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The existing mathematical models of pressure swing adsorption (PSA) apply various
assumptions regarding the mass and heat transfer mechanisms in the “gas mixture-
adsorbent” system. An increase in the number of assumptions leads to a simplification
of the model, a decrease in the calculation time of one iteration in the model and, at
the same time, a decrease in its accuracy. The simplification of the model is especially
important in PSA processes, since the calculation of the model is carried out before the
cyclic steady state and takes tens and even hundreds of cycles (iterations). Ensuring high
accuracy of the PSA model and its minimum complexity is a contradictory requirement;
therefore it is important to reasonably consider only those transfer mechanisms that are
dominant in the model. The paper proposes a mathematical model of the PSA process,
which takes into account the thermal effects of sorption, external and internal diffusion
mechanisms of adsorptive transfer. A numerical research was carried out to determine the
dominant transfer mechanism, and recommendations were proposed for using the preferred
PSA model in terms of its accuracy and calculation time (for the processes of air oxygen
enrichment and synthesis gas separation). It was found that to calculate PSA oxygen units
with a capacity of less than 4 1/min at NTP, it is advisable to use an isothermal model,
which saves at least 24,3% of the calculation time with a loss of accuracy of no more than
0,084 vol%. To calculate PSA hydrogen units, the use of an isothermal model is impractical
even at the lowest productivity of 50 1/min at NTP. When the diameter of the adsorbent
particles is less than 2 mm, it is advisable to use an external diffusion model, which saves
at least 54,2% of the calculation time for oxygen units and at least 47,1% of the calculation
time for hydrogen units with a slight loss of accuracy. At a gas flow velocity of more than
0,05 m/s, the model can ignore the diffusion in the gas. The research results can be used
to calculate various PSA processes for separation of gas mixtures: rPSA, ultra rPSA, VSA,
VPSA, and related processes.
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hydrogen; oxygen.

Introduction

One of the most promising methods for producing gases from gas mixtures is pressure
swing adsorption (PSA). This is a wide class of cyclic adsorption processes (PSA, VSA,
VPSA, PTSA, rPSA, ultra-rPSA, etc.) allowing to extract target gases of high purity
with the lowest cost and energy consumption in the range of productivity: for oxygen —
up to 9000 m?3/h at NTP [1]; for hydrogen — up to 50000 m?/h at NTP (according to
JSC Grasys). The use of mathematical modelling and optimization methods in calculating
the PSA processes and units allows to reduce the cost of extracting target gases from
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mixtures up to 2 times by determining the best combinations of operating and design unit
parameters [2].

In general, mathematical models of the PSA process represent a set of second-order
partial differential equations describing the material and heat balance in the gas phase and
the adsorbent, as well as the gas flow continuity and kinetics of mass and heat transfer at
the gas mixture-adsorbent interface in the unit adsorber. The PSA process is cyclic when
its modelling feature is the achievement of a cyclic steady state (CSS) [3-5]. CSS is achieved
by multiple sequential solution of the system of model equations for each stage of the cyclic
process (pressurization, adsorption, depressurization, desorption, etc.) until the product
concentration at the adsorber outlet in the current cycle is very close to the concentration
in the previous cycle. This procedure is a simulation of the stationary operation mode.
The number of iterations (cycles) that needs to be calculated reaches several dozen, so
the calculations are time-consuming (expensive), which is especially critical when solving
the optimal design problems for PSA units [4]. In this regard, the calculation time of one
iteration in the model is an important aspect, to reduce which it is advisable to simplify
the model [4].

Obviously, the simplification of the model leads to a loss of its accuracy, however, PSA
models must be sufficiently accurate (for example, the accuracy of the model must be at
least 1 vol% for oxygen extraction and not less than 0,1 vol% for hydrogen extraction [6, 7).
Ensuring high accuracy of the PSA model and its minimum complexity is a contradictory
requirement. Therefore, it is important to reasonably consider only those mechanisms of
mass and heat transfer that are dominant in the adsorption—desorption process in the
model.

In the existing PSA models, various assumptions are applied regarding the mass and
heat transfer mechanisms in the gas mixture—adsorbent system:

— non-isothermal models [3, 8-15|, where the heat effects of adsorption-desorption
and temperature changes in the adsorbent and the gas phase are taken into account, and
isothermal models [16, 17|, where these effects are not considered;

— models with a dominant external diffusion transfer mechanism for the gas phase
components in the adsorbent [3, 8-13, 16, 17|, where adsorption and desorption are limited
by the process of external mass transfer, and models with a mixed diffusion transfer
mechanism [14, 15, 17|, where adsorption and desorption are also limited by the process
of internal diffusion in the adsorbent granule;

— models without taking into account the longitudinal mixing in the gas phase [11].

The considered studies do not sufficiently substantiate the assumptions regarding
certain mass and heat transfer mechanisms for an adsorptive from the gas phase to the
adsorbent. Moreover, there is no comparative analysis of the accuracy and calculation time
of various PSA models.

