same, then cases 6, 7, and 8 become 
subsets of case 9; also substructures containing both mem- 
brane stages S1 and S2 in case 5 become subsets of this case. 

The preceding procedure described for generating low- 
pressure feed cascade containing n-compressors (n 2 1) from 
a parent cascade with p = q = 1 can be applied to any parent 
cascade with a different value of the cascade parameters p 
and q. 

Additional comments 
Now some comments will be offered to incorporate other 

known means of operating membrane stages within a mem- 
brane cascade. 

In this article all the membrane 
stages are shown as operating in countercurrent mode. How- 
ever, the procedure described is independent of the mode of 
operation and is equally valid when a membrane stage is op- 
erating in a cocurrent, crossflow, or a mixed-flow mode. 

Within a cascade it is not nec- 
essary that each membrane stage operate at the same pres- 
sure ratio. The overall performance of a cascade could be 
improved by adjusting the pressure ratio for each membrane 
stage to bring it closer to its optimum value. For example, in 
cascade HP1-11-3a (Figure 3), the pressure ratio in mem- 
brane stage S3 could be different from the ones used in 
membrane stages S2 and S1. Furthermore, it has been sug- 
gested that in certain cases it can be beneficial to use inter- 

Membrane Flow Mode. 

Membrane Pressure Ratio. 

mediate permeate compressions. In such cases, a membrane 
stage is broken into multiple substages, with permeate from 
one substage compressed and sent to the next substage as 
sweep on the permeate side (Xu, 1993). This decreases the 
pressure ratio along the direction of the permeate flow in a 
membrane stage. An analysis method based on the local ther- 
modynamic efficiency of permeation is presented by Xu and 
Agrawal (1996a) to identify situations where this concept can 
be applied. In such cases, any suitable membrane stage of an 
n-compressor cascade can be easily modified to incorporate 
intermediate permeate compressions. 

It is worth mentioning that in an n- 
compressor cascade, all the membrane stages may not con- 
tain the same membrane elements. Depending on the avail- 
ability, different membrane stages could use membrane ele- 
ments with different preselective properties to achieve a bet- 
ter overall solution. 

In the derivation of n-com- 
pressor cascades with n 1 1, it has been assumed that all the 
feed is available as one feed stream either at high pressure or 
at low pressure. If a feed is available at two pressure levels, 
then the corresponding substructures can be easily derived by 
having both the low- and high-pressure feed streams in the 
parent cascade, as shown in Figure 10. If feed streams are 
available at more than two pressure levels, then if a recycle 
compressor is a multistage compressor, one may be able to 
feed these streams in different stages of the recycle compres- 
sor. The same concept may be applied to cases where a per- 
meate stream is to be mixed with the low-pressure feed and 
then compressed for feeding to the next membrane stage (e.g., 
cases 1, 6, and 7 and Figure ll), but their pressures do not 
match; in this case the permeate and the low-pressure feed 
streams may be fed to different stages of a compressor. 

Feeds of Different Compositions. When multiple feed 
streams of different compositions are available, then a parent 
cascade can be easily modified by feeding each feed stream 
to an appropriate membrane stage. For binary feeds, the 
composition of the feed stream should generally match that 
of the stream with which it is being mixed. Thus a parent 
cascade can be modified to incorporate multiple feed streams 
of varying compositions and pressures to yield the desired 
n-compressor substructures. 

Multiple Product Streams. In all of the n-compressor cas- 
cades derived in this article, there is only one permeate and 
one nonpermeate product stream. However, if needed, the 
ability to produce more than one permeate or nonpermeate 
product streams can be incorporated. This can be done in 
several ways. In the first method, no modification to the par- 
ent cascade is made and a derived n-compressor cascade 
producing one permeate and one nonpermeate product 
stream is taken as the starting point. This n-compressor cas- 
cade is then modified to produce an additional product stream 
that is either a portion or all of a suitable recycle stream 
from an appropriate membrane stage to yield a cascade with 
multiple permeate product streams. For example, cascade 
HP2-12-3a (Figure 9c) can be modified to produce two addi- 
tional permeate product streams by taking a portion of the 
permeate stream from membrane stage S3 or by taking a por- 
tion or all of the permeate stream from stage 52 as product 
streams. The case where all of the permeate stream from 
membrane S2 is taken as a product stream, along with the 

Membrane Elements. 

