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Novel Internally Staged Permeator Designs Using a
Hollow Fiber Fabric

B. LIU, X. WU, and G. G. LIPSCOMB*
CHEMICAL & ENVIRONMENTAL ENGINEERING DEPARTMENT
UNIVERSITY OF TOLEDO

TOLEDO, OHIO 43606-3390, USA

J. JENSVOLD
MG GENERON
PITTSBURG, CALIFORNIA, USA

ABSTRACT

Five novel internaly staged permeator (1SP) designs for membrane-based gas sep-
arations are described. Two permeate streams, a low-pressure and an intermediate-
pressure permeate, and a high-pressure retenate stream are produced in an |SP. Three
of the new designs utilize awoven fabric or aternating sheets of fibersto enable con-
tacting patterns that are not possible with previous designs. All designs are compared
for the production of an enriched oxygen permeate from air. Design and operational
parameters were selected to maximize the recovery of the enriched oxygen product.
Of the new designs, the best performer is the co-cross design. The best overall per-
former isthe co-counter design. The co-crossdesignisableto recover 33% of the feed
as a42% oxygen permeate while the co-counter design is able to recover 35% of the
feed in contrast to the 12% recovery provided by a single countercurrent stage. How-
ever, this increase in recovery comes at the expense of a significant increase in re-
quired membrane area: the co-cross design requires 20X more area than the counter-
current stage while the co-counter design requires 23X more area. All ISP designsare
capable of producing higher permeate purities than achievablein asingle countercur-
rent stage. The co-counter design can recover 12% of the feed as a 52% oxygen per-
meate while a single countercurrent stage is limited to purities less than 45%.

* To whom correspondence should be addressed. Telephone: (419) 530-8088. FAX: (419) 530-
8086. E-mail: glenn.lipscomb@utol edo.edu

1153

Copyright © 2000 by Marcel Dekker, Inc. www.dekker.com



Downl oaded At: 10:59 25 January 2011

ORDER ||l REPRINTS

1154 LIU ET AL.
INTRODUCTION

Membrane-based gas separation processes are replacing other processes at
an increasing rate (1). Their growth is fueled by the development of new ma-
terialswith superior transport properties, new membrane formation processes,
and new module designs. While the literature is replete with attempts to de-
velop new materials with better membrane transport properties, less attention
has been given to module design, and a significant portion of it is discussed
only in the patent literature.

We consider here module designs that utilize membranes in hollow fiber
form. The modul e contacts two different gas streams, on opposite sides of the
membrane (internal and external to the fiber), without directly mixing them.
The gasstreams are at different pressures, which drives gas permeation across
the membrane.

Gas permeation rates are directly proportional to partial pressure differ-
ences (1). The proportionality constant is the product of the membrane per-
meation area and permeance (the intrinsic permeability divided by the effec-
tive diffusion distance) for the gas-membrane pair. In a binary gas mixture,
one specieswill possess ahigher permeance (the fast gas) and permeation will
concentrate this component in the low-pressure gas phase. Theratio of the fast
to slow gas permeances, the permsel ectivity, indicates how effectively amem-
brane can separate a mixture.

Module designs have relied heavily on heat exchanger designs for control -
ling the contacting of internal flows. Conventional designs rely on three pri-
mary contacting patterns for the low-pressure permeate and high-pressure re-
tentate (2). In co-current flow the permeate and retentate streams flow parallel
to one another. In countercurrent flow the permeate and retentate streams flow
in opposite directions. In crossflow the permeate and retentate flow in mutu-
aly perpendicular directions.

The performance of the three conventional module designs is well known
(3). The best performance is obtained from the countercurrent design. Perfor-
mance models and their solutions are well documented in the literature for bi-
nary (4-9) and multicomponent separations (10-13).

Toimprove the performance of these basic designs, one can either introduce
a portion of one of the product streams back into the same module or send it
to another module. Permeate recycle schemes (14, 15) are an example of the
former while module cascades (16-18), including the continuous membrane
column (19, 20), are examples of the latter. Several ingenious designs permit
cascading within a single fiber bundle through the use of internal baffles or
other design features (21-24). In comparison to external staging, internally
staged designs require less plumbing and fewer module housings. However,
the cost of manufacture is higher due to increased complexity.

MAaRrcEeL DEkkER, INc.
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INTERNALLY STAGED PERMEATOR DESIGNS 1155

Ohno and collaborators (25) proposed a dramatically different form of in-
ternal staging. In their designs, membranes made from two different materials
are combined to permit contacting of the feed with both membranes simulta-
neously. Two low-pressure permeate streams are produced in addition to the
retentate. This design is attractive if two membranes exist such that one pos-
sesses apermsel ectivity greater than 1 and the other apermselectivity lessthan
1: the faster permeating species is different for the two materials. Unfortu-
nately, materials with the requisite transport properties are available only for
alimited number of separations.

