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Ilposedena ouenka 6nuAHUA MEMREPAMYPbL 6XO0OHO20 2A3d, COOEPIHCAULE20 MOHONPU-
Mech, Ha npouecc huzuuecKoil adcopoOUUOHHOI OUUCMKU 8 NOPUCHIOM HENOOGUNCHOM C10e ZPAaHY-
UPOBAHHO20 adcopbenma. B ocnosy meopemuueckozo ananuza nonodxceHa Kiaccuieckas mame-
MamuyecKkas mMooenb OUHAMUKU U30MEPMUUECKOU adcopoyun 6 nOpUCMoll CmayuoHapHoll cpeoe,
CMPYKIYPHO cOCmoauieil u3 OUcnepcHoil (azvl meepobix uacmuy, npu RPUHAMbBIX OONYULEHUAX:
ouuwaemblil 2az co0epHcUm MAaai0KOHYEHMPUPOSAHHYI0O MOHORPUMECH, €20 08UliceHue 8 aocopoepe
As1AemMCcA 0OHOHANPAGNIEHHBIM, A 8bIPAGHUBAIOWUIL Ihhexkm npodhuna ckopocmu é nonepeunom
ceuenHuu noOpuUcmoil cpedvl NO3601UN RPUHAMY 2UOPOOUHAMUYECKUIL PEXHCUM UOealbHO20 8blHleCHe-
HUA; aKcuaibHOoe nepemeniuéanue 6 NOMoKe 2a3za HeSHAYUMO; menjioma aocopoyuu npernedpexcu-
MO Mana; NOPUCMOCmy C10A 00HOPOOHA; CKOPOCHb A0COPOYUU ONpedeniemca ypasHenuem Kune-
muxu copoyuu c uzomepmoil, noouunarouieiica 3axony I'enpu. Chopmynupoeana navanvho-
Kpaeeas 3a0aua 0nsa cucmemvt oughhepenyuanbHbIX ypagHeHuil ¢ YaCMHBIX HPOU3BOOHBIX NEPBO2O
nopaoka, peuwieHue KOMOPOil OMHOCUMENIbHO KOHUEHMPAYUIl MOHO-HPUMECU 6 nomoKe 2a3a u ao-
copoenme NOYYEHO 6 AGHOM AHATUMUYECKOM 8UOE C HOMOUIbIO OOHOCHIOPOHHEZ0 UHMEZPAIbHO20
npeobpazosanusa Jlannaca. CpasnumeibHblil aHAIU3 PeE3YIbIMAMOE GbIYUCIUMENbHO20 IKCHEPU-
MEHmMa ¢ U38eCHIHLIMU ONBIMHBIMU OAHHBIMU ROKA3AT, YMO NPEONONHCEHHA MOOETb NPU cUcmeme
COe/IaHHBIX OONYULeHUIl 6NOJIHE AO0CKBAMHO KAYECMEEHHO U KOJIUYEeCHEEeHHO ORUCHIGACH NPOUEcC
aocopouuonnoii cenapayuu. Ha npumepe pynkuyuonupoeanus npomovluiieHHoz20 aocopoepa e d10ke
komnaexcuou ouucmku I[6-120/120 ¢ cucmeme moouibHoll 2a30000v18arouieii Cmanyuu HOKA3aHO,
Ymo yeenuuenue memnepamypovt 6X00H020 OCYUWIEHHO20 amMOCpheprHozo 6030yxa nocie KOMnpu-
Mupoeanus, cooepricauwieco ouoxkcuo y2nepooa, Ha 10 K coxkpawaem epemsa ompabomku é cmaouu
aocopoyuu na 45%. Ycmanoeneno, umo uzmenenue memnepamypsvt 6X00H020 NOMOKA 2a3a OKA3bl-
eaem cywiecmeenHnoe eauaAHue Ha IPhdhexkmuenocms padomuvl adcopoepa u 001#CHO OblmMb YUMEHO
npu uoenmugpuKkayuu 2ad6apUMHLIX XAPAKMePUCMUK 010Ka KOMNIEKCHOU 0YUCHIKU.

