Ternary Gas Mixture Separation
in Two-Membrane Permeators

Single-stage separation of ternary gas mixtures of He, CO,, and N, in
a hollow-fiber permeator that simultaneously houses two different types
of membranes, cellulose acetate and silicone rubber, was investigated.
The two membranes have reverse selectivities with respect to He and
CO,. Such a two-membrane permeator separates the feed into three
streams, two permeates and one reject, each stream being enriched in
a different component. The species permeabilities through each mem-
brane were measured independently, and these values were utilized in a
simulation that incorporates the fiber lumen pressure drops, the elastic
deformation of the silicone capillaries, and the asymmetric structure of
the CA membrane. Simulation results are compared with experimental
data. Effects of flow pattern, relative permeation areas of the two mem-
branes, permeate pressure ratios, feed composition, and membrane
selectivities are studied. Advantages of the two-membrane scheme
over the conventional permeators with only one kind of membrane are
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discussed.

Introduction

Membrane gas separation has become a technology of consid-
erable interest over the last two decades. The process works on
the principle of selective permeation through a membrane. Con-
ventionally, the separation is achieved by a membrane in a per-
meator where the faster permeating component is separated
from the slower permeating component. Consequently, such
permeators can achieve only binary separations. In many pro-
cesses, however, gas mixtures have more than two components,
and separate recoveries of two of the faster components may be
desirable in some situations. The concept of two-membrane per-
meators has been suggested for such cases (Sirkar, 1980).

Figure 1 represents schematically one such permeator. Here
the permeator houses two different types of membranes, 4 and
B. A ternary feed containing three species, 1, 2, and 3 is intro-
duced to this permeator such that the feed is exposed simulta-
neously to the two membranes. Let the species-membrane
combination be such that membrane A is more selective to com-
ponent 1 than the other two species, and membrane B is more
selective to component 2 than the other two species. In this sepa-
ration scheme one can therefore recover two separate permeate
streams, one enriched in species 1, the other enriched in species
2. At the same time, the unpermeated (reject) stream will be
enriched in species 3, the slowest permeating species. A single
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module can thus bring about a ternary separation. The primary
requirement in such a separation scheme is that the two mem-
branes 4 and B must have so-called reverse selectivities. This
means that component 1 must be more permeable than compo-
nent 2 through membrane A, while 2 must be more permeable
than 1 through B.

The two-membrane permeator for gas separation was first
introduced by Kimura et al. (1973) and Ohno et al. (1977).
These workers and others (Stern et al., 1984; Perrin and Stern,
1985a, b) have investigated such schemes for binary separation.
Sirkar (1980) studied the concept theoretically under simplify-
ing conditions for ternary separations and showed its advan-
tages. Sengupta and Sirkar (1984) numerically modeled ternary
separation in two-membrane permeation separation schemes for
the case of homogeneous membranes, and carried out a para-
metric analysis under the situation of no pressure drop in the
bulk flow directions.

The purpose of the present investigation is to study ternary
gas separation in two-membrane permeators experimentally,
and to make a comprehensive and realistic simulation of the sep-
aration process. Selection of a gas mixture for study was one of
the very first steps. Table 1 lists some relevant multicomponent
gas mixtures of interest. An inspection of the list suggests that a
mixture of H,—CQO,—N, may best represent the scope of this
kind of separation scheme, the objective of separation being sep-
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Figure 1. Two-membrane permeator configuration.

arate recovery/enrichment of H, and CO,. Although many of
the mixtures shown contain CO, it can be considered to be the
same as N,, since N, and CO have very similar permeation
properties through most polymeric membranes. Besides, in ac-
tual experiments H, was replaced by He for safety reasons.
These two gases usually have similar permeabilities. A composi-
tion range of 30-50% He, 10-15% CO,, and balance N, was
considered suitable for investigation.

Selection of a pair of membranes was the next step. One is
necessarily restricted here by the availability of membranes.
About the only two available polymeric membranes that satis-
fied the criterion of reverse selectivity were cellulose acetate
(CA) hollow fibers and silicone (S) rubber capillaries. CA,
which is a glassy polymer, is more permeable to He than it is to
CO,, and the hollow fiber has a dense skin on the outside sup-
ported by an integral microporous backing (Pan, 1983). Silicone
rubber, on the other hand, is more selective to CO, than it is to
He, and the capillaries are homogeneous and isotropic (Blaisdell
and Kammermeyer, 1973; Thorman and Hwang, 1978; Stern et
al.,, 1977).

The above two membranes were potted together inside a shell
with the ends separated from each other to individually collect
each permeate. In the separation experiments the two following
gas compositions were used: 48.6% He-10.1% CO,~balance N,,
and 31.6% He-13.7% CO,-balance N,. The permeates were
withdrawn at atmospheric pressure. In most of the experiments
the feed pressure was chosen such that the permeate/feed pres-
sure ratios at the permeate outlets were 0.2. Some experiments
were carried out at higher feed pressure with the permeate pres-
sure ratios equal to 0.1, but the silicone rubber capillaries were
severely compressed at this pressure, and separations were dras-
tically reduced.