A significant modification of the two-membrane internally staged designis
the internally staged permeator (ISP). An | SP uses the same membrane mate-
rial for the two stages and produces an intermediate-pressure permeate stream
that contacts both stages. As originally proposed by Sidhoum et al. (26), the
ISP consists of a bundle of hollow fibers divided into two separate fiber
groups. The two groups are uniformly mixed within the bundle but are sepa-
rated at the ends and potted in separate tubesheets as illustrated in Fig. 1(a).
This alows one to independently control the flow and pressure within each
fiber group. In operation, the high pressure feed to one set of fibers (the first
stage) produces a permeate at an intermediate pressure. This permeate simul-
taneously contacts the second fiber group (the second stage) to produce a
lower pressure permeate. The concentration of the faster permeating species
in the low pressure permeate can be greatly enriched over that achievablein a
conventional design. This enrichment comes at the cost of lower membrane
productivity.

Five ISP flow configurations have been investigated: 1) well-mixed
(26-28), 2) co-co (26—28), 3) counter-counter (26-28), 4) co-counter (29), and
5) counter-co (29). Except for the well-mixed design, the first identifier used
to describe adesign refers to how the retentate and intermediate-pressure per-
meate are contacted while the second identifier refersto how the intermediate
and low-pressure permeate are contacted. Thisisillustrated in Fig. 2. For ex-
ample, in the co-co design the retentate and intermediate-pressure permeate
contact co-currently and the intermediate and |ow-pressure permeates contact
co-currently. Chen et al. (29) concluded that the co-counter design is the best
performer of these designs. | SP designs al so can provide superior performance
to atwo-stage cascade (26, 30).

ISP performance depends strongly on the intermediate-pressure permeate
to retentate pressure ratio. Typicaly, the overall pressure ratio (low-pressure
permeate to retentate pressure ratio) is specified, but how this pressure driving
forceissplit between thetwo stagesisnot. Li et al. (27) show that an optimum
value exists to maximize enrichment of the low-pressure permeate. They also
demonstrate that an optimum valuefor theratio of permeation areafor the two
stages exists.

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



10: 59 25 January 2011

Downl oaded At:

ORDER

1156

()

Feed

External case

REPRINTS

\

(b)

Intertwined fiber bundle

A

Flat sheet

membranes

A

v

External case

LIU ET AL.

Retentate

|

Tubesheets

Intermediate
Pressure
Permeate

Ports to
provide access
to inter-fiber
space

Low
Pressure
Permeate

Low- pressure
permeate flow
channel

Intermediate-pressure
permeate flow
channel

Retentate flow
channel

FIG. 1 Different realizations of ISP designs: (a) design based on a bundle of parallel hollow

fiber membranes (the indicated flows correspond to the co-co design), (b) design based on flat

sheet membranes (the indicated flows correspond to the counter-co design), (¢) design based on

concentric hollow fiber membranes (the indicated flows correspond to the co-counter design),

and (d) design based on a hollow fiber membrane fabric or alternating sheets of parallel hollow
fiber membranes (the indicated flows correspond to the cross-cross-cross design).
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FIG. 1 Continued.

Although we will only consider hollow fiber membrane modules here, one
can manufacture | SPs from flat sheet membranes (28) or concentric, annular
hollow fiber membranes (31) asillustrated in Figs. 1(b) and 1(c), respectively.
Additionally, one can include more than two stagesin the design (32)ybut thex. i~ ﬂ
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FIG.2 Different ISPflow configurations. Thethick solid arrow indicates the retentate flow di-

rection which is aways left to right. The thick dashed arrow indicates the intermediate-pressure

permeate flow direction; a circle with a black dot inside indicates the intermediate-pressure

permeate flows out of the plane of the paper. The thin solid arrow indicates the low-pressure

permeate flow direction. The different configurations are: (a) co-co, (b) cross-cross-co,

(c) counter-counter, (d) co-counter, (€) cross-cross-counter, (f) counter-co, (g) Co-Cross,
(h) cross-cross-cross, (i) counter-cross.

inclusion of more stages appears to result in only modest performance im-
provements.

