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Abstract—The process of unsteady-state membrane gas separation (fast-permeant impurity removal) with a
pulsed retentate flow operation was considered. A semiempirical mathematical algorithm was developed to
describe this process taking into account its kinetic characteristics (total cycle time, stripping time and with-
drawal time, withdrawal velocity) using the MathCad® software package. Based on the developed algorithm,
the basic operational parameters that affect the separation efficiency of the unsteady-state process were ana-
lyzed. It was shown that the optimal ratio of the stripping time and the withdrawal one determined by the
maximum efficiency criterion more corresponds to the minimum retentate concentration than to the maxi-
mum productivity. However, the developed algorithm allows to set the productivity minimum limit by intro-
ducing additional initial data into the calculation procedure. The mathematical modeling results correlate
well with the experimental data.
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INTRODUCTION

The development of gas separation technologies is
associated with the solution of tasks to increase
requirements for final products quality, energy effi-
ciency, industrial and environmental safety. To over-
come new technological challenges, it is possible to
follow the integral trend, namely, to combine separate
processes in hybrid or integrated circuits, including
both traditional separation methods and ones based
on membrane technologies [1—10]. Membrane gas
separation is a rapidly developing energy-efficient
technology [11—16], which provides advantages such
as hardware design simplicity, high environmental
safety, high level of energy saving while realizing the
process at low material costs in contrast with the tradi-
tional methods mentioned above. The key directions
in the development of membrane gas separation tech-
nologies are materials science, namely the synthesis of
new highly selective polymer materials, chemical
technology (including the development of new pro-
cesses) and the operating conditions optimization of
already existing separation schemes, for example,
membrane cascades [13, 16—18]. One of the promising
trends related to the optimization of membrane mod-
ule operation is the development and optimization of
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cyclic membrane processes to improve the selectivity
and productivity of membrane gas separation [ 19—27].

The first theoretical study considering the cyclic
process of membrane gas separation was performed by
Paul D. [19] in 1971. This process is based on steady
cyclic pulsed inlet of feed with further sequential mass
transport of binary gas mixture components through
the polymeric membrane.

In 1991, Beckman 1. [28] experimentally imple-
mented the process theoretically proposed by Paul. He
and co-workers separated the binary gas mixture of
equally permeable components He/CO,. The differ-
ence in their diffusion coefficients provided the sepa-
ration effect of the mixture which is not separable in a
traditional membrane module. It should be noted that
membrane thickness is crucial for such cyclic pro-
cesses. This parameter is important for determining
the necessary switching time between pulsed inlet of a
feed mixture and components sequential withdrawal
in the form of permeate. Hence, this gas separation
method imposes a number of limitations on the choice
and application of asymmetric polymeric membranes
with a thin separation layer. Moreover, for this pro-
cess, a forced membrane recovery stage is also import-
ant, meaning that the productivity of this cyclic gas
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separation mode inevitably decreases in comparison
with a steady-state process.

Feng X. et al. [23] proposed an alternative
approach to improve membrane separation process
efficiency during cyclic operation. Their process is
analogous to pressure swing adsorption. In a mem-
brane module, alternating transmembrane pressure is
created by cyclic inlet of feed followed by release of
permeate product at elevated pressure. This cycle
increases the driving force for the separation process.
The pressure swing permeation achieves higher selec-
tivity compared to that of steady-state operations, but
the effective flow rate is quite low. Moreover, Feng’s
process is not suitable for deep purification of gases
due to the inevitable cross contamination of the prod-
uct during flows switching.

In 2011, Favre E. [20] wrote a review devoted to the
cyclic processes of membrane gas separation. It was
shown that, in the operating modes of membrane
apparatuses under non-stationary conditions, a signif-
icant increase in separation efficiency can be achieved
in comparison with steady-state processes, but with
loss of productivity. It was also noted that improving
the separation efficiency is always associated with
hardware design complication, increased operating
costs and energy consumption.

