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Using mathematical modelling and the finite element method, we carry out the
calculation experiments to study the system connections and regularities of pressure
swing adsorption process under the conditions of air separation and oxygen concentration
(production). We study the influence of mode and construction variables on the dynamics
and technological indicators of the effectiveness of this process. Namely, we study the
influence of input variables (composition and temperature of atmospheric air, air pressure at
the compressor outlet) on output variables (extraction degree, oxygen purity, unit capacity,
etc.) of the studied object in a wide range of control variables (adsorption-desorption cycle
time, pressure ratios at adsorption and desorption stages, and oxygen-enriched reverse air
flow coefficient). Also, we study the influence of construction parameters (layer height,
particle diameter and maximum adsorption volume of the adsorbent) on the amount of
adsorption, which is equilibrium with the current concentration of the adsorptive in the
gas mixture flow on the outer surface of the adsorbent granules, the value of the kinetic
adsorption coefficient (the coefficient of external mass transfer of the adsorptive (mainly
nitrogen) from the gas phase into the adsorbent). The results of calculation experiments
allow to establish the most promising mode and construction parameters for the optimal
design of oxygen enrichment systems by pressure swing adsorption with varying pressure.

Keywords: pressure swing adsorption; oxygen; zeolite 13X; mathematical modelling;

numerical study.
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Introduction

In recent decades, the short-cycle non-heat adsorption method, Pressure Swing
Adsorption (PSA) with molecular sieves, has been widely used to separate gas mixtures and
concentrate gas products on a small scale [1-4]. The performance and quality of the product
gas produced in industrial gas separation units using the adsorption method are achieved
not only by increasing the volume of the adsorbent, but also by optimizing the time
length of the modes and stages that comprise the adsorption-desorption (regeneration)
cycle. To this end, there is need for careful preliminary work is needed, which is based on
mathematical modelling of adsorption processes with different duration of adsorption and
regeneration stages. The mathematical model should take into account the final rate of
the pressure profile relaxation along the adsorbent layer with frequent changes in the cycle
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stages, as well as the effect of continuous changes in the gas mixture filtration conditions
on the dynamics of the adsorption gas separation [5, 6].

Primarily, if the air is enriched with oxygen, then there is adsorption of nitrogen,
which is a more sorbable component, and oxygen, which is a less sorbable component of
air (on the surface and in the micropores of the granules) during PSA cycle including
adsorption and desorption stages. The intensity of the adsorptive mass transfer from the
gas mixture to the adsorbent and back (during desorption of the adsorptive) is determined
by the equilibrium values of component concentrations in the phases and by kinetics (the
adsorptive mass transfer rate from the gas phase to the surface of the granules and into
the adsorbent micropore volume) and back (during desorption). During the adsorption by
N, zeolite adsorbents mainly, the following mass and heat exchange processes take place in
the adsorbers of the PSA unit: 1) diffusion of Oy, Ny in the gas-air mixture flow; 2) Oq, Ny
mass transfer and heat exchange between the gas phase and the adsorbent; 3) adsorption of
Ny, Os on the surface and in the micropores of zeolite adsorbent granules with the release
of heat, and 4) desorption of Ny, Oy from the micropores and the surface of the granules
with the heat adsorption [1, 4, 7-9|. The purpose of this work is to use the mathematical
modelling method to study the dynamics, system connections and regularities of the air
separation and oxygen production process in order to increase the efficiency of PSA units
when enriching air with oxygen.