The pure-component permeability of each species through
each membrane was measured experimentally. These values

Table 1. Some Important Multicomponent Gas Mixtures

Reformed natural gas H,—CO,—CO—
CH,—N,

Producer gas H,—C0O,—CO—N,

Reformer off-gas H,—C0O—CO,

High-sulphur sour natural gas CH,—CO,—H.S

H,— CO—CO,—N,
H,- N, CH,Ar
He—CH,—N,
He—O,—N,

Post-shift reactor gas

Ammonia purge stream

Natural gas containing He and N,
Deep sea diving gas

were subsequently used in simulations. The model developed for
the simulation incorporated the pressure buildups inside the
fiber lumens, and the elastic deformation of the silicone rubber
capillaries under pressure (Stern et al., 1977). The CA fibers
were supposedly asymmetric in structure (Pan, 1983). The
effect of choosing the right model for this structural asymmetry
has been studied. Simulation and experimental results have
been compared under various parametric conditions. The effect
of different flow patterns, membrane area ratio, permeate
pressure ratio, and membrane selectivity on the permeator per-
formance have been discussed. The advantages of the two-mem-
brane scheme over a single-membrane permeator are also con-
sidered.

Experimental Procedures

The silicone rubber capillaries used were Silastic medical
grade tubing made by Dow Corning Corp., Midiand, MI. The
gas-separating CA fibers were not available directly, however.
For this reason, some CA fibers from a Dow reverse-osmosis
module (Module No. 96-05, Permutit Co., Paramus, NJ) were
solvent-treated and dried as suggested by MacDonald and Pan
(1974). Details of the actual method employed are given by Sen-
gupta (1985). After the two sets of fibers were available, they
were potted inside a red brass pipe of 2.13 ¢cm OD and 1.59 cm
ID. The potting arrangement is shown in Figure 2; the potting
process is described thoroughly by Sengupta (1985). Two such
permeators were built; the details are provided in Table 2. The
potting consisted of one thick epoxy layer sandwiched between
two thin layers of silicone rubber. The feed was introduced to
and taken out from the shell as shown in Figure 2. The two per-
meate streams were withdrawn separately from the two perme-
ate headers. By reversing feed in/out directions, one could have
either a cocurrent or countercurrent flow pattern vis-a-vis feed
and permeates. These were the only two important flow patterns
that were utilized in the hollow-fiber permeators. The permeate
pressure buildup in the closed ends of the two types of fibers was
indicated by the two pressure gauges (Matheson Co., East
Rutherford, NJ) on one side of the permeator, Figure 2.

s-
PERMEATE FEED IN
PERMEATE
HEADER!
. ), W
| I
X B ) W, 7
PERMEATE \ \
CA FIBERS SILICONE
CAPILLARIES

Figure 2. Potting and fiber arrangements in two-membrane permeator.
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Table 2. The Permeators

Permeator
No. 1 No. 2
Total no. CA fibers 112 56
Total no. S capillaries 57 57
Eff. permeation length, m 0.50165 0.51435
Total CA membrane permeation 406 208
area, cm?>
Total S membrane permeation 404 414.5
area, cm?
Potted length CA membrane, m 0.092 0.090
Potted length S membrane, m 0.091 0.088
Fiber dimensions, um iD OD
CA 84 230
S* 305 635

*Values in unstressed condition; Young’s modulus for silicone rubber = 3.088 x
10° Pa (448 psi)

Permeation and separation experiments were carried out in
the setup represented schematically in Figure 3. All the flow
lines were 0.635 cm (Y in.) in size. The permeator was
immersed in a constant-temperature circulating bath. A feed of
known composition was introduced at a controlled flow rate into
the permeator shell. The feed pressure was adjusted by a back-
pressure regulator on the reject line. The feed could be obtained
from a single ternary gas mixture cylinder. Alternatively, the
composition could be made up by mixing two gas streams (pure
gases or mixtures) using two modular Dyna Blenders (Mathe-
son, model 8250). The feed line consisted of a flow transducer, a
flow controller, a gate valve, an oil-moisture trap, and a particu-
late solids filter. Each of the three outlet lines from the permea-
tor had a pressure gauge (Matheson), a flow transducer
(Matheson, model 8141), a back-pressure regulator (Fairchild
Co., Salem, NC), and a check valve (C-series, Nupro Co., Wil-
loughby, OH). Using two four-way switching valves (Whitey

PG

CONSTANT TEMPERATURE
%ﬁ _BATHN

Co., Highland Heights, OH), the required sample was directed
to a Varian 1420 gas chromatograph with a CTR column (All-
tech Associates, Deerfield, 11) and a thermal conductivity detec-
tor connected to a strip chart recorder.

In pure-component permeation experiments, a feed of the
pure gas under consideration was fed to the permeator; the
reject line outlet from the permeator was plugged just after the
pressure gauge. Only the flow rates of the two permeate streams
were measured. A separation experiment, however, involved
measuring the flow rates and determining the compositions of
the two permeates and the reject. The flow rate, the composi-
tion, and the pressure of the feed were known, and so were the
permeate outlet pressures. One could vary the feed flow rate,
keeping the feed composition and the feed pressure constant, to
generate a series of separation data. The process was repeated
for different values of feed pressure and/or feed composition. In
all the experiments, the permeate pressures at the closed fiber
ends were recorded.