Here we examine anovel | SP design that uses hollow fiber fabrics, or fiber
sheets, to generate the following contacting patterns. 1) cross-cross-cross, 2)
co-cross, 3) counter-cross. Note that the third identifier refers to the contact-
ing of the retentate and low-pressure permeate. It isrequired to distinguish the
above from two additional flow patterns described later. Figure 1(d) illustrates
the proposed module design while Fig. 2 illustrates the contacting patterns.
One cannot generate cross-cross-cross contacting using parallel fiber bundles,
flat sheet membranes, or concentric, annular hollow fibers. However, one
could generate the other two configurations in a flat sheet module. We also
consider two configurations that have not been considered before: 1) cross-
cross-co and 2) cross-cross-counter. These flow patternsareillustrated in Fig.
2 aswell. One can produce either contacting pattern in a parallel fiber bundle

MAaRrcEeL DEkkER, INc.
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or aflat sheet module. The performance of each design, except for the well
mixed case, isevaluated for the production of an enriched oxygen stream from
air. Module design and operation parameters are optimized to maximize the
recovery of the enriched oxygen permeate. The results permit a detailed com-
parison of the designs.

ANALYSIS

To evaluate module performance, we make the following assumptions:

Constant pressure within each flow channel
Negligible concentration polarization
Negligible axial diffusion

Constant membrane transport properties
Isothermal operation

Binary gas mixtures

oukrwdpE

One can readily relax these assumptions as discussed in the literature (3), but
models based on them appear to capture the essential physics of module oper-
ation and allow a self-consistent evaluation of different designs. Moreover,
previous work (28, 29) indicates these assumptions lead to good agreement
between theoretical calculations of 1SP performance and experimental data.
Note that the assumption of constant membrane transport properties does not
imply constant mass transfer rates. Although one expects transport properties
to be nearly constant for permanent gases such as oxygen and nitrogen (33),
mass transfer rates which are given by the product of permeance and partial
pressure difference change dramatically within the module.

The control volumes used to devel op mass balances for the new designs are
shown in Fig. 3. Asfor the previously described designs, the compositions of
al streams change only in the retentate flow direction, the z direction. This
conclusion is most difficult to visualize for the cross-cross-cross design, but
permeate compositions will not vary in the x-y plane normal to the z direction
if al fibers areidentical. Thisis similar to a conventional crossflow module
except that now there are two permeate streams which flow normal to the re-
tentate flow and normal to each other.

Given the above assumptions, the dimensionlessfast gas (i.e., more perme-
able component) permeation rate from the high-pressure retentate to the inter-
medi ate-pressure permeate, Jgj, is given by

I = aNp (X = yiny) (1)

where“A” denotesthefast gas, a isthe permselectivity, x isthe fast gas mole
fraction in the retentate, y, is the fast gas mole fraction in the intermediate
pressure permeate, and -y, is the ratio of the intermediate permeate to reten-
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FIG.3 Control volume used to develop mass balances for the new | SP designs: (&) control vol-
ume for designs utilizing a woven fiber fabric and (b) control volume for designs using parallel
fibers. Arrows indicate flow directions.

tate pressure. Note that the subscript “H” refers to the retentate or high pres-
sure stream and the subscript “1” refersto the intermediate-pressure permeste.
N, is adimensionless mass transfer coefficient or membrane area defined as

Nh = Ani (P/1)pu/F (2

where Ay, is the total area available for permeation from the retentate to the
intermediate-pressure permeate, P is the intrinsic Slow gas permeability for

MaRcEL DEKKER, INC.
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the membrane, | is the effective membrane thickness, py isthe retentate pres-
sure, and F isthe total feed rate. One may also view N, as adimensionlessin-
verse flow rate; increasing values of Ny, correspond to decreasing flow rates if
al other variables in Eq. (2) are held constant. The dimensionless slow gas
permeation rate, JB,, is given by

JB = Na((@ = %) —vin (1 = w)) (3)

where “B” denotes the slow gas. The dimensionless fast gas permesation rate
from the intermediate pressure permeate to the low pressure permeateisgiven

by
I = aNpyinAY — YuiyL) (4)

where A, istheratio of the areaavailable for intermediate-to-low pressure per-
meation to the area available for high-to-intermediate pressure permeation,
L1 istheratio of low to intermediate permeate pressures, and y, isthefast gas
mole fraction in the low-pressure permeate. Likewise, the slow gas perme-
ation rate is given by

It = NeyinA (1 — 1) — yu(@ — ) (5)

Note that the subscript “L” refers to the low-pressure permeate.

The literature documents the equations and solution procedures for the con-
ventional countercurrent module and previously disclosed | SP designs. M odel
equations and their solutions for only the new designs will be discussed here.
For the co-counter and counter-counter | SP designs, though, we found that so-
lution algorithms using the finite difference approximation to represent
derivatives converged more readily than algorithms using numerical integra-
tion with shooting (35); the shooting algorithm is described later for the
counter-cross design.