Feeds at Multipie Pressures. 
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permeate product stream from stage S1, leads to a mem- 
brane cascade that was originally studied by Spillman (1989) 
for treating natural gas. Similarly, from cascade HP2-12-3a, 
additional nonpermeate product streams can be produced by 
taking a portion of the nonpermeate stream from stage S1 or 
a portion or all of the nonpermeate stream from stage S2 as 
product streams. It is worthwhile mentioning that there is al- 
ways the possibility of producing additional product streams 
from an intermediate location of any membrane stage. Thus, 
from an intermediate location of the membrane stages S1, 
S2, or S3, a permeate or a nonpermeate product stream can 
be produced by dividing the membrane stage into two sub- 
stages. 

Probably the easiest way to draw cascades with multiple 
product streams is to incorporate this possibility in the parent 
cascade structure. Unsymmetric parent cascades, such as the 
one described in Figures 8a, 9a, lob and lOc, have some of 
this possibility already built in. In Figure 8a, a portion or all 
of the permeate stream from membrane stage En - can be 
recovered as an additional product stream; the same is true 
for the recovery of a nonpermeate stream from stage S, - in 
Figure 9a. In order to create more possibilities, some addi- 
tional modification to the structure of a parent cascade may 
be needed. One modification would be to add the possibility 
that a portion or all of the permeate stream from a mem- 
brane stage can be collected as additional product stream. 
This possibility would be in addition to the one that the per- 
meate stream from this membrane stage can either be com- 
pressed and recycled to the high-pressure side of the suc- 
ceeding pth membrane stage or fed as low-pressure sweep 
stream to the next membrane stage. Similarly, the possibility 
of producing a portion of the nonpermeate product stream 
from a membrane stage can be added to the feeding of this 
nonpermeate stream to the previous qth membrane stage. In 
some cases, the possibility exists of producing from certain 
membrane stages all the nonpermeate stream rather than a 
portion of this stream as an additional product stream. 

Note that a possibility for de- 
riving n-compressor cascades that has not been discussed in 
detail in this article is to not recycle all the permeate from a 
membrane stage to the high-pressure side of the succeeding 
pth membrane stage, but to do so with only a portion of the 
permeate stream, and to send the rest of the permeate stream 
to the low-pressure side of the next membrane stage as sweep. 
If needed, this possibility can be easily included in any parent 
cascade or in an n-compressor cascade already derived ac- 
cording to the procedure outlined in this article. For exam- 
ple, in cascade HP1-11-3a (Figure 3) a portion of the perme- 
ate stream from membrane stage S3 could be sent as sweep 
to the low-pressure side of membrane stage S2. 

Splitting of Permeate Flows. 

Conclusion 
A systematic procedure has been introduced to draw n- 

compressor cascades with n 2 1 for gas separation. The pro- 
cedure starts with the selection of a known membrane cas- 

membrane stage to the immediately preceding membrane 
stage. For a high-pressure feed that can be fed directly to the 
high-pressure side of a membrane stage, no further modifica- 
tion is needed and one obtains a parent cascade. However, 
for a low-pressure feed case, where the feed stream must be 
compressed prior to feeding it to the high-pressure side of a 
membrane stage, it is added to the low-pressure side of a 
membrane stage to yield the corresponding parent cascade 
structure. 