Simulation

A number of analyses and simulations are available for sin-
gle-membrane hollow-fiber permeators with binary systems.
Chern et al. (1985) have carried out a rather comprehensive
modeling of hollow-fiber permeators. Some of the relevant ear-
lier analyses were done by Antonson et al. (1977), Pan and Hab-
good (1978), Stern et al. (1977), and Thorman and Hwang
(1978). Perrin and Stern (1985a, b) have considered two-mem-
brane permeators for binary separations, and Sengupta and Sir-
kar (1984) carried out a parametric analysis for ternary separa-
tion.

Some of the important points for the present analysis are as
follows:

® There are three flow streams at any cross section of the per-
meator. Each of these streams is a ternary mixture; thus the con-
centrations of at least two components need to be specified in
order to identify the mixture composition.
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Figure 3. Experimental setup.
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e The flow rate, the composition, and the pressure of each
stream is likely to change along the length of the permeator.

e The feed/permeate flow pattern inside the permeator is
important in the theoretical formulation.

One has also to consider the effect of the membrane structure
and the elastic deformation of the fibers, if any.

The basic assumptions in the present modeling are:

1. The feed (shell) side of the permeator has no pressure
drop.

2. End effects inside the permeator are negligible.

3. There is negligible gas phase mass transfer resistance in
the direction of permeation, and no axial dispersion in the bulk
flow directions.

4. The permeability of a species does not change appreciably
with its partial pressure, or because of the presence of other spe-
cies, under the experimental conditions.

5. Poiseuille flow can be assumed inside the CA fibers.

6. CA fibers act as rigid capillaries with no deformation.

7. The deformation of the silicone rubber capillaries can be
modeled on the basis of large deflection analysis of thick-walled
isotropic incompressible elastic tubes as developed by Stern et
al. (1977).

8. The viscosity of a gas mixture is independent of the partial
pressure of the species, but depends on the composition of the
mixture.

To formulate the balance equations, the permeator is repre-
sented in the form shown in Figure 4. This figure shows the
countercurrent flow pattern only. The situation will be almost
identical for cocurrent flow, with only a change in the flow
direction of the feed. As shown, x; and x, represent the local
mole fractions of components 1 and 2, respectively, in the feed
channel. Of the two subscripts in the permeate mole fraction,
represented by y;;, the first designates the membrane number,
and the second the species number. The permeability coefficient
Q;; similarly has two subscripts. For other symbols, refer to the
Notation.

Assuming for the time being that the CA fibers are asymmet-
ric, with the active skin on the outside, a differential material
balance on component j in the CA permeate (assumed to be per-
meate stream number 1) yields

d(VlyIj) = 7I'DOCAleTCA(Q/d)lj(Pij - plyllj) €))]
The term (Q/d), called here the specific permeability, is used

in Eq. 1 since the effective membrane thickness, d, is not known
for asymmetric membranes (Stern et al., 1974; Sirkar, 1977,
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Figure 4. Material balance in two-membrane permeator.
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Pan et al., 1978). Also, as Pan (1983) showed, the quantity yj;,
the permeate mole fraction based on cross flow, should be used
for an asymmetric membrane instead of y;;, the bulk permeate
mole fraction.

In dimensionless form, Eq. 1 can be written as

d(Vf,Vu)/dl* = Kclj(xj - ‘Ylyllj)v =123 (2)

where
I* =i, 3)
V¥=VJ/L, i=1,2 4
Yi=pifPp =12 (%)

G; = (Q/d); /[ (Q/d),-,] (6)

¥

J

i

2 3
K= WDOCAleNTCA[
=1 j=1

(Q/d)ij:i Pr/L, €]

One can write Eq. 2 for j = 1, 2, and 3, and add up to get
dVT/dl* = K(B, — 1 E) (8)
where
By = Cyyx; + Cpx; + Ciyx; = G
+ (Cy — Ci3)x; + (Cyy — Ci3)x, (9)
E =Gy + Cipiz + Ciayis = Cis
+ (Cyy — Gy + (Cp — Cy)yy, (10)

The quantities y}; and yj, are obtained from the following
expression (Sengupta and Sirkar, 1984):
iy =Wty )/di*1/@vi/di*), j=1,2  (11)

The material balance in the permeate through the silicone
rubber membrane (membrane 2) is somewhat different since
the dimensions of the silicone rubber capillaries change upon the
application of external pressure. It can be shown that a material
balance on component j in permeate 2 is (Sengupta, 1985):

d(szlj) = gWDlmsleTs(Q/d)zj[Pij - Pz,Vz,‘] (12)

where
g =1In(ro/r)/In (Ro/Ry) (13)
and
Dys = 2(ro — r)/In (ro/r;) (14)

The silicone rubber capillaries are homogeneous, and unlike
the CA fibers, one need not use the specific permeability here.
However, the term (Q/d) is still used in Eq. 12 for the sake of
uniformity. The quantity 4 here is known, however, and is equal
to (ro — ry), i.e., the capillary thickness in unstressed condition.
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Note also that y,;, and not y};, is used on the righthand side of
Eq. 12 since silicone rubber is homogeneous.
Let us now define a new quantity, R, as:

R4 = (D5 Nrsl,) [ (mDocalNrcall)
or, R4 = DinsNrs/(DocaN1ca) (15)
The quantity R, is the ratio of the total effective permeation
area of the silicone rubber capillaries to that of the CA hollow
fibers. It is an important parameter in the analysis of a two-
membrane permeator. Note that the effective length of each
kind of fiber is the same. Equation 12 is made dimensionless by
using Egs. 3-7 and Eq. 15:
d(VZ*ij)/dl* = gRAKCZJ(xj - ‘)’2)721'), j=123 (16)
Writing Eq. 16 for j = 1, 2, and 3, and adding up, one gets
dvy/dl* = gRK(B; — 1, E») (17)

where

B, = Cuxy + Cyxy + Cyyxy = Gy
+ (Cu — C)x; + (Cyy — Cyy)x, (18)

Ey = Cuyn + Cpyn + Cyuyy = G
+ (Cy — C)ya + (Cpy — Cr)yn (19)

From a material balance on component j on the feed side,

d(L*x;)/dI* = d(Viyy/di* + d(V¥yy)/di*
= KClj(xj - ’Yly'u) + gRAKCZj(xj - 'Yz,Vz;')

Jj=1,2,3 (20)
where
L* = L/L, @n
Substituting j = 1, 2, and 3 in Eq. 20, and adding up,
dL*/dl* = K(B, — v,E)) + gR4K(B, — v:E;) (22)
Using the following two identities
dx;/dl* = [d(L*x;)/dl* — x;(dL*/dI*)]/L*  (23)
dyy/dI* = [d(Vp,)[dI* — y,(dVE[dIN]/VE  (24)

the following equations can be developed from Egs. 2, 8, 16, 17,
20, and 22:

dx/dl* = K[x,(C,y — B)) — ni(Cpyy — x,E)
+ gRux(Cy, — By) — gRv(Cuyn — X, ER)]/L*  (25)

dx,/dl* = K[x,(C), — B)) — Y{Cp¥2 — X2 E1)
+ gR4x1(Cyy — By) — gR:(Couym — X, Ex)]/L*  (26)

dyy,/di* = K[Cyyx; — ynB, — Y Cryii — ynEx)]/V;.= (27)
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dyin/dl* = K[Cipx; — y12By — vi(Coyiy — v ED/VE  (28)
dyy/dl* = gRK[Cy %) — yuB,

~ Y2yalCu — Ez)]/Vik (29)
dyy/dl* = gR,K[Cyx, — ynB,

= Y2yu(Cy — Ez)]/V; (30)

The pressure ratios 7, and +, are also functions of fiber
length. The derivative of v, (the CA side) can be obtained fol-
lowing Pan and Habgood (1978) and Pan (1983):

dy,/dl* = —Kc VT (31)

where
Kea=128 HCARngzL//(WD:CANTCAP}) (32)
The derivative of v, is much more complicated owing to the fact
that the capillary radii change upon pressurization. Utilizing the

developments by Thorman and Hwang (1978) it can be shown
that

dv, Ay v
el AL NI M
I ()\2 + 8.0} K¢, .
+ ! (33)
Ks, V?/’Yz - (1/8 st)(Yz/Vf)
where
Ksy = RyTusl,L;/(x R} NysP}) (34)
and
Ks, = LjMw,avg/(GWleﬂsNTs) (35)

The gas mixture viscosities pc4 and pg in Egs. 31 and 33 are
functions of composition, and are evaluated using models
described in section 9-5 of Reid et al. (1977). The details are
given in Sengupta (1985).

The terms A, and A, used in Eq. 33 are given as (Thorman and
Hwang, 1978):

A = 8(—1.0 — 0.75 Re,, + 0.0407 Re?) (36)
A = 1.0 — 0.056 Re, + 0.0154 Re2) (37)

where Re,, the local wall Reynolds number for permeation can
be shown in this case to be (Sengupta, 1985):

Re, = L/[V;(Mwl - Mws)dJ"zl/dl*
+ Vi(M., — Ma)dyy/dl*
+ Mw.avng;/dl*]/(z"rle“l'SNTS) (38)

The term M, ,,, used in Eqs. 35 and 38 is given by

3
Mw,avg = Zijij (39)
j=1
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For the countercurrent flow pattern, one has to solve a set of
eleven differential equations, i.e., Egs. 8, 17, 22, 25--31, and 33,
involving six compositions: x;, X5, Y11, Y12, Va1, V22, three flow
rates: V¥, V¥, and L*; and two pressure ratios: y;, v,. Thisis a
split boundary value problem, and the equations are solved sub-
ject to the boundary conditions:

at I*=-0, V=0, V¥=0
Yi=yy(vex); i=1,2 j=12 (40)
at * =1, L*=1; x;=Xp5 X3=Xp;
= (v + ZKCAVrIpCA/Ie)I/Z;
¥2 = (vh + 16Ky Vflps/le)lﬂ; (41)

Here v,, and +,, are open-end permeate pressure ratios:

Yor = PoCA/P/', Yo2 = Pos/P/ (42)

To calculate some of the constants in the above set of equations,
one needs to know the actual dimensions (upon deformation) of
the silicone rubber capillaries, R, and Ry, at each location in the
permeator. This is done by carrying out a deformation analysis
following Stern et al. (1977). From known capillary dimensions
in unstressed condition (ry and r;) one can calculate Ryand R, at
any location inside the permeator for given values of pressures
inside and outside the capillary, if the Young’s modulus for sili-
cone rubber is known (Sengupta, 1985).