Table 1
Table of notation

a (a*) component, concentration (equilibrium) in the adsorbent, mol/m?
dgr (Ssp) diameter of granules, mm (specific surface, m*/m?)
L (Dy) adsorbent layer length (diameter), m
G gas-air mixture consumption, 1/min
k, pressure ratio coefficient, k, = P /P
P (T) gas mixture pressure, 10° Pa (temperature, K)
Q unit capacity, 1/min
tads, Ldes duration of adsorption and desorption stages, respectively, s
t. adsorption-desorption cycle time, s, t. = t,qs + taes
Wo limiting adsorption volume, cm?/g
Y component concentration in the gas-air mixture, vol.%
B (6) external mass transfer coefficient, m/s (return flow ratio)
n recovery, %
Indices
1,2, 3 oxygen, nitrogen, argon and impurities
a (g) adsorbent (gas phase)
ads (des) adsorption (desorption)
c adsorption-desorption cycle
in (out) input (output)
min (max) minimum (maximum)
set set value
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1. Mathematical Description of the Dynamics of Oxygen
Enrichment Cyclic Adsorption Processes

The technological process of oxygen production by the method of adsorption air
separation with cyclically varying pressure is carried out in a 2-adsorber PSA unit with
a granular zeolite adsorbent 13X [8] designed to produce oxygen with a concentration
of 90...95 vol% of atmospheric air containing oxygen in the amount of 20,8+0,5 vol%,
nitrogen — 78,2 vol% and impurities (argon, carbon dioxide, etc.) —140,5 vol% [7, 8|.

Our work [7|] demonstrates the mathematical description of the dynamics of the
adsorption air separation and oxygen concentration processes, as well as the algorithm for
solving mathematical model equations, which are a nonlinear partial differential equation
of parabolic type describing: 1) the dynamics of the component-wise material balance
in the gas-air flow taking into account the longitudinal mixing of the gas-air mixture
components in the adsorbent layer; 2) the kinetics of adsorption and desorption processes;
3) the heat distribution in the gas and solid phases taking into account the convective
component and heat conductivity; 4) the dynamics of the flow rate along the height of the
adsorbent; 5) the pressure dynamics of the gas mixture along the length of the adsorbent
(Ergun equation). Herewith, the equilibrium concentration of the sorbed component in
the solid phase was calculated using the Dubinin—Radushkevich equation [9], and the
mass transfer coefficient was calculated using the criterial equation for the case of gas flow
around the layer of spherical particles [10]. To solve the system with the corresponding
initial and boundary conditions, we use the finite element method in the Matlab software
environment.

2. Numerical Study of Oxygen Enrichment Adsorption Process
in Dynamics
Table 2 presents the ranges of variation and the nominal values of the mode

and construction parameters of the PSA unit while studying the dynamics of oxygen
enrichment process.

Table 2
The initial data for calculation experiments
Variables Nominal Range of | Variables Nominal Range of
values changes values changes
te, S 8 1-250 L, m 0,3 0,2-1
Yo, vol% 78,2 - D, m 0,0334 -
0 1,6 0-3 Wy, cm? /g 0,17 0,05-0.5
P 10° Pa 3 2-6 B, 107% 1/K? 6,55 -
Pir 105 Pa 1 - dgr, mm 2 0,25-8
G™, 1/min 10 - Y7y, vol% 90 -
T(j”7 K 293 233-313 Qset, 1/min 0,5 -

Fig. 1 shows dependencies of the influence of changes in input variables (concentration
of impurities and atmospheric air temperature ) on output variables (recovery n and oxygen
concentration y{'t, >90 vol. %) of the PSA unit in a wide range of mode variables (cycle

time t., pressure ratio at adsorption and desorption stages k, and the coefficient 6 of
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Fig. 1. Dependences of oxygen recovery 1 on: 1 —concentration of impurities in the
initial gas-air mixture yi"; 2 — atmospheric air temperature Tgm; 3 — limiting adsorption
volume of the adsorbent W); 4 — diameter of adsorbent granules d,,

oxygen-enriched reverse air flow) and the adsorbent characteristics (limiting adsorption
volume W and diameter of the adsorbent particles d, ). The values y3**, T ;”, Wo, dg are
normalized on a scale from 0 to 1.