In 2011, Vorotyntsev V. et al. [29] proposed and
theoretically considered the process of membrane gas
separation in a single membrane module operating in
a pulsed retentate flow mode, which differs from the
previously studied cyclic processes. This approach
conceptually repeats the principles of batch rectifica-
tion with periodical withdrawals [30—34]. The pro-
posed process of membrane gas separation with the
pulsed retentate flow mode is realized cyclically in two
stages. In the first stage, the membrane module oper-
ates in a closed operating mode [35], when there is no
a purified product withdrawal. At the same time, the
module gradually establishes a state close to a steady
one, and the limit stripping state for a fast-permeant
impurity is achieved. In the second stage, the with-
drawal of a purified slow-permeant target component
is carried out by opening a pneumatic valve on the
retentate line. Increase in efficiency is achieved due to
the alternation of the closed operating mode with the
short-term retentate withdrawal, since a periodic per-
turbation close to the steady state contributes to an
increase in the driving force due to a more intensive
process of mass transport on the feed side. This cyclic
separation mode is more versatile than the pulse input
mode of a feed mixture, since the latter is effective
only if there is a different diffusion mobility of the sep-
arated components (time lag effect). Membrane thick-
ness is not critical for the new process, and its com-
plexity and operating costs are relatively less.

In 2017, Vorotyntsev V. et al. [36] experimentally
verified the mathematical model of the unsteady-state
membrane gas separation with pulsed retentate flow
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operation on the example of three binary gas mixtures
with different selectivity values: CH,/N, (0l = 2.7 =
0.5); CO,/N, (0= 7.5 £ 1.5); N,O/N, (0le= 10 + 2).
It was shown that, in the field of small-productivity,
the separation efficiency for the gas mixtures (on the
membrane Silar®) is higher in the case of the pulsed
retentate mode than in the case of the steady one with
the same productivity. The obtained results showed
good agreement with the preliminary theoretical eval-
uation of the cyclic process behavior [17]. However,
during experimental studies, effects were established
that influence the separation factor. So, in the work
[17] on the pulsed retentate mode, the mathematical
model does not take into account the stages relaxation
time. In the work [17], the correlation of stripping time
and separation efficiency in the closed mode opera-
tion of the membrane module was obtained. Also, the
dependence of final product purity on withdrawal
time and, accordingly, on retentate withdrawal volume
was established. Hence, based on the presence of
kinetic factors that affect separation efficiency and
corresponding performance, it is necessary to develop
a multiparametric optimization model to quickly and
efficiently select the best operating parameters that
provide the necessary purification degree and target
productivity.

The purpose of this work is a mathematical
description of the cyclic membrane gas separation (on
the example of a radial membrane module) taking into
account the cycle time of pulsed retentate flow opera-
tion (total cycle time, stripping time and withdrawal
time) and the analysis of the main parameters affect-
ing separation efficiency: retentate withdrawal vol-
ume, withdrawal velocity, transmembrane pressure,
flow ratio and membrane selectivity.

MATHEMATICAL MODELING

The operation principle of the radial membrane
module is as follows (Fig. 1) [37, 38]. A flat-sheet
membrane of the same size as the module internal
diameter is placed on a porous stainless steel substrate
inside the module, it separates a feed side (high pres-
sure compartment, HPC) and permeate side (low
pressure compartment, LPC), respectively. A feed
flow is fed to the HPC of the membrane module and
radially moves along the selective membrane surface
from the periphery to the center as shown in Fig. 1.
This principle excludes the “dead” zones in the mod-
ule and allows to ensure laminar gas flow in the gap
between the distribution disk and the membrane (the
shaded area in Fig. 1). The membrane module oper-
ates in a mode close to ideal displacement. The gas lin-
ear velocity in the radial module changes to a lesser
degree than in a plane-parallel module, so that the
negative effect of longitudinal mixing decreases and
this design shows higher separation efficiency [36].
The LPC is similar, but a permeate flow radially
moves from the center to the periphery.
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Fig. 1. Principle flow scheme of the radial countercurrent membrane module.

In the process with the pulsed retentate flow oper-
ation, the feed flow is fed to the HPC at a constant
pressure, while the permeate flow is continuously
pumped out of the LPC using a vacuum pump with a
constant flow.

The operation cyclic mode of the membrane mod-
ule is carried out in two stages.