Some of the key steps in the solution process are highlighted
below.

1. Supply the permeator constants, i.e., Dycq, Docas 15 Y05 Les
Nrcas Nes, e Ls, and T.

2. Supply the system parameters, i.e., (Q/d); —s, pure-com-
ponent viscosities, species molecular weights, Young’s modulus
for silicone rubber, etc.

3. Supply the values of the operating variables, i.e., L;, Py,
Pocas Pos» feed compositions x;, and x;,.

4. Calculate Dy,,g, C;; —5, K, Ry, Yo1s Yor-

5. Solve the system of differential equations. As part of this
process, one has to compute in each step the following quanti-
ties:

a. R, Ry, and g; from a deformation analysis

b. peqand pg

€. M, 4 Rey, N, Ng, Key, Ky, and K,

All numerical calculations were carried out on a DEC 10
mainframe computer. Standard IMSL subroutines were used
whenever possible. To extract the species permeability values
from the data of pure-component permeation experiments, a
parameter estimation technique (Lee, 1968) was employed. The
details are given in Sengupta (1985). To solve the actual boun-
dary value problem, IMSL routine DVCPR, which is based on a
finite-difference algorithm, was used. Initial estimates of the
values of the variables had to be generated for this process. This
was down by solving the given differential equations assuming
cocurrent flow and no pressure drop (an initial value problem).

Once the system of equations are solved subject to the pre-
scribed tolerance, results are obtained in terms of the following
quantities:

1. The values of x, and x, at /* = 0. These indicate the com-
position in the reject stream.

2. The values of V¥ and V¥ at [* = 1. These give the stage
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permeate cuts. There are two permeate cuts here, 0., and 0,
defined as
bca=VH@atl*=1);, bs=VF@tl*=1) (43)

3. The values of y;;, V12, Va1, and y,; at [* = 1. These indicate
the permeate compositions at the permeate outlets.

4. The values of <, and v, at [* = 0. These indicate the
extents of permeate pressure buildups at the closed ends of the
two permeate streams.

After these values are calculated, they can be compared
directly with the corresponding experimental results.

So far we have discussed only the countercurrent flow pat-
tern. For cocurrent flow the basic analysis remains essentially
the same. However, one can express L* here in terms of V¥ and
V¥ through the material balance:

L* =1Vt -V} (44)

Therefore one deals with a system of ten differential equations.
The boundary conditions are altered accordingly.

Results and Discussion

In this section the pure-component permeability data are pre-
sented first. The separation results in terms of both experiments
and simulation are considered next. The effect of a few impor-
tant parameters on ternary separation in the two-membrane
configuration are explored. Some of the results shown here are
derived from both experiment and simulation. However, in situ-
ations where experimental data are not available, or where it
was not feasible to carry out experiments, only the simulation
results are presented.

Experimentally obtained specific permeabilities of He, CO,,
and N, are plotted in Figures S and 6, for CA and silicone rub-
ber membrane, respectively, against the feed pressure of the
pure species considered. The plots indicate that the specific per-
meabilities of the three species are practically constant, for each
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Figure 5. Specific permeabilities through CA membrane.
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Figure 6. Specific permeabilities through silicone mem-
brane.

of the two membranes, over the pressure range studied. In subse-
quent simulations an average specific permeability value is uti-
lized for each species-membrane combination (a total of six).
The N, permeability through silicone rubber as reported here is
very close to that reported by Stern et al. {1977), and the select-
ivities (the ratio of the permeabilities of any two species) are
similar to those determined by Robb (1965). For CA membrane
also, the selectivities are in the expected range (as given in Sen-
gupta and Sirkar, 1984), and the actual specific permeability
values are similar to those reported in Perrin and Stern (1985b).
However, these values are about one order of magnitude lower
than those reported in, for example, Pan et al. (1978). This is
presumably because the membrane structure and the effective
membrane thickness in that study are different from those in the
present case.

Before the results for the two-membrane permeator are pre-
sented, some results on the separation through CA membrane
alone are shown in Figure 7. For a CA membrane permeator,
the separation data in terms of stage cut (defined as the fraction
of the feed taken out as permeate) and the reject and permeate
mole fraction of the most permeable species, helium, are com-
pared with the corresponding values predicted by the simula-
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Figure 7. Separation through CA membrane only, experi-
ment vs. simulation.
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tion. The simulation was done twice: once assuming that the CA
membrane is asymmetric in structure, and a second time assum-
ing that it is symmetric. The purpose of the above comparison is
twofold. First, the plot compares the experimental separation
data with the simulation (which uses the pure-component per-
meabilities shown already). Thus one can check whether the
pure-component permeabilities can be used directly in modeling
separations. Second, by comparing the predictions from an
asymmetric membrane model with those from a symmetric
membrane model, this plot indicates the effect of the model on
simulation results.