The structure of a parent cascade contains various n-com- 
pressor cascades as substructures. These substructures are 
derived by eliminating unwanted membrane stages and recy- 
cle compressors. For a given number of compressors, gener- 
ally more than one substructure exists. This array of n-com- 
pressor cascades can then be analyzed for a given applica- 
tion. The process of eliminating the unwanted membrane 
stages and recycle compressors while retaining the required 
ones to yield all possible substructures is illustrated for one- 
and two-compressor cases. This is done for both high-pres- 
sure and low-pressure feed cases. 

Low-pressure feed situations present many more optional 
configurations than do high-pressure feed cases. This results 
primarily from the manner in which the low-pressure feed 
stream and the permeate stream from a membrane stage can 
be mixed; nine different cases are identified for this purpose. 
Since all the high-pressure feed cascades can be treated as 
low-pressure feed cascades with a feed compressor, the 
high-pressure feed cascades can be derived from parent cas- 
cades for low-pressure feeds. 

The proposed method yields an array of one- and two- 
compressor cascades for both high-pressure and low-pressure 
feed cases. It not only gives all the known cascades in the 
literature but provides a large number of new cascade 
schemes. These new cascades present many new options for 
any particular separation task. This increases the likelihood 
of finding an economically viable membrane cascade for gas 
separation. 

Literature Cited 
Agrawal, R., and J. Xu, “Gas Separation Membrane Cascades: 11. 

Two-Compressor Cascades,” J .  Memb. Sci., 112(2), 129 (1996). 
Benedict, M., T. H. Pigford, and H. W. Levi, Nuclear Chemical Engi- 

neering, Chap. 12, McGraw-Hill, New York, p. 627 (1981). 
Bhide, B. D., and S. A. Stern, “A New Evaluation of Membrane 

Processes for the Oxygen-Enrichment of Air. I. Identification of 
Optimum Operating Conditions and Process Configuration ,” J. 
Memb. Sci., 62, 13 (1991). 

Bozhenko, E. I., and S. V. Bozhenko, “Computer Optimization of a 
Membrane Device Producing N, of 98% Purity for Preserving Mu- 
seum Relics in the Hermitage,” Gas Sep. Purif., Nl), 31 (1995). 

Brigoli, B., “Cascade Theory,” Uranium Enrichment, S. Vilani, ed., 
Chap. 2, Springer-Verlag, Berlin/Heidelberg, p. 13 (1979). 

Gottschlich, D. E., D. L. Roberts, J. G. Wijmans, C. M. Bell, and R. 
W. Baker, “Economic Comparison of Several Membrane Configu- 
rations for H,/N, Separation,” Gas Sep. Purif., 3, 170 (1989). 

Gottzmann, C. F., R. Prasad, and H. Fay, “Multiple Purity Mem- 
brane Process,” European Patent Application No. 93116102.0 
(1994). 

cade with certain values of the cascade parameters p and q. 
This cascade is then modified by adding the possibility of 
sending the permeate from One membrane stage to 
the next membrane stage. Similarly, for cases Where 4 > 1, an 
option is added of sending the nonpermeate stream from one 

Ho, W. S. W., and K. K. Sirkar, eds., Membrane Handbook, Van 

Hwang, S. T., and K. Kammermeyer, “Operating Lines in Cascade 
Separation of Binary Mixtures,” Can J .  Chem. Eng., 43, 36 (1965). 

Iwata, K., and H. Tamura, ”A Gas Separation Method,” Japanese 
Patent Application No. 62-74433 (1987). 

Reinhold, New (1992), 

AIChE Journal August 1996 Vol. 42, No. 8 2153 



King, C. J., Separation Processes, 2nd ed., McGraw-Hill, New York, 
166 (1980). 

Koros, W. J., and G. K. Fleming, “Membrane-Based Gas Separation,” 
J. Memb. Sci., 83, 1 (1993). 

Languntsov, N. I., E. B. Gruzdev, E. V. Kosykh, and V. Y. 
Kozhevnickov, “The Use of Recycle Permeator Systems for Gas 
Mixture Separation,” J. Memb. Sci., 67, 15 (1992). 