The analysis of dependencies presented in Fig. 1 shows that increase in the
concentration of weakly sorbed impurities in atmospheric air from 0,5 to 2 vol% and,
consequently, decrease in oxygen concentration from 21,3 to 19,8 vol% lead to decrease
in the extraction degree on average by ~2 times (from 27,3 to 13,9%, Fig. 1, curve 1)
due to reducing the equilibrium concentration of the adsorptive a3 in the adsorbent. It
should be noted that the temperature of the gas-air mixture 7T ;”, the limiting adsorption
volume Wy and the adsorbent particle diameter d,, significantly affect the efficiency of
the mass transfer process. Therefore, the decrease in the mixture temperature from 313 to
233 K leads to increase in the extraction rate from 16,6 to 99,9% (Fig. 1, curve 2) due to
increase in the equilibrium concentration aj. The increase in W, by an order of magnitude
(from 0,05 to 0,5 cm? /g, Fig. 1, curve 3) leads to increase in the extraction rate also by an
order of magnitude (from 5,2 to 59,7%), which is explained by increase in the equilibrium
concentration of the adsorptive a3 in the adsorbent, while decrease in dg,. from 8 to 0,25
mm leads to increase in the extraction degree by ~8 times (from 5,2 to 39,2%, Fig. 1,
curve 4) due to increase in the external surface of particles Sy, and the intensity of the
mass transfer process from gas to solid phase and vice versa.

Fig. 2 presents the study of the influence of atmospheric air characteristics (y™, T ;”)
and the adsorbent (Wy, d,) on the values of mode variables —k,, 0, t., while ensuring that
specified requirements for oxygen purity are >90 vol% and the performance of the PSA
unit (Qser >0,5 1/min).

The analysis of the graphs in Fig. 2 (left) shows that with increase in the initial gas-air
mixture (at the same time the oxygen content 3" decreases), it is necessary to increase the
equilibrium concentration a* by increase in k, and improving the conditions for adsorbent
regeneration at the desorption stage (increasing the reverse flow rate coefficient 6), and also
reducing the adsorption-desorption cycle time ¢, due to more intensive processing of the
adsorbent layer. The analysis of dependencies in Fig. 2 (right) demonstrates that increasing
the temperature Tgm to ensure specified values of oxygen concentration yff?et >90 vol% and
the unit capacity Qs >0,5 1/min, it is necessary to increase the values of the pressure
ratio coefficient k, and the reverse flow coefficient 6 with the simultaneous decrease in the
adsorption-desorption cycle time t..
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Fig. 2. Dependences of the pressure ratio k, (1), reverse flow 6 (2), and cycle time ¢t. (3)
coefficients on: concentration of impurities in the initial gas-air mixture y&" (left),
atmospheric air temperature T;” (right)
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Fig. 3. Dependences of the pressure ratio k, (1), reverse flow 6 (2) and cycle time ¢, (3)
coefficients on: limiting adsorption volume of the adsorbent W) (left), diameter of the
adsorbent granules d,, (right)

The analysis of the graphs in Fig. 3 (left) shows that when W} increases from 0,1 to 0,5
cm®/g to ensure the specified requirements (", >90 vol%, Qe >0,5 1/min), the value
of the pressure ratio coefficient k, by ~2.5%, and the value of § which characterizes the
fraction of the flow directed to nitrogen desorption from the adsorbent should be reduced
by 2,2%. The latter leads to decrease in the energy consumption of the PSA unit due to
the use of a less efficient compressor. At the same time, the adsorption-desorption cycle
time can be increased by an average of 3 times, which contributes to decrease in the
switching frequency of the PSA unit valves and increase in their service life. Since the
oxygen enrichment process takes place in the external diffusion area, the diameter of the
adsorbent particles d,, increases (Fig. 3 (right)), their specific surface area Sy, decreases
and, consequently, there is decrease in adsorbent mass transfer rate from the gas phase to
the adsorbent and back. Therefore, if the particle diameter of the 13X adsorbent increases
from 2 mm to 4 mm for ensuring the specified values of oxygen concentration and the unit
capacity, then it is necessary to increase k, and 6 by ~18%, and 7%, respectively, and the
adsorption-desorption cycle time t. should be reduced by ~40%. It is most preferable to
use the adsorbent with the particle diameter less than 0,5 mm (Fig. 3 (right)), however,
this is associated with increase in the adsorbent layer resistance, energy consumption, and
deterioration of equilibrium conditions.
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The analysis of the graphs given in Figs. 2, 3 shows that the temperature of the
initial gas-air mixture 7 gf” and the diameter of the adsorbent particles dg, have the most
significant effect on the values of mode parameters, the ratio of adsorption and desorption
pressures ky,, the return flow rate coefficient 6, and the cycle time ¢, ensuring the fulfillment
of specified oxygen purity requirements and the PSA unit capacity. Therefore, the use of
additional cooling devices and the adsorbent with a smaller diameter of the adsorbent
granules while reducing the length L of the adsorbent layer will not only reduce the
dimensions of PSA units, but also increase the degree of oxygen extraction.