Figure 7 shows that the data and simulation results are suffi-
ciently close. Therefore, pure-component permeabilities can be
used in separation models. However, the differences between the
predictions from the two models are not large enough to let one
conclude unequivocally which model would better fit the data. It
can also be said that under the chosen experimental conditions
the choice of a model is not going to affect the results signifi-
cantly, and the basic behavior or performance of the CA mem-
brane as predicted from simulation will remain unaltered irre-
spective of the model utilized in simulation.

An aspect of general importance here is the pressure drop in
the lumen of the fibers. Such pressure drop data are shown in
Table 3 for pure-component permeation runs as well as separa-
tion runs. The tabulated data indicate that the lumen pressure
buildup is truly significant for CA hollow fibers, with the perme-
ate pressure inside the lumen varying in some cases by almost
50% from the closed end to the open end of the fiber. This is
since the inside diameter of the CA fibers is very small. The
need to include Eq. 31 in the model is thus demonstrated. It
should be noted that the simulation has predicted the AP — s
quite well, even though that particular comparison is not shown
here. The pressure drop in the silicone rubber capillaries, on the
other hand, is almost always insignificant, since their bores are

Table 3. Samples of Lumen Pressure Drop Data*

Pure-Component Permeation

Feed Permeation Max. Lumen
Press. Rate Press. Drop
Membrane Gas atm cm’/min atm
CA He 5.0 70.7 0.9
2.3 21.7 0.4
Co, 43 42.6 0.5
1.7 8.7 0.2
S He 5.0 12.6 0.0
23 4.5 0.0
CO, 43 104.6 0.03
1.7 253 0.0

Separation in Two-membrane Permeator

Max. Lumen Press.

Feed CA Permeate S Permeate Drop, atm
Press. Rate Rate
atm cm®/min cm’/min CA S
5.1 16.9 16.2 0.3 0.02
5.0 6.7 12.4 0.2 0.02
10.0 63.3 13.0 0.9 ok
99 24.1 11.3 0.5 **

*At the fiber open ends the pressure is always atmospheric
**Sjlicone capillaries collapse mechanically; their closed end pressure is beyond
the pressure gauge range (>60 psig, 420 kPa)
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much more open, and the total permeation rates are mostly low.
The mechanical deformation of the capillaries as computed by
the model is significant, however, even though not reported in
the table. Also, when operated at high feed pressures (v, ~ 0.1),
the table demonstrates complete mechanical collapse of the rub-
ber capillaries, resulting in pressure values at the closed capil-
lary ends that are too high.

Next we consider ternary separation in a two-membrane per-
meator. The experimental separation data for the cocurrent flow
pattern are compared with the simulation in Figure 8. Since
helium is the most permeable through CA, and CO, is the most
permeable through silicone, the mole fraction of He in CA per-
meate, Veqye 18 plotted against the CA permeate stage cut .,
while the mole fraction of CO, in the S permeate, ys co,, is plot-
ted against the S permeate stage cut §5. Besides, the mole frac-
tions of He and N, in the reject stream, x, . and x,n,, are also
plotted here against the stage cut 6., The quantity x,y, indi-
cates the extent to which helium is recovered from the feed,
while x, \, indicates the extent of purification of N,. As Figure 8
shows, the data and the simulation are sufficiently close except
at very high stage cut values. The model thus predicts the per-
meator performances over a wide range.

Figure 8 actually shows the results of two simulations, one
where the CA membrane is assumed to be asymmetric, and
another where it is assumed to be symmetric. The figure demon-
strates that the two models predict identical values over most of
the stage cut range, implying that the presence of a second mem-
brane (silicone) in the two-membrane permeator attenuates
substantially the effect of the model chosen for CA membrane
structure.

Two more observations can be made from Figure 8. Note first
that the yc y. vs. 6cq curve is practically flat for most of the
stage cut range. In single-membrane permeators, the permeate
mole fraction almost always decreases with increasing stage cut
(Blaisdell and Kammermeyer, 1973). In the present case, the
permeabilities of He and CO, through CA are not too different,
and so they compete with each other in permeation. However,
silicone membrane, which is comparatively much more selective
to CO, than CA is to He, takes out a substantial amount of CO,
from the feed. So the mole fraction of He in the feed channel
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Figure 8. Separation in two-membrane permeator, ex-
periment vs. simulation.
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decreases much less rapidly than usuval, a phenomenon that
translates itself into the almost constant value of y¢4 . On the
other hand, the ysco, vs. 05 curve is not flat because He—CO,
selectivity through CA is very low. The shapes of the curves for
X,ue and x,y, are as expected, indicating that with higher stage
cut the feed gets stripped of helium, and is more enriched in
N..

A second point to consider is the significant deviation of the
data from simulation at high stage cut values. This phenomenon
has been observed under all parametric conditions in the present
work. Tt is believed that the assumption of plug flow on the shell
side, and the assumption of negligible concentration gradients in
the gas phases, may not be valid for very low feed flow rate con-
ditions (necessary to attain high stage cuts in the present case, as
the permeation areas are constant). That is why the simulations
do not match well with the data at high stage cuts.