Matson, S. L., J. Lopez, and J. A. Quinn, “Separation of Gases with 
Synthetic Membranes,” Chem. Eng. Sci., 38(4), 503 (1983). 

Matson, S. L., W. J. Ward, S. G. Kimura, and W. R. Browall, “Mem- 
brane Oxygen Enrichment 11. Economic Assessment,” J .  Memb. 
Sci., 29, 79 (1986). 

McCandless, F. P., “A Comparison of Some Recycle Permeators for 
Gas Separations,” J .  Memb. Sci., 24, 15 (1985). 

Nikolaev, N. I., I. S. Knyazev, N. I. Laguntsov, and G. A. Sula- 
beridze, “Calculation of Unsymmetrical Cascades from Elements 
of the Membrane Type,” Theor. Found. Chem. Eng., 1401, 26 
(1980). 

Ohno, M., T. Morisue, 0. Ozaki, and T. Miyauchi, “Comparison of 
Gas Membrane Separation Cascades Using Conventional Separa- 
tion Cell and Two-Unit Separation Cells,” J .  Nucl. Sci. Technol., 
15(5), 376 (1978a). 

Ohno, M., H. Heki, 0. Ozaki, and T. Miyauchi, “Radioactive Rare 
Gas Separation Performance of a Two-Unit Series-Type Separa- 
tion Cell,” J .  Nuclear Sci. Technol., 15(9), 668 (1978b). 

Pettersen, T., and K. M. Lien, “Insights into the Design of Optimal 
Separation Systems Using Membrane Permeators,” Comput. Chem. 
Eng., 18 Suppl., S319 (1994). 

Prasad, R., “Three-Stage Membrane Gas Separation Process and 
System,” U.S. Patent 5,102,432 (1992). 

Prasad, R., “Membrane Oxygen Process and System,” U.S. Patent 
5,185,014 (1993). 

Prasad, R., “Membrane Process for the Production of High Purity 
Nitrogen,” European Patent Application No. 93120535.5 (1994). 

Prasad, R., and D. R. Thompson, “Advanced Membrane Process for 
High-Purity N2 ,” Proc. Separation Division Topical Conference on 
Separation Technologies: New Developments and Opportunities, 
AIChE Ann. Meet., Miami, p. 855, preprint (1992). 

Pratt, H. R. C., Countercurrent Separation Processes, Chap. 11, Else- 
vier, New York, p. 28 (1967). 

Robeson, L. M., “Correlation of Separation Factor versus Permeabil- 
ity for Polymeric Membranes,” J. Memb. Sci., 62, 165 (1991). 

Spillman, R. W., “Economics of Gas Separation Membranes,” Chem. 
Eng. Prog., 85(1), 41 (1989). 

Thompson, D. R., “Multistage Membrane Control System and 
Process,” U.S. Patent No. 5,281,253 (1994). 

Xu, J., “Compressed Permeate Sweep Membrane Separation 
Process,” U.S. Patent 5,252,219 (1993). 

Xu, J., “High-pressure Feed Membrane Separation Process,” U.S. 
Patent 5,282,969 (1994a). 

Xu, J., “Low-Pressure Feed Membrane Separation Process,” US. 
Patent 5,306,427 (1994b). 

Xu, J., and R. Agrawal, “Membrane Separation Process Analysis and 
Design Based on Thermodynamic Efficiency of Permeation,” Chem. 
Eng. Sci., 51(3), 365 (1996a). 

Xu, J., and R. Agrawal, “Gas Separation Membrane Cascades I. 
One-Compressor Cascades with Minimal Energy Losses Due to 
Mixing,” J .  Memb. Sci., 112(2), 115 (1996b). 

Manuscript received Sepf. 5, 1995, and revision received Noo. 27, 1995. 

2154 August 1996 Vol. 42, No. 8 AIChE Journal 