The purpose of this work is to determine the combination of input parameters
(productivity, diameter of adsorbent particles, flow rate), which is necessary to take into
account the mass and heat transfer mechanism in the PSA model (using the example of
the PSA process for air oxygen enrichment and hydrogen extraction from synthesis gas).
This allows to reasonably use simpler and less expensive PSA models in terms of processor
time (CPU time), which is especially important when solving the optimal design problems
of units.
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1. Mathematical Model of PSA Process for Gas Mixture
Separation

The technological process of gas mixture separation by the PSA method is carried
out in a two-adsorber unit with a 13X granular adsorbent [9, 14]. The principle of its
operation lies in the cyclic alternation of the adsorption processes of the components from
a continuous gas mixture flow and their desorption from the adsorbent in parallel working
adsorbers. At the same time, a continuous flow of the target product is provided at the
PSA unit outlet. One complete cycle of the unit operation includes two steps of adsorption
and desorption which are equal in time.

The mathematical model of the PSA process describes the mass and heat transfer
processes occurring in the unit adsorber and represents a system of 1-D second-order
partial differential equations:

component-wise material balance in the gas phase flow along the height of the
adsorbent bed, 0 <z < L, 0 <7 < Tuds, Tads < T < Tdess

Ocg(x, T) N 1 — e day, N Ivger(x,7)) 0 (D 8ck(x,7))
g )

or s Or ox T oz or (1)

sorption kinetics (Gluckauf formula)

aak: (l‘7 T) _
o By (ay, — ax(z, 7)), (2)
saturation of adsorbent granules with adsorptive, 0 <r <r,, i =1,2,..., %,
P

day(r,7) 1 0 LOar(r,7)\ _ 3 /Tp )
5 — 29, (Da,kﬂ" o (75, T) = = ag(r, 7)r" dr, (3)

heat propagation in the gas mixture flow along the height of the adsorbent

OT,(z,7) oT,(z,7) « PT,(x,7)
CpgpggaiT + Cpgpg’/ggaT - ESSP(T(I —Ty(z,7)) = /\9#7

heat propagation in the adsorbent

T, (z, 7) a, PTo(x, )
CpapaT + Oéssp(Ta(xa T) - Tg) - g hka = AaTa (5>

continuity of the flow

Ergun’s equation

OP(z,7) 150(1 — ¢)? l—¢ ,
T = — (Wugl/g + 1, 75Mgpgwl/g s (7)
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where 7 is a time, s;  is a spatial coordinate along the length (height) of the adsorbent
bed, m; r is a spatial coordinate along the radius of the adsorbent granule, m; ¢ is a molar
concentration of the k-th component in the gas mixture, mol/m?; a; is a concentration of
the k-th component in the adsorbent granule, mol/m?; @ is an average concentration of
the k-th component in the adsorbent, mol/m?; a} is an equilibrium k-th component in the
adsorbent, mol/m?; v, is a velocity of the gas mixture, m/s; T, is a temperature in the gas
phase, K; T, is a temperature in the adsorbent, K; P is a pressure, Pa; L is a height of the
adsorbent bed, m; 7. is a duration of the adsorption—desorption cycle, s; 7. = Toqs + Taes-

The mechanism of matter transfer includes diffusion and convection in gas (1), external
mass transfer (2), and diffusion in the adsorbent granule (3). The heat transfer mechanism
includes convection, heat conduction, external heat transfer (4), and heat propagation in
the adsorbent (5). Equation (6) reflects the change in the flow rate as a result of sorption
of the components, while equation (7) describes the pressure drop in the adsorbent bed.

Within development of the model, we assume the following: 1) the initial gas mixtures
are considered as an ideal gas, which is quite acceptable at a pressure in the adsorber
up to 200x10° Pa [18, 19]; 2) the diffusion of the adsorptive and the spread of heat in
the gas and solid phases are carried out only in the axial direction of the gas mixture
flow in the adsorber (along the length of the adsorbent bed, 0 < z < L) [3-17]; 3) the
adsorption equilibrium (adsorption isotherms of components) on a microporous adsorbent
are described by the Dubinin—Radushkevich equation [17, 18|; 4) the desorption branches
of the adsorption isotherms of the gas phase components on the 13X zeolite coincide
with the adsorption ones [18]; 5) the temperature distribution in the adsorbent granule is
considered uniform due to its high thermal conductivity [20].

We determine the equilibrium concentration aj, of the adsorptive in the adsorbent by
the Dubinin-Radushkevich equation |17, 18], the diffusion coefficient in the gas phase D,
by the Fuller—Schletter—Giddings formula [19], the heat of sorption A by the formula [20],
the coefficients of mass transfer § and heat transfer a by the criterion equations |7, 14],
the diffusion coefficient in the adsorbent D, by the Dubinin-Yavich formula [21], the
specific surface of adsorbent granules Sy, by the formula [18|, and the partial pressure P,
by the formula [19]:
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Table 1 presents the values of the remaining coefficients in the model.