Figure 9 compares the performances of a two-membrane per-
meator operated in two different modes, cocurrent and counter-
current. Both simulation and data are presented. Although the
data and simulation do not match well for the quantity ygco, in
countercurrent mode, the simulations and other data indicate
that the permeator performs better in countercurrent mode than
in cocurrent mode. This should indeed be the case if one consid-
ers the two-membrane permeator to be equivalent to a combina-
tion of two single-membrane permeators integrated locally,
since for the latter, countercurrent flow is almost always better
(Walawender and Stern, 1972; Pan and Habgood, 1974; Anton-
son et al., 1977; Sengupta and Sirkar, 1984).

The effect of an important parameter, R,, the membrane
area ratio, is explored next in Figure 10, where the performance
of permeator no. 1 (R, ~ 1) is compared to that of permeator
no. 2 (R, ~ 2). As Table 2 shows, an increase in R, in this case
means a decrease in CA membrane area, with the silicone rub-
ber membrane area remaining same. Figure 10 indicates that an
increase in R, improves the enrichments (permeate mole frac-
tions) and recoveries (reject mole fractions). The explanation is
as follows. Since the permeabilities of He and CO, through CA
are similar, and since in the feed inlet He concentration is about
five times that of CO,, a decrease in CA area means that com-
paratively less CO, is allowed to come into the CA permeate. As
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PERMEATOR 2

th be

0.8
o
H
—
§ o8-
ad
g
.4
y.8 Tea
OPEN SYMBOLS © DATA T~
S LATin | CopuarenT R
CLOSED SYMBOLS : DATA
. SMtron ] COUNTERCURRENT
0.0 0.l 0.2 0.3 04

STAGE CUTS, 6.6

Figure 9. Effect of flow pattern in two-membrane perme-
ator.
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a result, the CO, mole fraction in the feed channel would be
higher, and this is magnified in the silicone permeate since sili-
cone rubber is much more selective to CO, than to He and N,

So far we have studied single-membrane and two-membrane
permeators separately. A comparison between these two under
identical conditions should be of interest also. For example, one
may compare the behavior of the CA membrane permeate and
the reject in a two-membrane permeator with the corresponding
behavior in a permeator containing only CA membrane. This
would in fact indicate the advantages of the two-membrane per-
meator, if any.

Since the two-membrane permeator contains membranes
with opposing selectivities, its performance is expected to be
influenced significantly by the feed composition. Consider two
cases. First, the ternary feed into the permeator contains a sub-
stantial quantity of the slowest permeating species, N,. In the
second case, the feed contains very little N,, but the relative con-
centrations of He and CO, on an N,-free basis are same in both
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Figure 11. Two-membrane permeator vs. CA membrane

permeator for feed with high N, content. Simu-
lation only.
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Figure 12. Two-membrane permeator vs. CA membrane
permeator for feed with low N, content. Simu-
lation only.

the cases. One can expect that the effect of the reverse selectivi-
ties will be attenuated by the presence of N,, and thus as one
goes from a high N, feed to a low N, feed (approaching a binary
system of He and CO,) the effects of the two-membrane config-
uration should be more pronounced.

Figures 11 and 12 compare a two-membrane permeator with
a CA membrane permeator for different inlet feed compositions.
The He to CO, molar ratio is same in both plots. For clarity,
only simulation results are presented here. Both figures indicate
that the two-membrane scheme yields richer permeate composi-
tion and more favorable reject composition (less He, more N;)
than the single-membrane separator. These facts demonstrate
the basic underlying advantages of the two-membrane scheme.
The plots also bear out the contention that as one approaches a
near-binary system of He—CQO,, as in Figure 12, these advan-
tages become more pronounced.

We return now to the study of parametric effects in a two-
membrane permeator. Figure 13 shows the effect of the feed
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Figure 13. Feed composition effect on two-membrane
permeator: experimental data.
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composition on the experimentally observed permeator perfor-
mance. Only a slight increase in the inlet CO, mole fraction in
the feed gives a much higher value of yg co,, Whereas a decrease
in the feed He mole fraction combined with the increase in CO,
mole fraction results in a drastic reduction in yc4 -

In the next plot, Figure 14, performances for two different
permeate pressure ratio values of vy, ~ 0.1 and v, ~ 0.2 are com-
pared. Only simulation results are shown since at the higher feed
pressure (v, ~ 0.1) the silicone rubber capillaries underwent
drastic compression, preventing the acquiring of any meaningful
experimental data. In general, a decrease in vy, always improves
the absolute values of the permeation rates, but the separation
still depends on the membrane selectivity. Here the plot indi-
cates that since CA is not very selective between He and CO,, a
decrease in v, does not increase yc, g much. On the other hand,
for silicone rubber at low stage cuts, the effect is more pro-
nounced. At a high stage cut, the silicone permeate quality
decreases because the deleterious effect of the elastic deforma-
tion of the silicone capillaries at high feed pressure nearly offsets
the advantage of high feed pressure in terms of permeation.

