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Analysis of Internally Multistaged Gas Permeator

K. LI, WAYNE W. Y. LAU, and W. K. TEO

DEPARTMENT OF CHEMICAL ENGINEERING
NATIONAL UNIVERSITY OF SINGAPORE
10 KENT RIDGE CRESCENT, SINGAPORE 0511

Abstract

Mathematical models have been developed for an internally multistaged gas
permeator based on the perfect mixing case. A problem of oxygen enrichment
from air has been selected to illustrate the performance of the permeator. It has
been shown that the effect of the number of permeation stages on oxygen enrich-
ment is significant when the number of permeation stages is increased from one
to two or three, and its effect reduces with a further increase in stage number. The
results further reveal that no matter how many permeation stages are employed,
the higher degree of separation is only achievable at lower values of overall stage
cuts compared to the conventional single-stage permeator.

INTRODUCTION

Gas separation by selective permeation through a nonporous membrane
is an important unit operation which is now being widely applied in in-
dustry. Although a number of satisfactory membrane materials and sep-
aration schemes are presently available in practice, continuing efforts are
being made toward the development of better membrane materials and
more efficient separation schemes. One such scheme, shown in Fig. 1, is
an internally staged permeation which makes use of the pressure difference
between the feed and permeate side into two steps with two membranes
of the same type. It can be seen from the figure that the permeate, enriched
in a more permeable component, emerges from the first membrane at an
intermediate pressure and is then applied as feed to the second membrane
for the second permeation steps. This separation scheme was first studied
by Sidhoum et al. (/) for a binary gas mixture in a separation device with
two sets of hollow fiber. These authors demonstrated that the superior
enriching performance is achievable at very low values of overall stage cuts
compared to the conventional single-stage permeation schemes. While the
work carried out by them was restricted to a fixed membrane area ratio
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FiG. 1. Internally two-staged permeator.

between the stages, it was later analyzed further by Li et al. (2) who showed
that the best or maximum degree of separation in such a permeator could
be achieved if the membrane area ratio between the stages and the pressure
ratio across each membrane are properly selected.

In the present investigation, the concept of the above-mentioned sepa-
ration scheme has been extended to the multipermeation steps shown in
Fig. 2 where the multilayer of membranes of the same type were housed
in one device. The mathematical models developed for a binary gas mixture
were based on the perfect mixing assumption. The example of oxygen
enrichment from air has been chosen to illustrate the performance of such
a separation scheme.

DEVELOPMENT OF MODELS

The models developed for the multipermeation stages are based on fol-
lowing assumptions:

1. All components in the feed stream are permeable.
2. The permeability of each gas component is the same as that of pure
gas and is independent of pressure.
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FiG. 2. Internally multistaged permeator.

A negligible gas-phase concentration gradient exists in the permeation
direction, i.e., no concentration polarization.

Negligible pressure drop of the feed and permeate stream occurs along
the flow path.

Perfect mixing condition occurs in each permeation stage.
Permeation obeys Fick’s law.

With the above assumptions for a binary gas mixture such as O,/N,, the
permeation equations will be given by

PAA,
]

02; Lfo - 2 Lixi = (pixi - pi+1xi+1) (1)
i=1
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Nz: Lf(l - Xf) - EL,(l - xi)
i=1

_ PBAz

T (pi1—x) —pi A —x41)) Q)

and i = 1, 2, 3, ..., n, where i represents the number of permeation
stages in the permeater.

In addition to the permeation equations, the material balances over the
entire permeater are:

OVerall: Lf = EL, + Li+1 (3)
i=1
(0% Lexp = D, Lix; + Li X 4)
i=1
N;: LAl — xp) = ZLi (I —x) + Lisy (1 = x49) (5)
i=1

andi = 1,2,3,.. ., n
The stage cut, i.e., fraction of feed allowed to permeate, defined for
each permeation stage is

(b’. = ——i—, Li—l = 0wheni =1 (6)

andi =1,2,3,...,n
According to Eq. (6), the overall stage cut is, therefore, obtained as

¢=¢1¢2¢3,...,¢n=_—':1_= £+1 )
f

andi =1,2,3,...,n
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Rearranging the above equations leads to the following expressions:

Lex, — Lix;
fXf l; _ & Pix; — piv1Xin1 (8)
n Pyp(l —x) — pin(l — x;
L1 —x) - X Ll —x) bPAL =8 = Bl =)
i=1
E Lix; + Liyxi
X; =1 9