At the first stage, the membrane module operates
in the closed mode with zero retentate flow (a pneu-
matic valve is closed), in this case, it means no product
withdrawal. At this stage, in the HPC a state close to a
steady one gradually establishes, while the feed flow is
continuously fed at a constant pressure, the permeate
is evacuated with the constant flow. Under these con-
ditions, an impurity concentration profile is formed
along the membrane in the HPC, as shown in Fig. 2.
When the state close to the steady one (fy.e) 1S
reached, the maximum difference between the con-
centrations at the feed side entrance (C, is an input
concentration) and in the membrane center (Cy, is
an output concentration) is realized, where the puri-
fied retentate withdrawal occurs.

At the second stage, the pneumatic valve opens,
and a small amount of purified gas is taken from the
module feed side (Fig. 2) [35]. It is assumed that,
during the valve opening (Z,,.,), the impurity concen-
trations profile shifts along the membrane (Fig. 2).
When carrying out the process with the pulsed reten-
tate flow operation, it is important to withdraw only a
part of the feed side volume in order to achieve the
lowest impurity concentration in the retentate with-
drawal (Cyyg our)-

The process proceeds cyclically with the alterna-
tion of the closed mode and the pulsed retentate flow
operation at a constant transmembrane pressure with
minor fluctuations arising from the cyclic withdrawal.
The total time of one cycle (the both stages) consists of
the closing and opening time of the pneumatic valve:
Teyete = Tadose T Topen- Since the retentate withdrawal is
realized only during the valve opening, the average
retentate flow is defined as the value numerically
equal to the ratio of the withdrawal volume (at the
time of the valve opening) to the total cycle time.

Next, the cyclic membrane gas separation process
in the HPC of the radial module, in which stripping a
fast-permeant impurity occurs, is considered. The
choice of this side is based on the fact that, it is most
important for characterizing the process with the
pulsed retentate flow operation, since the retentate
flow L., and the feed one L;, depending on it
(depending on the cycle time) change there [36]. On
the permeate side (LCP), the flow L, does not change
in contrast to the impurity concentration in it, which,
in turn, will be taken into account in optimizing the
process.

The algorithm for calculating the process was car-
ried out based on the following assumptions:

(1) the gas dynamics in the membrane module is
completely determined by the target component, and
the impurity influence can be neglected, since its con-
centration is much lower than the target component
concentration;

(2) the membrane module operates in the ideal dis-
placement mode (longitudinal mixing is negligible in
the HPC);
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Fig. 2. Two-step cycle of the pulsed retentate flow mode for a single plane-parallel membrane module compared to the steady-
state operation: functioning flows are shown by thick likes; grey line represents an exemplary feed-side concentration profile of a
fast-permeant impurity; shaded area represents a retentate sample to be withdrawn.

(3) membrane permeability remains constant in
time and is the same for both pulsed and steady-state
modes;

(4) gas mixture concentration in a direction per-
pendicular to the membrane surface is constant;

(5) pressures in the feed and permeate side are
assumed to be constant;

(6) the process is carried out under isothermal con-
ditions;

(7) ideal gas behavior is assumed.

The radius orientation of the radial module (and,
correspondingly, of the membrane) / coincides with
the x axis, along which the fast-permeant impurity
component of a gas mixture strippes (Fig. 2). On this
axis, the segment /' reflects a cylinder base radius, the
volume of which is equivalent to the retentate with-
drawal volume. In turn, the value (/ — [')/I reflects the
withdrawal ratio.