For the cross-cross-cross | SP design, mass balances on the retentate stream
(see Fig. 3a) require

d(XeH) _ A
dz - _JHI (6)
di(1 —x0n) _ g
T - _JHI (7)

for the fast and slow gases, respectively, where 6y istheratio of the retentate
flow to the feed flow and z is the dimensionless flow path length. Mass bal-
ances on the intermediate- and low-pressure permeate streams reduce to the
following simultaneous algebraic equations for the two permeate mole
fractions:

Jh —

@A -+ @B -

Yi (8)
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yL Jﬁ_ + JFL (9)
To evaluate modul e performance, one must integrate Egs. (6) and (7) from the
feed location, z = 0O, to the retentate exit, z = 1. All integrations were per-
formed using the variable step, combined fourth-fifth order Runge—K utta in-
tegration algorithm implemented in MATLAB as the function ODE45 (34).
Numerical error was controlled to yield solutions accurate to three significant
figures. At z = 0, 6 equals unity while x equals the feed fast gas mole frac-
tion: x; = 0.21 for an air feed. Note that for a given X, one can solve Egs. (8)
and (9) for y, and y, using a Newton—Raphson iterative algorithm (35) and
substitute the values into Egs. (6) and (7).

For the co-cross ISP design, mass balances on the intermediate-pressure
permeate stream (see Fig. 3a) yield

d(y0)

T 3= (10)
d((1 — y)e

for the fast and slow gases, respectively, where 0, is the ratio of the interme-
diate-pressure permeate flow to the feed flow. One must integrate Egs. (6)—(7)
and (10)—(11) to evaluate module performance. At z= 0, 6, = 1, X = X, and
8, = 0, y, isgiven by the solution to Eqg. (8). Note that for agiven x and y;, one
can solve Eq. (9) for y_ and substitute the value into Egs. (6)—(7) and
(10)—12).

For the counter-cross ISP design (see Fig. 3a), the intermediate-pressure
mass balances are given by Egs. (10) and (11) upon negating the left-hand side
of each equation. Furthermore, the boundary conditions for the intermediate-
pressure permeate now apply at z = 1 instead of z = 0. A shooting method is
used to solve this split boundary value problem in which we guess values for
xand 6y a z= 1 and integrate backwardsto z = 0. The guessed values are ac-
cepted if the calculated valuesfor x and 6 at z = 0 are sufficiently close to x
and 1, respectively. Otherwise an improved guess is generated using an ap-
proximate Newton—Raphson procedure.

For the cross-cross-co | SP design, mass balances on the low-pressure per-
meate stream (see Fig. 3b) yield

d(y.0.) _

il i (12)
d(( _dZYL)eL) - (13)

for the fast and slow gases, respectively, where 6, istheratio of the low-pres-

sure permeate flow to the feed flow. One must integrate Egs. (6)7§7)xamdl>EKKER, Inc.
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(12)—«13) to evaluate module performance. Atz= 0, 6y = 1, X = X;, and 6,
= 0, y_ isgiven by the solution to Eq. (9). Note that for agiven x and y, , one
can solve Eq. (8) for y; and substitute the valueinto Egs. (6)—7) and (12)—13).

For the cross-cross-counter 1SP design (see Fig. 3b), the low-pressure mass
balances are given by Egs. (12) and (13) upon negating the left-hand side of
each equation. Furthermore, the boundary conditionsfor the low-pressure per-
meate now apply at z = 1 instead of z = 0. A shooting method similar to that
described for the counter-cross | SP design is used to solve this split boundary
value problem.

To evaluate the appropriateness of the constant pressure assumption, we
will use the Hagen—Poiseuille law to calculate lumen pressure drops (3). As-
suming ideal gas behavior, changesin lumen pressure are given by

dI1Z/dz = —Nyb; (14)

where I1 is the dimensionless pressure (ratio of lumen pressure to feed pres-
sure), the subscript i represents either the retentate (H) or low pressure per-
meate (L), and the dimensionless group N, is given by
256 RTZF
No=—""""25"
wlD PF
where . isthe gas viscosity, Ristheideal gas constant, T is the temperature,
Z is the active fiber length, ID is the fiber inner diameter, and pg is the feed
pressure. The appropriate boundary conditions for Eq. (14) are, at z = 0, 114
= 1 for the retentate fibers and, at the low-pressure permeate outlet, I, =
pL/pe for the low-pressure permeate fibers where p, is the outlet pressure for
the low-pressure permeate.