Table 1
Values of coefficients and parameters in the PSA model
Initial data Air Synthesis gas
Adsorbent characteristics:
Zeolite adsorbent 13X 13X
Density of the adsorbent, kg/m? Pa = 2140 Pa = 2140
Porosity coefficient of the adsorbent, m?/m3 e=0,39 e=0,39
Thermal conductivity coefficient of the adsorbent, X, = 0,139 Ao = 0,139
W/ (m K)
Sphericity coefficient of adsorbent particles ¢=1 ¢=1
Specific heat of the adsorbent, J/(kg K) Cpa = 830 Cpa = 830
Input temperature in the adsorbent, K T = 298 Tim = 298
Characteristic energy of adsorption, J/mol E = 13420 E = 13420
Average lifetime of an adsorbate molecule in the 75 = 10713 To = 10713
adsorbate state, s
Relative volume of adsorbent macropores, m3/m? &, =0,7 e1=0,7
Relative volume of adsorbent micropores, m®/m® &, = 0,25 g9 =10,25
Gas mizture characteristics:
Component concentration, vol% =22 it =68
cy, = 18 clo, = 27

o =9
Temperature, K T =298 T =298
Specific heat capacity, J/(mol K) cpg = 1005 cpg = 9971
Thermal conductivity coefficient, W/(m K) Ag = 0,023 Ag = 0,129
Latent heat of vaporization, J/mol Yo, = 6819,9 Vi, = 903,7

N, = B5T7,3 oo, = 17154, 4

Yoo = 6041, 7
Dynamic viscosity, 107 Pa s py = 1,89 py = 1,07
Coefficients of the Fuller—Schletter—Giddings vo, = 16,6 vy, = 7,07
equation vn, = 17,9 veo, = 26,9

Voo = 18, 9
Adsorber design parameters:
Inner diameter of the adsorber, m D =0,04 D=0,1
Adsorbent bed length, m L=0,2 L=1,0
Mode parameters:
Cycle duration, s T. = 40 T. = 120
Desorption input pressure, atm P =1 P =0,75

The mathematical model (1) — (7) is endowed with the initial conditions for each step
of the cycle (adsorption and desorption):

adsorption, first cycleT = 0,1 =1,0 < z < L, ¢ (x,0) = ¢, ax(z,0) = 0, ax(r,0) = 0,
Ty(x,0) =T,", Ta(x,0) = Ti", vy(x,0) = v)", P(x,0) = Pl,;

ads’
desorption 7 = i X Tges,i = 1,2,..., 0 < & < L, c(x,7) = &%(2, Togs), Qp(z,7) =
EZdS(%Tads), (lk(T,T) = azds(ryTads)u Tg(I,T) = Tgads(-ryTads)u TQ(ZE,T) = T;ds(quads)y
ve(x,T) = V;ds(l‘, Tads)y Pz, 7) = P (2, Taqs);
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adsorption, subsequent cycles 7 = i X Tuu5,0 = 2,3,..., 0 < x < L, ¢z, 7) =
ges(xaTdes)a ak(x77-> = ges(xaTdes)a ak(raT) = aies(raTdes)> Tg(x77-> = nges(xaTdes)>
To(x,7) = T (2, Tges), Vy(x,T) = l/;les(l‘, Tdes), P(x,7) = PP (2, Tges);

boundary conditions for each step of the cycle (adsorption and desorption):

adsorption z = 0 ¢x(0,7) = (1), ax(0,7) = aj(7), T,(0,7) = Ti*(7), Z=(0,7) =
aSsp(Ta(0,7) = TJ(7)), v4(0,7) = nug(7), P(0,7) = P (v )

adsorption z = L aC’“(L,T) = 0, %‘1’“(@,7’) = 0, %(L,T) = 0, 86:;“([/,7') = 0,
dvg —

22(L,7) =0, 22(L,7) = 0;

desorption = = 0 %%(0,7) = 0, 9%(0,7) = 0, 22(0,7) = 0, Ze(0,7) = 0, Z2(0,7) =
07 (?9];(0 T) Pdes( )

desorption z = L cx(L,7) = (L, 7), ax(ry,7) = ajp(ry, 7), Ty(L,7) = Ty3*(L,7),
G (L,7) = Sy (Ta(L,7) = Ty®), vy(L, 7) = vg® (L, 7), P(0,7) = Py, (7).

The system of equations (1) — (7) was solved by the method of lines in the MatLab
software environment using a Van Leer flux limiter to prevent physically unrealistic
oscillations [4].

The solution of the system (1) — (7) must be carried out sequentially for the adsorption

and desorption steps before the onset of the CSS mode in the adsorber [3-5]:
v — vt < 10°7%, (8)

out

where 24" is a purity of the product (oxygen or hydrogen) at the adsorber outlet on the

i-th unit cycle ‘o 1)
1 (T,
g 100%. 9
yp Tads E :Cout( T, ) % ( )

The adequacy of the model (1) — (7) was assessed using the root mean square error RMS:

N
1 out,e 2
RMS = N Z yf)%t — yp,]t (7')) , (10)
7j=1
where yout © is a gas purity at the adsorber outlet obtained at the PSA experimental unit;

out

Yy is a gas purity at the adsorber outlet calculated according to the model (1) — (7).