The impurity concentration in the gas mixture
decreases (in the mode close to ideal displacement)
along the working membrane surface in the HPC from
the periphery (input) to the center (output) because
the fast-permeant impurity component goes under the
membrane. In the closed mode (there is no retentate
withdrawal), the gas mixture in the HPC also moves
along the membrane surface from the periphery to the
center due to the distribution disk presence, so that the
impurity concentration profile is established along the
membrane surface from the initial (at the periphery) to
the minimum (in the center). Based on this and the
experimental data obtained [36], it was assumed that,
2018
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during establishing the state close to the steady one in
the closed mode, the impurity concentration gradient
is distributed according to the exponential law (in the
HPC of the radial membrane module):

C(x) = ke™, €))

where k£ > 0, a < 0—equation coefficients of an expo-
nential curve in general form. To find these coeffi-
cients, the following boundary conditions were con-
sidered:

C(0) =k =C,,
C(l) = ke” = Cyy,

al
Cine - COoul'

The coefficient a was found using the following
transformations:

e”/ — COout’ =1n COout , a :lll'l COout .
Cin Cin / Ci

The resulting expressions for the coefficients k and
a were substituted into the equation (1):

x/llnM
Cx)=Cype
HCM X/l x/l (2)
= C el Cin = C M .
mn 1 C]

Analogous transformations were performed to
obtain the equation for the dependence of the impu-
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rity concentration at the outlet of the membrane mod-
ule on the stripping time C, (% jos0):

Telose / Toclose
Coout
Cout(tclose) = Cin( Cou .

1

Based on the equation (2), the expression for C.

was obtained: o
i
Cc')ul = Cout ( Cn j .
C

out

The retentate withdrawal volume is equivalent to
the cylinder volume with a base radius /' and a
height 4, (a module HPC height). This volume is
withdrawn during the module opening time 7. Pro-
ceeding from this, /" was defined by the following
expression:

%

[ = [Lout
h,
where V,,—the retentate withdrawal volume, which
was defined as: V,, = Voudopen» Vour—the withdrawal
velocity.
The average concentration C,,,, in the retentate
withdrawal volume was calculated by the mean value
theorem for definite integrals:

/ C x/l
= —l - J. Cin (Lut] dx
—i-nJi "¢

— Lcout - C(')ut

r lnh

in

]

avg.out

3

RESULTS AND DISCUSSION

Since the algorithm provides for and takes into
account the possibility of scaling a separation cell and
a membrane area, and also the possibility of changing
the velocities of input and output flows, the mem-
brane module productivity was considered as a relative
value indicating the percentage of the retentate flow to
the feed one:

P = Lout/Lm ’ (4)
where L;,—the feed flow, L, ,,—the retentate flow:
L — I/out .

out
topen + tclose

The equation of material balance:
L,=L,+L

‘out»
where L,—the permeate flow.

The equations (3) and (4) are the algorithm basis
for optimizing the pulsed retentate flow operation
mode. However, optimization implies accounting for
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all parameters of the simulated process, and its imple-
mentation only on the basis of analytical calculations
is difficult. In this connection, all calculations were
carried out using matrix operations in the software
package MathCad®.

Matrix dimension was set based on the maximum
allowable values of £,,., (number of rows) and 7.
(number of columns). The maximum opening time
was limited by the time required to withdraw the total

volume of the module feed side:

t — m
openMAX — 5

Vout
where V,, — the module feed side volume. The maxi-
mum closing time was limited by the module opera-
tion transiting time to the steady-state mode:

tcloseMAX = tOclose'

To be able to compare calculated data with empirical
ones, the matrix pitch relative to the opening ., and
closing .. time of the membrane module was one
second (based on instrumental experimental limita-
tions related to the minimum switching time of the

pneumatic valve).

The optimization calculations was considered on
the example of dinitrogen oxide removal from the sys-
tem N,/N,O, for which, according to the data of [36],
the greatest increase in the separation efficiency was
obtained in the cyclic mode in comparison with the
steady-state one.

The case under consideration was determined by
the following initial conditions: pypc = 120 kPa,
prec = 8 kPa, v, = 0.0006 L/s — the withdrawal
velocity, C;, = 0.01 (1 vol %)—the impurity concentra-
tion in the feed flow, C,,; =0.000001 (0.0001 vol %)—
the minimal impurity concentration in the retentate
flow for the closed mode (was determined experimen-
tally), A, = 0.001 m—the module HPC height, / =

0.126 m—the membrane module radius, V,, = nlzhm—
module HPC volume (is calculated on the basis of
geometry features; in this case, it is a cylinder with a
volume of V,, = 0.050 1), #,penmax = 80 s—the maxi-
mum withdrawal time, 7 ..pmax = 15 S— the maximum
stripping time (was determined experimentally).