Fig. 4 presents the analysis of the influence of changes in the construction parameters of
the PSA unit with oxygen enrichment (the length of the adsorbent layer L and the particle
diameter of the adsorbent dg,) on the adsorption amount ¢* which is equilibrium with the
current concentration of the adsorptive in the gas mixture flow on the outer surface of
the adsorbent granules, the kinetic adsorption coefficient § (the adsorptive external mass
transfer coefficient (nitrogen) from the gas phase to the adsorbent).

a,", mol/m? B,. m/s a,”, mol/m? f3,. m/s
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Fig. 4. Dependences of equilibrium nitrogen adsorption in the adsorbent (1) and the
nitrogen mass transfer coefficient (2) on the diameter of the granules (left) and the
length of the adsorbent bulk layer (right)

The analysis of the graphs given in Fig. 4 shows that with increase in dg, (Fig. 4 (left))
and L (Fig. 4 (right)), the following pattern is observed: the equilibrium concentration
value aj (Fig. 4 (left), dependence 1) increases (decreases, Fig. 4 (right), dependence 1),
and the value 8 (Fig. 4 (left), dependence 2) decreases (increases, Fig. 4 (right), dependence
2). In the first case, by decrease in the aerodynamic resistance in the adsorbent layer AP
according to the Ergun equation and, accordingly, by increase in the current value of the
gas-air mixture pressure along the length L of the adsorbent layer. In the second case (with
increase in the height of the adsorbent layer in Fig. 4 (right)), the effect can be explained
by increase in the aerodynamic resistance of the adsorbent layer, decrease in the current
value of the gas-air mixture pressure along the length L of the layer, and increase in the
specific surface of the adsorbent. The analysis of the graphs given in Fig. 4 also shows
that change in the length of the adsorbent layer leads to increase in equilibrium nitrogen
adsorption and nitrogen mass transfer coefficient by 6 times, which is more significant
compared with decrease in the particle diameter of the adsorbent d,.. In general, the
change of L or d,, affects the value of the equilibrium concentration a3 to a greater extent
and the value of the mass transfer coefficient 5 to a lesser extent (Fig. 4).
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Conclusions

We create prerequisites to formulate and study the problem on optimization (in the

sense of determining the maximum degree of oxygen extraction) of the oxygen enrichment
process in the PSA unit, taking into account the fulfillment of oxygen purity requirements,
the unit capacity, and resource saving of the granular adsorbent. New scientific results
obtained during this work can be used in the development of mathematical and algorithmic
support for designing new automated processes and adsorption process units with cyclically
varying pressure for separating and purifying multicomponent gas mixtures.
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no. 10.3533.2017/ PCh.
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YN CJIEHHOE UCCJIEJOBAHUE AMHAMUKN IIPOIIECCA
PA3JIEJIEHUS BO3/IYXA METOJ0M KOPOTKOIIUKJ/IOBOII
BE3HATPEBHOII A/ICOPBIIN