1-x <
T Y LA = x) + Lig(l — X))
i=1

L = (Lf -> L,-_l) 1-¢) Li.i=0wheni=1 (10
i=1

andi =1,2,3,...,n

Li et al. demonstrated in their earlier study (2) that for an internally
two-staged permeator, in order to maximize the degree of separation, the
values of each stage cut and the pressure ratio across each membrane should
be kept the same. Therefore, in this study, both the values of each stage
cut and the pressure ratio across each membrane have been kept the same
as shown in the following expressions:

b= =d3=...=0¢, (11)
b_B_B_ oL (12)
P D3 Ds Pn+1

In order to determine the mole fraction of oxygen in the permeate stream
and membrane area requirements, the following computational procedures
were employed:

1. Specify the values of p; and p,,,.
2. Assume a value of p, and calculate p;, ps, . .., p, and p,,; from
Eq. (12).

If the calculated value of p,., is different from that specified, assume a
new value of p, and continue the iteration until the calculated value of p, .,
from Eq. (12) converges with the value of p,. specified.
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3. Specify the values of x;, Ly, Pa, Py, 8, and ¢..

4. Calculate L, from Eq. (10).

5. Assume a value of x, and calculate the values of x;, x5, . . . , x, and
X+ from Eq. (8).

6. Use the calculated values of x,, x3, . . . , x, and x,,, from Eq. (8) to

calculate the value of x; by using Eq. (9).

If the calculated value of x; from Eq. (9) is different from that assumed,
Steps 5 and 6 are repeated until the calculated value of x; converges with
the value assumed.

7. The membrane area requirement for each stage in the permeator is
determined from Eq. (1).

Clearly, the above expressions reduce to the single-stage permeation case
wheni = 1.

RESULTS AND DISCUSSION

In this study, analysis of an internally multistaged membrane permeator
was made for the case of oxygen enrichment using air as feed. The published
values of permeabilities for an ethyl cellulose membrane (3) were used in
the simulation. The operating conditions for the permeator and permea-
bility values used for all the components involved are listed in Table 1.
The feed pressure, p;, was varied from 2600 to 7800 kPa, while the permeate
pressure, p,.;, was kept at 100 kPa in all cases.

In the parametric study, the oxygen enrichment, i.e., mole fraction of
oxygen in the permeate stream as a function of permeation stage and overall
stage cut @, is calculated using the perfect mixing model described above.
The results of the study are presented in Figs. 3 and 4. In Fig. 3 the overall
stage cut is plotted against oxygen mole fraction in the permeate stream
for different numbers of permeation stages. It can be seen from the figure
that as the number of permeation stages in the permeator is increased,
oxygen enrichment is improved, especially at lower values of the overall
stage cuts. It is, however, interesting to note that the extent of oxygen
enrichment is not directly proportional to the number of permeation stages
employed. As can be seen in the figure, the effect of permeation stages
on oxygen enrichment is significant when it was increased from one per-
meation stage to two or three, but thereafter the enhancement effect grad-
ually decreases. For instance, at an overall stage cut of 0.01 and one
permeation stage in the permeator, the oxygen enrichment achieved was
about 46% compared to 64, 69, 72, and 73% for permeation stages of 2,
3, 4, and 5, respectively, at the same overall stage cut value.
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TABLE 1
Operating Conditions Used in Simulation

Feed rate, kmol/s 2.05 x 1073
Feed composition, mol fraction:

0, 21

N, 79
Membrane thickness, m 3.81 x 1073
Permeability X 10", kmol-m-m~2-s~!-kPa~!:

0, 2.94

N, 0.86

In Fig. 4 the effect of the number of permeation stages in the permeator
on oxygen enrichment is shown for different overall stage cuts. It can be
seen from the figure that at an overall stage cut of 0.01, the performance
of oxygen enrichment is greatly enhanced upon introduction of multiper-
meation stages in the permeator. However, when the overall stage cut is
increased, the advantage of employing multipermeation stages in the per-
meator is diminished. It can be seen from the figure that at an overall stage
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Fi1G. 3. Effect of overall stage cuts on oxygen enrichment for five different permeation stages
(p, = 7800 kPa, p,., = 100 kPa).
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FiG. 4. Effect of permeation stages on oxygen enrichment (p, = 7800 kPa, p,., = 100 kPa).

cut of 0.2, the improvement of oxygen enrichment is gradually reduced,
and at an overall stage cut of 0.6 an increase in permeation stages has no
effect on oxygen enrichment. This clearly indicates that the introduction
of multipermeation stages in a permeator will offer better performance in
terms of oxygen enrichment at lower values of overall stage cuts. After a
certain value of an overall stage cut (& = 0.6 in this study), the multi-
permeation permeator does not give better performance compared to the
conventional one-stage permeator. This behavior can also be seen in Fig.
3: at an overall stage cut of 0.6, the oxygen enrichment is about 0.3,
regardless of the number of permeation stages employed.