For all possible combinations of the opening #y,.,
and closing 7. time of the membrane module oper-
ating in the pulsed retentate flow mode, using the
matrix operations, the average values of impurity con-
centration in the retentate flow C,, ., and the relative
productivity P, the optimal combination of which was
determined by the efficiency criterion E:

E=FECXEP,

where £C—a value describing the ratio of the mini-
mum average impurity concentration in the retentate
flow Cyyg oumn to all possible its values Cyyq o
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Fig. 3. Plane graphs of EC (a), EP (b), E (c) as a function
of fopen and 7 ee-

Cavg.oulMIN

EC = —teoutMIN
C

avg.out

EP—a value describing the ratio of all possible values
of the system’s productivity P to its maximum value

PMAX'
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The physical meaning of the F efficiency criterion
components is as follows:

(1) the closer the value of EC to 1, the greater the
approximation of the average impurity concentration
in the retentate flow to the minimum;

(2) the closer the value of EP to 1, the greater the
approximation of the relative productivity to the max-
imum.

Thus, the maximum value of the efficiency crite-
rion E corresponds to the optimal pulsed retentate
operation mode of the system.

In the calculations for the gas system under study,
the maximum value of the efficiency criterion
Eyiax was 0.1374. This maximum corresponds to the
impurity concentration of N,O in the retentate flow
Cavgou = 1.68 ppm (1.68 x 10~*vol %) and the relative
productivity P= 0.1 (10%), which, in turn, correspond
to the pulsed retentate operation mode at 7., = 4 s,
t0se = 15 s. Figure 3 shows the plane graphs of the EC
and EPvalues, as well as the efficiency criterion F, the
maximum of which determines the value Eyux
depending on 7, and 7.

It was revealed that, in determining optimal open-
ing and closing times, the criterion maximum is always
shifted to the minimum concentration, and not to the
maximum productivity of the pulsed retentate opera-
tion mode. This is due to analytical expressions of the
dependence of concentration and productivity on the
cycle duration (the concentration on the cycle dura-
tion is described by an exponential function, and the
productivity dependence is described by a hyperbolic
one). The cycle time effect on concentration predom-
inates over the cycle time effect on productivity.

However, the developed algorithm for calculating
the efficiency criterion E allows to shift the relative
productivity boundary towards higher values by enter-
ing additional constraints that set the permissible min-
imum Py in the dominance field (concerning the
separation efficiency) of the pulsed retentate operation
mode over the steady-state one [36].

For the N,/N,0O system (at the withdrawal velocity
Voue = 0.0006 L/s), when changing the value Py from
0.05 (5%) t0 0.2 (20%) at a pitch of 0.05 (5%), the fol-
lowing shift of the optimum of the pulsed retentate
operation mode was observed:

(@) Zopen =4S, Lyose = 155, P=10.064, C = 1.68 ppm;

(b) Zopen = 88, Ljose = 155, P=10.101, C= 3.05 ppm,;

(©) open = 198, fyoe = 158, P=10.153, C = 10.15 ppm;

(d) Zopen =48 8, Ljose = 148, P=10.200, C=119.70 ppm.

Thus, the developed algorithm describing the
pulsed retentate process allows to calculate at what rel-
ative productivity, which concentration (as close as
possible to the minimum) can be obtained for each

system separately, which describes the chosen crite-
rion in its maximum significance.
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Fig. 4. Graphs comparison of the separation factor depen-
dence on the relative productivity obtained on the basis of
the experimental realization of the steady-state (a) and
unsteady-state (b) modes [32] and mathematical calcula-
tions at different withdrawal velocity: (/) 0.0006 L/s,
(2) 0.001 L/s, (3) 0.0017 1/s.

It is also shown that, when the minimum concen-
tration is reached, both parameters, namely, the strip-
ping time (%) and the withdrawal time (Zycp),
equally affect the system optimum.

In addition, the developed algorithm allows to vary
the values of the relative productivity P by changing
the withdrawal velocity v, within a constant trans-
membrane pressure.