To test the adequacy of the PSA models for air oxygen enrichment and synthesis
gas separation, a set of experimental studies was carried out, including the study of
equilibrium conditions (sorption isotherms) and the dynamics of the process. The following
values of the sorption Dubinin—Radushkevich isotherm parameters were obtained: limiting
adsorption volume Wy = 0,262 cm?/g; parameter of the dominant micropore size
B =2,2x 1075 1/K?; affinity coefficients o, = 0,65, o, = 0,15, on, = 1, vco, = 2, 31,
wco = 0,84; the exponent of the thermal Dubinin equation n = 2; molar volume
vh, = 0,04, vi, = 0,007, v}, = 0,06, vio, = 0,04, vy = 0,05 cm®/mmol; thermal
coefficient of limiting adsorption (1073) xo, = 1,7861, xu, = 5,1448, xn, = 2,1753,
Xco, = 2,626, xco = 1,7372; saturation pressure Psp, = 498,08, Pspy, = 620,78,
Ps n, = 525,99, Psco, = 212,49, Psco = 323,99 atm. The dynamics of the process
was investigated on an experimental unit where the output curves of the gas purity at
the adsorber outlet were determined depending on the input conditions: v, = 0,05 — 0,2
m/s, P =2 — 6 atm (for air), P = 5 — 30 atm (for synthesis gas); adsorber parameters:
L=0,2m, D=0,04 m (for air) and L =1 m, D = 0,1 m (for synthesis gas).
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The RM S values were as follows: RM Sp, = 0,55 vol% in the range of required purity
for oxygen yo"* = 90 — 96 vol% and RM Sy, = 0,021 vol% in the range of required purity
for hydrogen Yo't = 99,950 — 99,999 vol%.

2. Numerical Research

The PSA model (1) — (7) is a non-isothermal mixed diffusion model (heat propagation
in the gas and adsorbent, as well as internal diffusion transfer in the adsorbent is taken
into account), which also considers the diffusion in the gas. Its use causes significant
computational complexity when solving the optimization problem due to the need to
achieve CSS [3-5]. In the case when additional assumptions are introduced into the model
(1) — (7) with respect to a specific transfer mechanism, the model (1) — (7) is simplified
to the options presented in Table 2 (Models 2 — 8). In this case, the model is simplified
computationally, but its accuracy is reduced in comparison with Model 1.

Table 2
PSA models with various assumptions regarding the mass and heat transfer mechanisms
PSA model Heat propagation Internal diffusion Diffusion in the
in the gas and transfer in the gas
adsorbent adsorbent
(1) = (7), model 1 yes yes yes
(1) = (7), model 2 yes yes no
(1), (2), (4) = (7) model 3  yes no yes
(1), (2), (4) = (7) model 4  yes no no
(1) = (3), (6), (7) model 5 no yes yes
(1) = (3), (6), (7) model 6 no yes no
(1) = (3), (6), (7) model 7 no no yes
(1) = (3), (6), (7) model 8 no no no

To determine the ranges of input variables, where the mass and heat transfer
mechanism can be neglected, and to estimate the accuracy of simplified models,
it is proposed to conduct a numerical research, which includes three computational
experiments: the study of heat propagation in the gas and adsorbent, the internal diffusion
transfer in the adsorbent, and the diffusion in the gas. In the course of computational
experiments, the input variables P™ ;”, d, are varied (Table 3) and calculations are
carried out using Model 1.

Table 3
Manipulated variables for numerical research

Air Synthesis gas
Manipulated =~ Nominal value Variation range  Nominal value Variation range
variables

P atm 4 2;3;4: 5,6 15 5; 10; 15; 20; 30

l/g , m/s 0,1 0,05; 0,1; 0,2 0,1 0,05; 0.1; 0.2

dy, 1073 m 1,5 0,25; 0,5; 1; 1,5; 1,5 0,25; 0,5; 1; 1,5;
2; 3; 4 2; 3; 4

The study of heat propagation in the gas and adsorbent supposes obligatory estimation
of the heating amount in the adsorbent bed for different unit productivity Gout.
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When studying the internal diffusion transfer in the adsorbent, it is necessary to find
the value of the adsorbent granule diameter d, at which the main resistance to mass
transfer from the external diffusion region to the internal diffusion region is shifted at
different input flow rates 1/;”.

When studying diffusion in the gas, it is necessary to estimate the contributions of the
convective and diffusion components to the mass transfer in the gas phase.

After analyzing the obtained results and determining the ranges of the input variables,
the loss of accuracy in the simplified models is calculated in comparison with Model 1:

A = [y (Pl i dy) = 45t (Pt 027 ) ()

ads’Yg - yp,easy ads> ¥g >

where ygf;fu” is the gas purity at the adsorber outlet calculated using Model 1; ygffasy is the

gas purity at the adsorber outlet calculated using a simplified model (Table 2, Models 2-8).

3. Results and Discussion

Based on the results of the numerical research to determine the dominant transfer
mechanism in the PSA process, recommendations for calculating PSA units (the processes
of air oxygen enrichment and synthesis gas separation) are presented (Table 4).