For the performance cal culations described here, we fixed a and the over-
al pressureratio vy, (low pressure/high pressure) at 3.16 and 1/26, respec-
tively. These values are identical to those used inaprior ISP study by Li et al.
(27), and we were able to reproduce the results they reported. Since we will
determine modul e performance over arange of product puritiesby varying the
flow rate or Ny, two additional variablesarefreely adjustable: A, and y,4. Note
that y.1 = yLn/Vin.

Ideally, one would choose values for A, and v,y that optimize ISP perfor-
mance. For the production of an enriched permeate, performanceis character-
ized by: 1) the ratio of the product to the feed flow, the permeate recovery 6, ;
and 2) the dimensionless area, N;,. Based on cost considerations, one would
like to maximize 6, and minimize Ny,; increasing 6, reduces gas compression
costs while reducing N;, reduces membrane costs. If values for membrane and
compression costs were known, one could minimize the cost of manufacture
per unit volume of product to determine optimum values for A, and y,4. Un-
fortunately, these costs, especially membrane costs, are difficult to estimate

(15)

for the new | SP designs, which makes an economic optimization problematie:-. ixc.
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An alternativeisto optimize performance based on one of the performance
criteriaonly. Here we seek values for A, and -y, that maximize recovery, 6,
only for a given product purity. Prior work suggests that 1SP designs will be
most attractive when membrane costs are small relative to compression costs,
and maximizing recovery corresponds to minimizing compression COsts.
Moreover, a comparison of the various ISP designs in this limit provides a
guantitative ranking of their performance capabilities which is the goal of the
work presented here. The aternative of minimizing the required area for a
given product purity possesses atrivial solution: for vanishingly small values
of Ny the permeate composition takes on its maximum value, and one could
mix this stream with a portion of the feed to produce any composition in-be-
tween. The procedures described next for performing the optimization could
be used, however, to minimizethe cost of manufactureif cost information was
known.

To maximize 6., or equivalently minimize 1/6,_, we use the Nelder—-M ead
simplex search agorithm implemented in MATLAB as the function FMINS
(34). The search algorithm starts from an initial guess for A, and -y, to find
values that minimize 1/6, . Unfortunately, one cannot guarantee that a value
returned by the algorithm corresponds to agloba minimum. It may be aloca
minimum instead. This problem cannot be avoided because an optimization
algorithm to find global extremain finite time does not exist (35).

To assess if other local minima exist, we ran the search algorithm starting
from different initial guesses and systematically searched the feasible param-
eter space for A, and vy, by determining performance on afine grid of points.
Both approaches did not reveal the presence of any other minima.

RESULTS

The discussion of the results is divided into two sections: 1) parametric
studies and 2) performance optimization. In the Parametric Studies section,
the dependences of the low-pressure permeate composition (y, ) and recovery
(6.) on the primary design variables (N, A, and y,) areillustrated by chang-
ing one variable at atime. In the Performance Optimization section, the max-
imum value of 6, achievable with each ISP design is presented as a function
of y.. Therequired dimensionless areais also given.

Parametric Studies

A parametric study of how N, A, and -y, influence performance is shown
in Figs. 4-6. Figure 4 illustrates the effect of Ny, on performance for the nine
ISP designs for A, = 1.0 and v,y = 0.14. Figure 4(a) indicates that the high-
est purity permeate, produced at zero recovery, is 0.58 for al of the ISP de-
signswhilethat for the conventional countercurrent designis0.44. In the limit
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and (b) dimensionless membrane area. The intermediate-pressure permeate and retentate con-
tacting pattern isindicated by the symbols: co (H); counter (#); cross-cross (A). The low-pres-
sure permeate and intermediate-pressure permeate contacting patterns are indicated by the line
type: co (—); cross(—  -); counter (—). Resultsfor aconventional countercurrent design are

indicated by the dashed line. e Drcen ﬂ
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of zero recovery, compositions do not vary along the length of the permeator
and all ISP designs perform identically; the composition of the intermediate
and low-pressure permeates are given by the solution to the cross-cross-cross
design equations. Similarly, the three conventional designs perform like a
cross flow module in the limit of zero permeate recovery.

As 0, increases, y, decreases as observed for the conventional countercur-
rent design. Although the rate of decrease isfaster for the | SP designs, the pu-
rity for a given recovery is higher for all ISP designs at sufficiently low re-
coveries. Thisincrease iny, is aresult of the two-stage permeation process.
Permeation in a stepwise fashion from the high to the low pressure enhances
the fast gas permeation rate relative to the slow gas permestion as observed
previously (26). However, the absolute permeation rate decreases, which
leads to an increase in the required permeation area. Figure 4(b) shows the to-
tal dimensionless area as a function of permeate recovery; the total dimen-
sionless areais given by (1 + A)Ny. The required areaincreases much faster
for the ISP designs than for the countercurrent design, and at the highest re-
coveries can be an order of magnitude larger.