So, for the N,/N,O system, with an increase in the
withdrawal velocity v, from 0.0006 L/s to 0.0017 L/s,
the optimal values of 7,,., and 7. for the new separa-
tion conditions were 2 and 15 s, respectively.

In order to verify the developed algorithm, based
on the results of mathematical calculations, curves
were constructed describing the dependence of the

separation efficiency F = C,,, / Cavg.ou from the module

Cio Lo
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relative productivity (Fig. 4) for three different with-
drawal velocities and, respectively, three productivity
areas (curves 1, 2, and 3). The results of the calculation
correlate well with the experimental data obtained in
work [36]. Noticeable discrepancies can be noted in
the relative productivity range from 0.1 to 0.2. This is
due to the fact that the operating conditions of the
cyclic separation process, in which experimental data
were obtained in [35], did not correspond to the opti-
mal ones determineB by the algorithm, and therefore
the calculation results predict a higher separation effi-
ciency in this area. Thus, the proposed mathematical
apparatus describing the cyclic gas separation process
in the membrane module with pulsed retentate allows
to optimize operating conditions for a single mem-
brane module.

In addition to introducing the additional con-
straints and varying the relative productivity values P
by changing the withdrawal velocity, there is also the
possibility of implementing a single-stage installation
with a sequential arrangement of membrane modules
[17] (Fig. 5). This approach allows to increase the rel-
ative productivity of the membrane apparatus without
the purity loss of withdrawn retentate.

From the point of view of the mathematical
description, the process taking place in a multimodule
installation is analogous to the one-module one and is
described by the equations (3) and (4). However, the
feed flow formation L,, largely depends on the number
of modules in the installation, since, in terms of mate-
rial balance, it is directed to compensate the retentate
flow L, and all permeate flows L.

L,=NL,+L

‘out»

where N—a number of modules in the membrane
installation.

Based on the algorithm obtained for the N,/N,O
system, it was shown that, for the same relative pro-
ductivity, according to the separation -efficiency
F=C, / Cavg.our » the three-module installation always
exceeds the two-module one, and the two-module
installation is always exceeding the single-module one
(Fig. 6). In addition, it is possible to vary the retentate

Cii, Lin Cops Loy Chis Lo
—

CI.Z’ L1A2

Cra, Ly,

Fig. 5. Scheme of single-stage installation with sequential arrangement of membrane modules: S}, S,—a membrane area of first
and second modules, respectively; C—a impurity concentration, L—a flow, R—a compressor.
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Fig. 6. Dependence of the separation efficiency on the rel-
ative productivity for sequential membrane apparatus.

flow and thereby increase the productivity analogi-
cally to the one-module installation.

CONCLUSION

The semiempirical mathematical algorithm for
describing the process of membrane gas separation
with pulsed retentate was developed taking into
account its Kkinetic characteristics (total cycle
time, stripping time and withdrawal time). The algo-
rithm was implemented using the software package
MathCad®. The results of mathematical calculations
are in agreement with the experimental data.

Based on the developed algorithm, the basic oper-
ational parameters that affect the separation efficiency
of the unsteady-state membrane separation of the gas
mixture (with the fast-permeant impurity) were ana-
lyzed. To assess the cyclic membrane gas separation
process, the efficiency criterion was introduced, the
physical meaning of which is reduced to the choice of
the optimal ratio of the stripping and withdrawal times
for pulsed retentate providing a minimum impurity
concentration in the withdrawn product sample and
maximum productivity. It was revealed that the opti-
mum of the pulsed retentate operation mode is always
shifted to the minimum concentration, and not to the
maximum productivity. This is due to analytical
expressions of the dependence of concentration and
productivity on the cycle duration of the module oper-
ation. However, it should be noted that the developed
algorithm allows to vary the minimum allowable pro-
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ductivity value by entering additional conditions into
the calculation procedure.

Thus, the developed algorithm for describing the
membrane gas separation process with pulsed reten-
tate allows to quickly estimate the final product purity
and the possible productivity, determine the optimum
ratio of the kinetic parameters for the module cyclic
operating mode, and introduce additional initial con-
ditions to optimize the process.
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