Table 4
Recommendations on the choice of the model for calculating the PSA process
No Go“, d,, 1/;”, Dominant transfer Preferred CPU A, Opt
I/min at mm m/s mechanism model time, vol%  time,
NTP min min
Air oxygen enrichment
1 >4 >2 < 0,05 Nonlso, InDif Model 1 10,7 0 535
2 >4 >2 >0,05 Nonlso, InDif Model 2 10,6 0,024 530
3 >4 <2 <0,05 Nonlso, ExDif Model 3 49 0,083 245
4 >4 <2 >0,05 Nonlso, ExDif Model 4 4.8 0,095 240
5 <4 >2 <0,05 Iso, InDif Model 5 8,1 0,084 405
6 <4 >2 2>0,05 Iso, InDif Model 6 8,0 0,097 400
7T <4 <2 <0,05 Iso, ExDif Model 7 3,5 0,199 175
8§ <4 <2 >0,05 Iso, ExDif Model 8 34 0,211 170
Synthesis gas separation
9 >50 >2 < 0,05 Nonlso, InDif Model 1 18,7 0 935
10 > 50 <2 >0,05 Nonlso, InDif Model 2 18,6  0,0012 930
11 >50 >2 < 0,05 Nonlso, ExDif Model 3 9.9 0,0072 495
12 > 50 <2 >0,05 Nonlso, ExDif Model 4 9.8 0,0086 490

G d,, V;” are input variables of PSA process. Nonlso means non-isothermal;
Iso means isothermal; InDif means internal diffusion; ExDif means external diffusion;
CPU time means time of the model calculation to the CSS mode;

Opt time means approximate time for solving the problem of optimal design [22] in the
case of using this model, which was obtained according to the practical calculation
experience (the number of miscalculations of the PSA model to the CSS mode

when solving the optimization problem is at least 50). Computer specifications are

Intel Core i7-7700, DDR4 16Gb, NVIDIA GeForce GTX 1050 2Gb, Win7x64.
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The study of heat propagation in the gas and adsorbent. The analysis of
temperature changes in the gas and adsorbent (with the unit productivity G°** = 2 1/min
at NTP) showed that the adsorbent bed heating is insignificant (less than =~ 2 K). The
calculations show that at a unit productivity G°** = 4 1/min at NTP, the adsorbent bed
heating is =~ 3,4 K, at G° = 10 1/min at NTP, ~ 5 K, and at G°** = 20 1/min at NTP,
more than ~ 8 K. It is known that when the bed is heated at 3 — 4 K, the allowance for
the thermal effects of sorption in the PSA process can be neglected [8]. Therefore, when
the productivity of the PSA oxygen unit is less than 4 1/min at NTP, it is expedient to
use the isothermal Model 5. Note that the use of the isothermal model 5 in solving the
optimal design problem of oxygen units saves at least 24,3% of the calculated time in
comparison with the non-isothermal model (Table 4, cases 1, 5) with a loss of accuracy
of no more than 0.084 vol%. To calculate PSA hydrogen units, the use of the isothermal
Model 5 is impractical, since the heating of the adsorbent is 10 — 15 K even at the lowest
unit productivity G = 50 1/min at NTP.

The study of internal diffusion transfer in the adsorbent. The shift of the main
resistance to mass transfer from the external diffusion region to the internal diffusion one
is characterized by the curves of changes in the oxygen and hydrogen concentration yg“t
(Figs. 1, 2). All curves clearly show a bend at a particle diameter d, = 2 — 3 mm. This
suggests that, in the range of adsorbent particle sizes d, = 2 — 3 mm, the effect of transfer
mechanisms by external and internal mass transfer diffusion is comparable. At d,, < 2 mm,
the value of the mass transfer coefficient § increases sharply, and the internal diffusion
resistance decreases (characterized by the duration ¢, of the granule saturation with the
extracted component); the process of external mass transfer acquires the limiting influence,
and the diffusion process in granules can be ignored. At d, > 3 mm, the value of the mass
transfer coefficient § decreases, and the internal diffusion resistance increases sharply; the
diffusion process in the adsorbent granules acquires the limiting influence.

The intensification of the mass transfer process can be provided by reducing the size
of the adsorbent granules d,, however, at the same time, the pressure drop AP in the
adsorbent bed increases (7), which significantly reduces the dynamic capacity of the
adsorbent (calculated by the Dubinin-Radushkevich equation).

AP, atm a) B, 1/s AP, atm t b) ‘s B, 1/s
0,271004y5%, vol.% t,s 3 0,6-100- Y1 vol.% L 6
-60 -60
0,5' _5
90 -50 90 -50
40 |, 0,41 -40 |4
0.11 80- 30| 0,31 801 30|,
- 20 0.2 - 20
70+ | 70+ I -2
10 11 0.1 10
- -0 Lo 1
%01 6o, 0,0/ 601

012 3 45 6 7 d,mm 0 12 3 4 5 6 d,mm

Fig 1. Dependence of oxygen purity yg“t, pressure drop in the adsorbent bed AP, external
mass transfer coefficient § and saturation time of the adsorbent granule ¢, in its center

on the granule diameter d, at the input flow rate /" a) 0,05 m/s; b) 0,2 m/s
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Fig 2. Dependence of hydrogen purity y}‘,’“t, pressure drop in the adsorbent bed AP,
external mass transfer coefficient 8 and saturation time of the adsorbent granule ¢, in its

center on the granule diameter d,, at the input flow rate »)": a) 0,05 m/s; b) 0,2 m/s

Note that the use of the external diffusion Model 3 in solving the optimal design
problem saves at least 54,2% of the calculation time for oxygen units and at least 47,1% of
the calculation time for hydrogen units with a loss of accuracy of no more than 0,083 vol%
and no more than 0,0072 vol% , respectively (Table 4, cases 1, 3 and Table 4, cases 9, 11).