Figure 4(a) indicates that as 6, increases, y. may become smaller than that
achievable with a countercurrent stage. Why is ISP performance poorer than
acountercurrent stage at higher recoveries? Thisbehavior arisesfrom the two-
step permeation process. The permeate enrichment in ISP designsis strongly
dependent on the pressure ratios -y, and -y, . If not selected properly, the ISP
performs more poorly than a conventional countercurrent stage (see Fig. 6).
Thevauesused for v,y and vy, to produce Fig. 4(a) are not optimal. However,
proper selection of these values leads to better performance as will be shown
later (see Fig. 7).

The effect of increasing A, for afixed N,, = 0.3 and y;4 = 0.14 isshown in
Fig. 5. Valuesfor A, are not indicated, but A, increases monotonically as one
moves along the curve for any | SP design from left to right. Therefore, 6, in-
creases monotonically and y, decreases monotonically with increasing A,. Ad-
ditionally, the performance of the | SP designs follows the order:

CO-counter > co-Cross > co-co >
Cr 0SS-Cross-counter > Cr 0Ss-Cross-Cross > Cr 0Ss-Cross-co >
counter-co > counter-cross > counter -counter

Wewill find that the optimal performance of the | SP designsfollows the same
order. All of the designs with co-current contacting of the intermediate-pres-
sure permeate and retentate perform better than the cross-contacting designs,
which perform better than the countercurrent contacting designs. This indi-
cates that contacting of the intermediate-pressure permeate and retentate has a
greater impact on performance than contacting of the intermediate-pressure
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and low-pressure permeate. Additionally, the order is the opposite of that ob-
served for the conventional designs.

For the three designs with either co or cross contacting of the intermedi-
ate-pressure permeate and retentate, the design with countercurrent contact-
ing of the low-pressure and intermediate-pressure permeate is the best per-
former followed by the cross design and then the co design. This order isthe
same as that observed for conventional designs. The designs with counter-
contacting of the intermediate-pressure permeate and retentate follow the op-
posite order.

The effect of vy, on performance isillustrated in Fig. 6. The value for vy
Increases monotonically as one movesfrom left to right along each curve. The
primary difference between Figs. 5 and 6 is the presence of amaximum y,_ at
an intermediate value of 0, . This unique behavior of ISP designs differs from
that of conventional designs in which purity increases monotonically as re-
covery decreases. This behavior also indicates that recovery is not a unique
function of purity. The recovery may take on more than one value for agiven
purity. One would want to operate at the highest recovery possible, which can
be an order of magnitude larger than the lowest recovery. For example, in-

0.6

~
0.5

0.45

Oxygen Mole Fraction

0.4

0-35 L L L L | L L 1 L ! L 1 L 1 I 1 i i 1 | L

Permeate Recovery

FIG.5 Theeffect of A, on ISP performance. See the Fig. 4 legend for the key.
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FIG.6 Theeffect of v,y on ISP performance. See the Fig. 4 legend for the key.

creasing -y, from 0.05 to 0.34 increases the permeate recovery for the co-
counter design from ~0.01 to ~0.13 at an oxygen mole fraction of ~0.48.

The maximum in y, is due to the need for transport across two different
stages: the high-to-intermediate pressure stage and the intermediate-to-low
pressure stage. If the partial pressure driving force is too “low” for either
stage, the enhancement of the fast gas in the permeate from that stage will be
poor. The best overall enhancement occurs when the pressureratio isequal for
both stages, yin = yL1, whichis~0.2 for the overall pressureratio of 1/26 used
here.

In Fig. 6, ISP performance follows the same order as observed previoudly.
The maximum purity is higher than that achievable in a countercurrent stage
at high recoveries but may be lower at low recoveries. The poorer perfor-
mance at low recoveriesis due to how recovery was varied to produce Fig. 6.
Recovery was decreased by decreasing y,n. Since al other operating condi-
tionswere held constant, -y, | wasincreased simultaneously to maintain afixed
overall pressureratio (y,4*yL)). Theincrease in permeate purity achievablein
an ISP occurs only when the pressure ratios -y, and -y, | are comparable. Thus,
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the enhancement is lost if the pressure ratios are not comparable, and this oc-
curs at low recoveriesin Fig. 6.