In the last two plots, Figures 15 and 16, the effects of mem-
brane selectivities on permeator performance are explored.
Since the actual membrane permeabilities cannot be changed,
comparisons can be done only with simulation results. However,
such comparisons are quite useful in understanding the two-
membrane permeator. Figure 15 compares the performance of
an actual permeator with that of a hypothetical permeator
where the CO, permeability through CA is one-tenth that of He.
All five other permeabilities are the same as in the actual perme-
ator. The purpose here is to find out what happens if the
He—CO, selectivity through CA improves and comes up to the
same level as the CO,—He selectivity through silicone rubber.
It is interesting to note that a decrease in (Q/d)c.qco, improves
the overall separator performance in all respects. As less CO, is
allowed in the CA permeate, yc 4y increases. This gives rise to
higher CO, concentration in the feed channel, and in turn to
higher values of ysco,- These facts again underline the basic
locally-coupled feature of the two-membrane scheme, so that a
change in the selectivity of one membrane affects the perfor-
mance of not only that membrane, but that of the other also.
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Figure 14. Pressure ratio effect on two-membrane per-
meator: simulation only.
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Similar results are shown in Figure 16. Here the actual per-
meator performance is compared with that of another which has
a higher value of (Q/d)sy. such that CO,—He selectivity
through silicone rubber comes down to 1.5, which is about equal
to the He—CO, selectivity through CA. It can be seen that the
performance of the latter is very poor. This plot shows, vis a vis
Figure 15, how a loss of selectivity by one membrane can signifi-
cantly undermine the overall performance although it is actually
accompanied by an improvement in one of the permeabilities.

Conclusion

A two-membrane permeator of the present configuration can
achieve ternary separation in a single stage. This type of a sepa-
ration scheme can be viewed as a combination of two separation
processes with reverse selectivities that are coupled together
locally, and that operate in parallel. The performance of any
membrane would improve when a second membrane with the
right kind of selectivity was brought together with the first
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Figure 16. Effect of reduced S selectivity on two-mem-
brane permeator: simulation only.
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membrane in the present configuration. The improvement in
performance is most pronounced when the ternary feed has the
least amount of the slowest permeating component.

The two-membrane scheme operates better in countercurrent
mode than in cocurrent mode. An increase in the relative perme-
ation area of the membrane that is the more selective of the two
improves the performance of both membranes. The effect of an
increase in the feed pressure or a decrease in v, is more marked
for the more selective membrane. An increase in the selectivity
of one membrane improves the performance of both membranes
in the permeator, and a decrease in the selectivity of one mem-
brane undermines the performance of both.

Notation

B,, B, = functions, Eqgs. 9, 18
C; = normalized specific permeabilities in two-membrane per-
meator, Eq. 6
Dicq Docy = inside and outside diameters of cellulose acetate fibers, m
D,,s = logarithmic mean of inside and outside diameters (un-
stressed values) of silicone capillaries, Eq. 14, m
E,, E, = functions, Eqs. 10, 19
g = factor, Eq. 13, used to depict effect of elastic deformation
in permeation equation for silicone rubber capillaries
K = constant, Eq. 7, used in simulation of two-membrane per-

meator
K4 = constant, Eq. 32, used in pressure drop equation for CA
permeate
K1, K5, = constants, Eqs. 34, 35, used in pressure drop equation for S
permeate

I = distance of any permeator location from closed end of fiber
(independent variable)
1, = total effective length of permeation in a permeator, m
Ipc4 = potted length of CA fibers, m
Ips = potted length of silicone rubber capillaries, m
I* = dimensionless distance, Eq. 3
L = local feed flow rate at any permeator location, mol/s
Ly = feed flow rate at permeator entry, mol/s
L* = dimensionless local feed flow rate, Eq. 21
M,,; = molecular weight of ith species, kg/mol
M, ., — average molecular weight of a gas mixture, Eq. 39, kg/
mol
Nrcqs N1s = total number of CA fibers and silicone rubber capiliaries,
respectively, in permeator
D1, P2 = local permeate pressures in the two kinds of fibers in case
of two-membrane permeator, Pa
Pocas Pos = Permeate pressures at open ends of CA fibers and silicone
capillaries, Pa
P, - feed channel pressure, Pa
Q/d = specific permeability of a gas species, mol/s - m? . Pa
(Q/d);; — value of (Q/d) through ith membrane of jth species, for
two-membrane permeator
r;, ro = inside and outside radii of silicone capillaries prior to elas-
tic deformation, m
R,;, R, = inside and outside radii of silicone capillaries, actual val-
ues, upon elastic deformation, m
R, = ratio of total silicone membrane area to total cellulose ace-
tate membrane area, Eq. 15
Rg = universal gas constant, Pa - m*/mol - K.
Re,, = wall Reynolds number, Eq. 38
T = absclute temperature, K.
V), ¥V, = local total permeate flow rates in the two kinds of fibers,
mol/s
V¥, V¥ = normalized values of ¥, and V5, Eq. 4
x5z = mole fraction of ith component at feed entry
x,; = mole fraction of ith component in permeator outlet
yy; = local mole fraction in permeate from ith membrane, of jth
component
¥y = permeate mole fraction based on local cross flow, Eq. 11

Greek letters

a; = selectivity of a membrane between species i and j, = (Q/

d),/(Q/d),
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Y1, ¥z = pressure ratios in case of two-membrane permeators, Eq.

Yo = value of v, at permeate outlet, Eq. 42
A1, A, = functions, Egs. 36, 37
Kca s = local viscosities of CA permeate and S permeate
Oc4 05 = stage cuts defined in Eq. 43.
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