The study of diffusion in the gas phase. According to Equation (1), the transfer
of components in the gas phase occurs due to longitudinal diffusion Dg and convection
(term 3). The results of the performed numerical analysis showed that at a gas flow rate of
more than 0,05 m/s, longitudinal mixing can be neglected (the contributions of longitudinal
mixing and convective components differ by more than an order of magnitude).

Conclusions

We develop the mathematical model of the PSA process considering the heat effects
of sorption, external and internal diffusion mechanisms of adsorptive transfer from the gas
to the adsorbent (for air oxygen enrichment and synthesis gas separation) and providing
high accuracy of calculations (RM Sp, = 0,55 vol% in the range of required purity for
oxygen yo*" = 90 — 96 vol% and RM Sy, = 0,021 vol% in the range of the required purity
for hydrogen yg“t = 99,950 — 99,999 vol%). The numerical research was carried out to
calculate PSA oxygen units. It was found that with a capacity of less than 4 1/min at NTP,
it is advisable to use an isothermal model, which saves at least 24,3% of the calculated
time with a loss of accuracy of no more than 0,084 vol%. To calculate PSA hydrogen units,
it is impractical to use the isothermal model even at the lowest productivity of 50 1/min
at NTP. When the diameter of the adsorbent particles is less than 2 mm, it is advisable
to use an external diffusion model, which saves at least 54,2% of the calculated time for
oxygen units and at least 47,1% of the calculated time for hydrogen units with a loss of
accuracy of no more than 0,083 vol% and no more than 0,0072 vol%, respectively. At a
gas flow rate of more than 0,05 m/s, the model can ignore the diffusion in the gas.

Based on the research results, we give recommendations on the use of the preferred
PSA model in terms of its accuracy and calculation time. The research results can be used
to calculate various PSA and gas mixture processes: rPSA, ultra rPSA, VSA, VPSA, and
related processes.

48 Bulletin of the South Ural State University. Ser. Mathematical Modelling, Programming
& Computer Software (Bulletin SUSU MMCS), 2021, vol. 14, no. 2, pp. 39-51



I[TPOI'PAMMIPOBAHNE

Acknowledgments. This research was supported by the Ministry of Science and

Higher Education of the Russian Federation within the President Grant MK-1604.2020.8.

References

1.

10.

11.

12.

Ackley M.W. Medical Oxygen Concentrators: A Review of Progress in Air Separation
Technology, Adsorption,2019,vol. 25, no. 8, pp. 1437-1474. DOI: 10.1007 /s10450-019-00155-w

. Shi Wenrong, Tian Caixia, Ding Zhaoyang, Han Zhiyang, Zhang Donghui. Review on

Simulation, Optimization and Control of Pressure Swing Adsorption. Journal of Chemical
Engineering of Chinese Universities, 2018, vol. 32, no. 1, pp. 8-15. DOI: 10.3969/j.issn.1003-
9015.2018.01.002

Khajuria H., Pistikopoulos E.N. Optimization and Control of Pressure Swing Adsorption
Processes Under Uncertainty. AIChE Journal, 2013, vol. 59, no. 1, pp. 120-131.
DOTI: 10.1002/aic.13783

. Biegler L.T., Jiang L., Fox V.G. Recent Advances in Simulation and Optimal Design of

Pressure Swing Adsorption Systems. Separation and Purification Reviews, 2004, vol. 33,
no. 1, pp. 1-39. DOI: 10.1081/SPM-120039562

Papadias D., Lee S., Ahmed S. Facilitating Analysis of Trace Impurities in Hydrogen:
Enrichment Based on the Principles of Pressure Swing Adsorption. International Journal of
Hydrogen Energy, 2012, vol. 37, no. 19, pp. 14413-14423. DOI: 10.1016 /j.ijhydene.2012.07.057

Cruz P., Magalhaes F. D., Mendes A. On the Optimization of Cyclic Adsorption Separation
Processes. AIChE Journal, 2005, vol. 51, no. 5, pp. 1377-1395. DOI: 10.1002/aic.10400

Ogawa K., Inagaki Y., Ohno A. Numerical Analysis of Oy Concentration, Gas-
Zeolite Temperatures in Two Zeolite Columns for an Oxygen Concentrator.
International Journal of Heat and Mass Transfer, 2019, wvol. 129, pp. 238-254.
DOI: 10.1016/j.ijheatmasstransfer.2018.09.052

Makarem M.A., Mofarahi M., Jafarian B., Lee Chang Ha. Simulation and Analysis of Vacuum
Pressure Swing Adsorption Using the Differential Quadrature Method. Computers and
Chemical Engineering, 2019, vol. 121, pp. 483—496. DOI: 10.1016/j.compchemeng.2018.11.017