Performance Optimization

Theresults of the performance optimization are shown in Figs. 7 and 8. The
performance of the ISP designs follows the same order as observed in Figs. 5
and 6. For agiven y, the co-counter design gives the highest recovery of al
the designs. For an oxygen mole fraction of 0.42, the recovery is more than
twice that achievable with a conventional countercurrent design. The relative
Increase in recovery becomes larger as purity increases. The co-cross design
Isthe next best performer overall and isthe best performer of the new designs
proposed here. The recovery differences between the two are less than 5%.

The increase in recovery comes at the expense of increased area require-
ments asillustrated in Fig. 8. For an oxygen mole fraction of 0.42, the areare-
quired for the co-counter design is over twenty times that required for a coun-
tercurrent design. The arearequirements fall in the same order as recovery.

0.35 ®

0.3

Maximum Permeate Recovery

0.1

0.05 |

Oxygen Mole Fraction

FIG.7 Maximum ISP recovery for agiven low-pressure permeate purity. Vauesfor A, and vy,
were varied to maximize recovery. See the Fig. 4 legend for the key.
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Dimensionless Membrane Area

0.5

0.4 0.42 0.44 0.46 0.48 0.5 0.52

Oxygen Mole Fraction

FIG. 8 Dimensionless membrane area required to maximize ISP recovery for a given
low-pressure permeate purity. See the Fig. 4 legend for the key.

The different performance characteristics of the | SP designs provide an ad-
ditional degree of freedom in module design. Because of economic consider-
ations, one may opt for a design that offers lower recovery at a given purity
because of lower area requirements. To make such a decision, though, one
must know membrane and compression costs as discussed earlier.

The values of A, and -y, that maximize recovery for agiven purity change
with purity and hence vary along each curvein Figs. 7 and 8. Therange of val-
ues for the co-counter designisindicated in Table 1. Unfortunately, A, cannot
be varied easily. Economic considerations will dictate that one manufacture a
[imited number of modules with different arearatios.

To assessthe effect of fixing A, on performance, A, wasfixed at 1.5, avalue
in the middle of the optimum range for the co-counter design, and values of
v+ that maximize recovery were determined using the optimization procedure
described earlier. The results are shown in Figs. 9 and 10. The maximum per-
meate recovery achievable with fixed A, isvirtually identical to that with vari-
able A;. Therequired dimensionless areais slightly higher (<15%) with fixed
A: at the highest permeate purities but lower at the lowest purities. The
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TABLE 1
Range of Valuesfor A, and v, Required to Maximize Permeate
Recovery for Co-counter Design

L ow-pressure permeate purity, y_ A YiH
0.40 2.0 0.21
0.42 19 0.21
0.44 17 0.21
0.46 15 0.21
0.48 13 0.21
0.50 12 0.20
0.52 1.0 0.20

changesarerelatively small, though, and one could select an A, value that min-

imizes the change in required area over the composition range of interest.
Figures9 and 10 also contain resultsfor fixing A, at 1.5 and v, at 0.21; both

values fall in the middle of the optimum range. The reduction in recovery is

0.45

0.3 |
025 |

02 |

Maximum Permeate Recovery

0.15 |

01 [

Y YT I SO SO N NNT SO T SN AN ST ST SNBSS SRS S

0.05
0.4 0.42 0.44 0.46 0.48 0.5 0.52 0.54

Oxygen Mole Fraction

FIG. 9 Comparison of optimal co-counter ISP recovery (A) to recovery with either fixed A,
() or fixed A, and v, (H). Note that the results for the optimal design (A) and fixed A, design

(@) overlap.
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more pronounced rel ative to the casein which only A, wasfixed. Additionaly,
therequired dimensionlessareais|ower, relative to the maximum recovery re-
sult, at the highest permeate purities. This reduction, though, comes at the cost
of reduced recovery. Such a tradeoff illustrates once again that one must be
able to accurately assign membrane and compression costs to determine the
economically optimum design.

The maximum permeate recovery changes little when the effects of lumen
pressure drops are included. The values for maximum recovery and required
area change by less than 1% for the co-co design when Eq. (14) is used to cal-
culate pressure drop in the retentate and low-pressure permeate fibers. Table
2 contains values for the material parameters and module design variables
used in the calculations; these values are representative of prior experimental
work (27) and typical design values. Calculationsfor the other designsthat ac-
count only for pressure drops in the feed fibers give similar results. Such ob-
servations are consistent with experimental data (29) that indicate pressure
drops are small.