The effect of the number of permeation stages on oxygen enrichment
at different feed pressures is shown in Fig. 5. It can be seen from the figure
that as the feed pressure is increased, better oxygen enrichment is achieved,
assuming all other parameters remain unchanged. It is interesting to note
that the degree of separation is almost proportional to the feed pressure
after introduction of multipermeation stages. This behavior is certainly
different from that of a one-stage permeator where it was demonstrated
(4) that the effect of feed pressure is not directly proportional to the degree
of separation and that an increase in feed pressure only results in a slightly
better degree of separation, particularly in the high feed pressure region.



12: 37 25 January 2011

Downl oaded At:

ANALYSIS OF INTERNALLY MULTISTAGED GAS PERMEATOR 369

g 0.900

n

Q

‘5 0.800 |

g p =7800 KPa
A  0.700

o k p =5200 KPa
s

58 0.600 p =2600 KPa
g

)

el

9 0.500 }+

&

9

o 0.400 |

g

g

] \ !
s 0.300 L L

& 1 2 3 4 5
(@]

Stages, n

FiG. 5. Effect of permeation stages on oxygen enrichment for three different feed pressures
(Paer = 100 kPa, ® = 0.01).

Comparison of membrane area requirements for different values of over-
all stage cuts and different permeation stages as generated by three different
feed pressures are illustrated in Figs. 6 and 7. It could be expected that
the membrane area requirements increase with increasing permeation
stages in the permeator as shown in Fig. 6. The required membrane area,
however, could be reduced by applying high pressure on the feed side. It
can be seen from Fig. 7 that considerable reduction in the membrane area
requirement is achieved when the higher pressure is introduced on the feed
side; for example, from 640.5 m? at a feed pressure of 2600 kPa to 240.5
m? at a feed pressure of 7800 kPa in the case of five permeation stages—
a reduction of about 60%.

In Fig. 8, the oxygen recovery, defined as R = L,,,x,,,/L;x; is plotted
against the membrane area requirement for a different number of per-
meation stages in the permeator. The overall stage cut and the feed pressure
are kept constant at 0.01 and 7800 kPa, respectively. It can be seen from
the figure that with the same number of permeation stages, the oxygen
recovery remains unchanged as the membrane area is increased. Intro-
duction of multipermeation stages in a permeator will greatly improve the
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FIG. 9. Oxygen productivity versus permeation stages (p; = 7800 kPa, p, ., = 100 kPa,

@ = 0.01).
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oxygen recovery, as shown in Fig. 9 where the effect of permeation stages
on oxygen recovery is illustrated. It appears that effective utilization of a
variable pressure difference between the feed and permeate side can
achieve a much better degree of separation which may not be possible to
obtain in a conventional permeation scheme.

CONCLUSION

The performance of an internally multistaged permeator for gas sepa-
rations has been analyzed by using mathematical models based on the
perfect mixing case. It has been shown that, in general, a higher degree
of separation can be achieved by employing an internally multistaged per-
meator. A comparison among the permeation stages considered in this
study indicated that the effect of the permeation stages on oxygen enrich-
ment is significant when the permeation stages are increased from one to
two or three, and its effect decreases gradually if the permeation stages
are further increased. A parametric study further revealed that regardless
of the number of permeation stages employed, a better degree of separation
is only achievable at lower values of overall stage cuts compared to a
conventional single-stage permeator.

NOTATION
membrane area (m?)
flow rate (kmol/s)
permeate flow rate (kmol/s)
pressure (kPa)
permeability coefficient (kmol-m-m~2-s71-kPa~!)
O, recovery
mole fraction of oxygen
il mole fraction of oxygen in the permeate stream

EECR NS E SN
+

L]

Greek Letters
0] individual stage cut
) overall stage cut

) membrane thickness (m)
Subscripts

A oxygen

B nitrogen

f feed

i number of permeation stages
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