Silva B., Solomon I., Ribeiro A.M., Lee U. Hwang, Hwang Young-kyu, Chang
Jongsan, Loureiro J.M., Rodrigues A.E. H-2 Purification by Pressure Swing Adsorption
using CuBTC. Separation and Purification Technology, 2013, vol. 118, pp. 744-756.
DOL: 10.1016/j.seppur.2013.08.024

Li Huiru, Liao Zuwei, Sun Jingyuan, Jiang Bingbo, Wang Jingdai, Yang Yongrong.
Modelling and Simulation of Two-bed PSA Process for Separating H2 from Methane Steam
Reforming. Chinese Journal of Chemical Engineering, 2019, vol. 27, no. 8, pp. 1870-1878.
DOTI: 10.1016/j.cjche.2018.11.022

Tavan Y., Hosseini S.H., Olazar M. A Note on an Integrated Process of Methane
Steam Reforming in Junction with Pressure-Swing Adsorption to Produce Pure Hydrogen:
Mathematical Modeling. Industrial and Engineering Chemistry Research, 2015, vol. 54, no. 51,
pp. 12937-12947. DOI: 10.1021/acs.iecr.5b01477

Akulinin E., Golubyatnikov O., Dvoretsky D., Dvoretsky S. Optimization and Analysis of
Pressure Swing Adsorption Process for Oxygen Production from Air under Uncertainty.
Chemical Industry and Chemical Engineering Quarterly, 2020, vol. 26, no. 1, pp. 89-104.
DOTI: 10.2298 /CICEQ190414028 A

Bectauk FOVYpI'Y. Cepusa <Maremarndeckoe MOAeJIMPOBAHUE 49
u nporpammupoBanues> (Becruuk FOYpI'Y MMII). 2021. T. 14, Ne 2. C. 39-51



0.0. Golubyatnikov, E.I. Akulinin, S.I. Dvoretsky

13. Sanchez R., Riboldi L., Jakobsen H. Numerical Modelling and Simulation of Hydrogen
Production via Four Different Chemical Reforming Processes: Process Performance and

Energy Requirements. Canadian Journal of Chemical Engineering, 2017, vol. 95, no. 5,
pp. 880-901. DOI: 10.1002/cjce.22758

14. Ribeiro A.M., Grande C.A., Lopes F.V., Loureiro J.M., Rodrigues A.E. A Parametric Study
of Layered Bed PSA for Hydrogen Purification. Chemical Enginerring Science, 2008, vol. 63,
no. 21, pp. 5258-5273. DOI: 10.1016/j.ces.2008.07.017

15. Santos J.C. Study of New Adsorbents and Operation Cycles for Medical PSA Units.
Departamento de Engenharia Quimica Faculdade de Engenharia da Universidade do Porto,
2005.

16. Santos J.C., Cruz P., Regala T., Magalhaes F.D., Mendes A. High-Purity Oxygen Production
by Pressure Swing Adsorption. Industrial and Engineering Chemistry Research, 2007, vol. 46,
no. 2, pp. 591-599. DOI: 10.1021 /ie060400g

17. Dubinin M.M. Fundamentals of the Theory of Adsorption in Micropores of Carbon
Adsorbents: Characteristics of Their Adsorption Properties and Microporous Structures.
Carbon, 1989, vol. 27, no. 3, pp. 457-467. DOI: 10.1016/0008-6223(89)90078-X

18. Dubinin M.M. Adsorbtsia i poristost’ |[Adsorption and Porosity|. Moscow, VAHZ, 1972.
(in Russian)

19. Poling B., Prausnitz J., O’Connell J. The Properties of Gases and Liquids. New York,
McGraw-Hill, 2001. DOI: 10.1036,/0070116822

20. Bering B.P., Dubinin M.M., Serpinsky V.V. On Thermodynamics of Adsorption in
Micropores. Journal of Colloid and Interface Science, 1972, vol. 38, no. 1, pp. 185-194.
DOI: 10.1016/0021-9797(72)90233-0

21. Dubinin M.M., Yavich M. Dynamics of Adsorption of a Multicomponent Gas Mixture.
Russian Journal of Applied Chemistry, 1936, vol. 9, no. 7, pp. 1191-1203.

22. Akulinin E.I., Golubyatnikov O.0O., Dvoretsky D.S., Dvoretsky S.I. The Optimal Design of
Pressure Swing Adsorption Process of Air Oxygen Enrichment under Uncertainty. Bulletin
of the South Ural State University. Series: Mathematical Modelling, Programming and
Computer Software, 2020, vol. 13, no. 2, pp. 5-16. DOI: 10.14529/mmp200201

Received February 2, 2021

YK 661.9354519.633.2 DOI: 10.14529 /mmp210204

YUCJEHHOE UCCJIEJOBAHUE J1J151 OIPE/JIEJIEHU A
IPEOBJIAJTAFOIIIETO MEXAHU3MA MACCO- M TEIIJIOIIEPEHOCA
B IIPOIIECCAX KOPOTKOIIUKJIOBOI BESHATPEBHOII
AJICOPBIINU