E.U. Axyaunun', O.0. Toaybamnuuxos', /1.C. Teopeuruti', C.U. Teopeuruti
!TamboBcKuil ToCyIapCTBEHHBIH TeXHUYecKnil yHuBepcuTer, I. TaM6os,
Poccniickas ®enepariust

C HCIOJIb30BAHUEM MATEMATHYECKOIO MOJECJMPOBAHUS M METO/a KOHEUHBIX 3JIeMEH-
TOB IIPOBEIEHDBI BBIYUCIUTEILHBIE SKCIIEPUMEHTHI 110 UCCJIEIOBAHUIO CUCTEMHDBIX CBsI3el U
3aKOHOMEPHOCTEH MpoIecca KOPOTKOIMKIIOBOH Oe3HATPEBHOI acopOnuu mpu pa3aeaeHun
BO3/yXa U KOHIEHTPUPOBaHus (110sydenus) Kucjaopona. [Iposeneno usydenne BiausiHus pe-
JKAMHBIX ¥ KOHCTPYKTHUBHBIX [MEPEMEHHBIX HA JIMHAMHUKY W TE€XHOJOIMYECKHe OKA3aTen
9bdHEKTUBHOCTH JAHHOTO IPOLECCa, & UMEHHO: 1) BXOJIHBIX IIEPEMEHHBIX (COCTaBa U TEMIIe-
paTypbl aTMOChEPHOT0 BO3/yXa, JaBIeHUs BO3/LyXa Ha BBIXOJE KOMIIPECCOPa) HA BLIXOIHBIE
nepeMeHHble (CTelleHb U3BJIeYEeH s, YUCTOTY KUCI0PO/ia, IIPOU3BOIUTENbHOCTh YCTAHOBKU 1
T.I1.) 00bEKTa UCC/ICJOBAHNUS B NIMPOKOM JIUAIA30HE BAPbUPOBAHUS YIIPABJIAIONINX IEpe-
MEHHBIX (JJIMTEJHHOCTU [UKJIA aIcopOIusi-necopbiysi, OTHOIEHUS JIABJICHUI HA CTaIAX
ajcopbuuu u Jrecoporun u Ko3dduimenTa 00paTHOrO IMOTOKA BO3/1yXa, 000TAIIEHHOTO KUC-
JIOPOJIOM ); 2) KOHCTPYKTUBHBIX IAPAMETPOB (BBICOTBI CJIOS, JUAMETPA YACTHI U IIPEIEIbHO-
ro ajcopOIuOHHOrO 06beMa aIcopOeHTa) Ha BEJUYUHY aJcOpPOIMU, PABHOBECHON TeKyIei
KOHIIEHTPAIUH aJcOPOTHUBA B MOTOKE Ia30BOI CMECH HA BHEITHEN MOBEPXHOCTH I'PAHYJI al-
copbeHTa, 3HaUeHUE KUHETHYECKOro Koaddurmenta ancopbiun (koadduimenra BHenHe
MaccooTIadn ajcoporuBa (IPEeMMyIIECTBEHHO a30Ta) U3 ra3oBoil ¢dasbl B ajcopbenr). B
XOJIe aHAJIM3a PE3YJIbTATOB BBIUUCIUTEBHBIX IKCIIEPUMEHTOB yCTaHOBJIEHBI HauboJee mep-
CHEKTUBHBIE PEXKUMHBIE U KOHCTPYKTHBHBIE ITAPAMETPHI JJIsl OITUMAJIBHOTO IPOEKTUPOBA-
HUsI YCTAHOBOK ODOTAaIeHUs BO3/yXa KUCJIOPOJIOM METOJIOM KOPOTKOIUKJIOBOI aJicopOIum
¢ U3MEHSIONTUMCSI JIABJICHIEM.

Karouesvie caosa: Kopomroyukaosas 6e3nazpesnas adcopbyus; KUCAOPOD; Ueosum

13X; mamemamuueckoe MOOEAUPOBAHUE; BBIYUCAUMEADHBLT IKCNEPUMEHT.
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