Dimensionless Membrane Area

0.4 0.42 0.44 0.46 0.48 0.5 0.52 0.54
Oxygen Mole Fraction

FIG. 10 Comparison of optimal co-counter ISP area requirements (A) to area requirements
with either fixed A, (®) or fixed A; and vy, (H).
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TABLE 2
Material Parameters and Operating Conditions
Used to Evaluate Lumen Pressure Drops

Parameter Value

Xs 0.21

Pr 2600 kPa

pL 100 kPa

(PN oxygen 7.1E-11 kmol/m?/s/kPa
ID 1.0E-4m

Z 0.50m

T 300 K

" 1.7E-5 Pa:s

CONCLUSIONS

We evaluated the performance of five novel ISP designs. Three are based
on the use of ahollow fiber fabric or alternating fiber sheets. Two module de-
sign parameters, A, and -y, were chosen to maximize permeate recovery for
a given purity. These parameters can have a significant impact on perfor-
mance. For example, therecovery of afixed purity permeate can change by an
order of magnitude with changesin .

All of the ISP designs can produce permeates of higher purities than that
achievable in a conventional countercurrent design. The interest in ISP de-
signs arises from this remarkable behavior.

The increase in recovery afforded by ISP designs comes at the cost of in-
creased arearequirements. The arearequirement can be more than an order of
magnitude larger than that for a countercurrent design. The impact of ISP de-
signs will be limited by this constraint. ISP designs will be competitive only
for high purity applications where membrane costs are much smaller than
compression costs.

The co-counter design gives the highest permeate recovery of all the de-
signs considered. The next best performer, the co-cross design, is one of the
new designs.

Those designs in which the intermediate-pressure permeate and the reten-
tate are contacted co-currently outperform those designs with either cross or
countercurrent contacting. The contacting pattern for the low-pressure and in-
termediate-pressure permeate has less of an impact on performance but those
designs with countercurrent contacting of the low-pressure permeate and re-
tentate give the best performance.

In practice, amanufacturer would produce asmall number of different mod-
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ules with discrete A, values. To evaluate the impact of not using the optimal
value of Ay, the performance of the co-counter design was evaluated for afixed
valueof A, = 1.5. Thisvaueliesin the middle of the range of valuesthat gave
optimal performance. Fixing A, led to virtually no change in permeate recov-
ery, and the required dimensionless area increased dlightly at the higher puri-
ties. Theresults suggest that fixing A, will have asmall effect on performance.

We believe the most promising applications for | SP technology are hydro-
gen recovery from refinery and petrochemical process streams. In such appli-
cations, hydrogen is separated from methane. The process must produce a
high purity hydrogen stream (commonly in excess of 90%) at high recoveries
(hydrogen recoveries over 90%). The literature describes staged module pro-
cesses to recover hydrogen in which the extra area required by staging is off-
set by savings in recompression costs (1). | SP technology offers unique stag-
ing opportunities for these applications. Additionally, we believe membrane
areacostswill decrease asthe technology matures. Consequently, applications
such as the production of an enriched oxygen stream from air may become
economically attractive in the future.

The objectives of thiswork were to present five new ISP designs and pro-
vide detailed performance evaluations that could be used to guide new sepa-
ration process devel opment. Determination of the economically optimum pro-
cess will require comparison of single conventional stages, single | SP stages,
and cascades of both. Such an optimization is beyond the scope of this work,
but the results should hel p manufacturers optimize configurations by identify-
ing the most promising | SP designs to include in the optimization process.
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SYMBOLS

permestion area (m?)

ratio of area available for intermediate-to-low pressure permeation to
area available for high-to-intermediate pressure permeation

feed molar flow rate (mol-s™%)

fiber inner diameter (m)

dimensionless molar permeation rate

effective membrane diffusion distance (m)

dimensionless group defined by Eq. (2)

p dimensionless group defined by Eg. (15)

P permeability (mol-m-Pa t-m~2-s7%)

zz~wgm P>
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Ho 2 NN X X 410

pressure (Pa)

ideal gas constant (Pa-m*-mol ~1-K 1)

temperature (K)

mole fraction of faster permeating component in retentate
mole fraction of faster permeating component in feed
mole fraction of faster permeating component in permeate
dimensionless flow path length

active module length (m)

viscosity (Pa-s)

separation factor or permselectivity

pressure ratio

dimensionless molar flow rate

dimensionless pressure

Subscripts and Superscripts

A
B
F
H
HI
I
IH
IL
L
LH
LI

faster permeating component

slower permeating component

feed

retentate

from retentate to intermediate-pressure permeate

Intermedi ate-pressure permeate

ratio of valuefor intermediate-pressure permeate to value for retentate
from intermediate-pressure permeate to |ow-pressure permeate
low-pressure permeate

ratio of value for low-pressure permeate to value for retentate

ratio of value for low-pressure permeate to value for intermediate-
pressure permeate
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