0.0. Ioaybamnuxos', E.H. Axyasunun', C.H. /Jeopeurxudi*
!TamGoBcknit TOCyIapCTBEHHBIIT TEXHIUCCKTi yHUBepcHTeT, T. TaM60B,
Poccniickas ®enepariust

B cymecTByomux MareMaTniecKux MOJIEJISIX KOPOTKOIMKIIOBOI Oe3HarpeBHO a1copo-

muu (KBA) npuMeHsoTcst pa3/indHble [OIYIIeHHs] OTHOCUTEIBHO yueTa MEXaHU3MOB MacCO-
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U TEIIONIEPEHOCA B CHCTEME <Ta30Basi CMeCh-aJICOPOEHT>. YBeJMIeHne KOJNIECTBA JOITy-
[EHN PUBOJIUT K YIPOINEHUIO MOJIEIN, CHUYKEHUIO BPEMEHU POCYETa OJIHONW UTepaIfiu
MOJIEJTH ¥ OJTHOBPEMEHHO K CHUKEHUIO €€ TOYHOCTHU. Y IIPOIIEHUE MO/ 0COOEHHO BasKHO B
nporeccax KBA | mockobKy pacder MOJIEIU OCYIIECTBIISIETCS JI0 IUKJINIECKH YCTONIMBOrO
COCTOSIHUSI U COCTABJISIET JIECSITKU W JlazKe COTHU IUKJIOB (mreparmit). Obecrederne BbICO-
Koit Tounoctu Mojgesn KBA u ee MUHUMAJIBHON CJIOYKHOCTH SIBJISIETCSI IPOTHBOPEYUBBIM
TpebOBaHUEM, MTOITOMY BaYKHO OOOCHOBAHHO YUYUTHIBATH B MOJEJIA TOJHKO T€ MEXAHU3MBI
IIEPEHOCA, KOTOPbIE ABJISAIOTCS Mpeoda aomumn. B paboTe mpeaiokena MaTeMaTHIecKast
Moziesib mportecca KBA | koropast yanrsiBaer TemioBble 3hdeKThl copbuuu, BHenrHemuddy-
3UOHBIN U BHYTPUANMDY3UOHbBII MEXaHU3MBI ITepeHoca ajicopoTuBa. [IpoBegeHo ynucjieHHoe
HCCJIeJOBaHUE JJIsi OIpeesieHrsl MpeobJIaalolero MeXaHu3Ma IepeHoca U MPeJIOoKeHbI
PEKOMEHIAIIY 10 UCIOJIBL30BAHUIO npenodruTenbaoit momenn KBA ¢ touku 3penus ee
TOYHOCTH ¥ BPEMEHH [IpocyeTa (JJIs IPOIECCOB 00OrallleHnsl BO3/yXa KICIOPOJIOM U pa3Jie-
JICHUSI CUHTE3-Ia3a). YCTaHOBJIEHO, UTO il PACYeTOB KUCIOPOAHbIX ycranoBoK KBA npous-
BOJUTE/IHLHOCTHIO MeHee 4 HJI/MUH 1eJIeCO00Pa3HO UCIOIb30BATh H30TEPMUYECKYIO MOJIEIIb,
YTO MO3BOJUT COKOHOMUTH He MeHee 24,3% pacueTHOro BpeMeHH IIpU II0Tepe TOYHOCTH He
6ostee 0,084 06.%. dus pacueros Bomopoanbix yecranosok KBA ucnosnb3zopanue nzorepmu-
YECKOI MOJIEJTH SIBJISIETCSI HEIeJIeCOOOPA3HBIM JIaKe [IPU HAUMEHbBIIeH TPOU3BOIUTEILHOCTH
50 mi1/mun. Ilpu nuamerpe gactun agcopbeHTa MeHee 2 MM LEJIeCO0OPA3HO UCIIOJIL30BATH
BHeIHe UG y3NOHHYI0 MOJIEIb, YTO MO3BOJIAT C3KOHOMHUTHL He MeHee 54,2% pacueTHOro
BpEMEHU JJIsl KHCJIOPOJHBIX yCTAaHOBOK U He MeHee 47.1% pacueTHOro BpeMeHn Jjist BOJIO-
POJIHBIX YCTAHOBOK IIPU HE3HAYUTEJIBHOI IToTepe TOYHOCTH. [Ipy cCKOpOCTH Ia30BOro MOTOKA
6ouiee 0,05 M/c nuddysuio B rasze B MO MOKHO He YUUTBHIBATh. Pe3yibrarsl ucciezno-
BaHUIl MOI'YT OBITH UCIIOJIH30BAHBI /sl pacdera pasjndHbix nporeccoB KBA pazzerenus
razoBbix cMmeceit: TPSA, ultra rPSA; VSA, VPSA| a take CMeXXHBIX ITPOIECCOB.

Karoueewie cao6a: Kopomxroyukaio6an 6e3nazpeshas adcopoyus; Mamemamuieckoe Mo-
deauposarue; wucaennoe uccaedosarue; 6000pod; Kucaopod.
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