KiroueBble ciioBa: aILCOp6LU/I$I, HN30TCPMUYIHOCTDH, BXOJHAs TEMIICpATypa, HETIOABYDKHBIN CJIOI>'I, JHUOK-
cyua yriepoaa, MareMaTudeckKasd MOJACIIb, HEOJIUT
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The influence of the temperature of the inlet gas containing mono-impurity was evaluated
for the process of physical adsorption purification in a porous fixed bed of granular adsorbent.
The theoretical analysis is based on the classical mathematical model of the isothermal adsorp-
tion dynamics in a porous stationary medium structurally made-up of the dispersed phase of solid
particles, under the assumptions made: the gas to be purified contains a low-concentration mono-
impurity, its motion in the adsorber is unidirectional, and the levelling effect of the velocity pro-
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file in the porous cross section environment allowed to adopt the hydrodynamic regime of plug
flow; axial mixing in the gas flow is negligible; the adsorption heat is negligible; the layer po-
rosity is uniform; adsorption rate is determined by the sorption kinetics equation with an iso-
therm, obeying Henry's law. An initial-boundary-value problem is formulated for a system of
first-order partial differential equations, which solution with respect to mono-impurity concentra-
tions in the gas stream and adsorbent is obtained in an explicit analytical form using the one-
sided integral Laplace transform. A comparative analysis of the computational experiment results
with known experimental data showed that the proposed model with an assumptions system is
guite adequate qualitatively and quantitatively describes the adsorption separation process. Using
the example of an industrial adsorber functioning in the ZB-120/120 complex purification unit in
a mobile gas production system, it is shown that the temperature increase by 10 K of inlet dried
air after compression containing carbon dioxide reduces the working time in the adsorption stage
by 45%. It has been established that the temperature change in the gas inlet flow has a significant
effect on the adsorber efficiency and should be taken into account when identifying the overall
characteristics of the complex cleaning unit.

Key words: adsorption, isothermality, inlet temperature, fixed bed, carbon dioxide, mathematical model, zeolite
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INTRODUCTION

Mobile air separation units (ASU), for exam-
ple TOPS-100V (transportable oxygen and nitrogen
production station), are designed to produce high pu-
rity oxygen and nitrogen and can be operated in harsh
temperature conditions [1]. In this regard, for ASU
reliable and safe operation is necessary to remove
associated impurities from atmospheric air (water va-
por, carbon dioxide, carbon-hydrogen and others) af-
ter compression and pre-cooling, which is carried out
in the complex air drying and purification unit (CCU)
[2], which works on base of the principles of physical
adsorption in a fixed granular layer of zeolite adsor-
bents [3-5]. The adsorbent operating volumetric aver-
age temperature in the CCU is approximately 281 K,
however, the standard deviation during the cleaning
process can reach 10 K [6]. However, it is known that
with temperature increasing the adsorption activity of
adsorbents decreases [7, 8]. Therefore, an undesirable
penetration of impurities into the ASU elements oc-
curs with the formation of their crystalline phase,
which violates the functioning mode and creates ex-
plosive situations [9, 10]. The lack of technical ability
to monitor the drift and localization of solidified im-
purities does not allow operation of the ASU for a
long time in safe mode [11]. For this reason, the con-
tinuous ASU operation is determined empirically by a
chromatographic analysis method based on the results
of the purge gas heating. But at the same time, to en-

sure representativeness of the statistical sample and
identify the causes of the excessive presence of impu-
rities, a large amount of experimental material is re-
quired, which is not always possible [12, 13].

In this connection, the estimation of the impu-
rities amount entering the ASU after CCU at an unde-
termined integral thermal regime is of theoretical and
practical interest.

METHODOLOGY OF THEORETICAL ANALYSIS

The following assumptions are made (their
detailed justification can be found, for example, in
[14]): the gas being purified contains a low-
concentration mono-impurity, its movement in the
adsorber is unidirectional, and the equalizing velocity
effect in the porous medium cross section allows one
to adopt the ideal displacement mode; axial mixing in
the gas stream is negligible; the adsorption heat is
negligible; the layer porosity is constant; adsorption
rate is determined by the kinetics sorption equation;
the adsorption isotherm obeys Henry's law, which
generalized form was used in [15]. Then, as the basic
mathematical model of isothermal adsorption in a po-
rous stationary medium structurally consisting of the
dispersed phase of solid particles, we selected the
classical model of the dynamics of gas purification in
a granular adsorbent layer [16, 17], which, taking into
account the accepted assumptions, is reduced to the

following form:
oc(zt) 0da(zr) _  0dc(zn),
—u 9z ot =& ot '’ (l)
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aa(z T)

=Ble(z, 1) — " (z,D]; )
a(z T) =Hc*(z,1), 3
where z is the axial Cartesian coordinate, m; t is the
time, s; u is the average gas velocity over the adsorber
cross section, m/s; € is the porosity; c(z, 1), a(z, 1) Im-
purity concentration in the gas and adsorbent, kg/m?;
B kinetic coefficient of mass transfer at the gas-
granule adsorbent interface, s™'; ¢*(z, 1) is the equilib-
rium impurity concentration in the gas, kg/m®;, H =
aolcy is Henry's constant [18], where a, is the adsor-
bent capacity by impurity, kg/m?; ¢, is the concentra-
tion of impurities in the gas at the inlet to the ad-
sorber, kg/m®. System (1)-(3) is supplemented with
initial
c(z,0) =a(z,0)=0 (G))
with boundary conditions
c(0,7) = ¢y; a(0,T) = Hc [1 — exp (— %)] (5)
Please note that the form of the boundary
condition for a(0, t) is obtained from consideration of
the kinetics of the adsorbent frontal layer filling.
Let h be the characteristic size of the cross
section of the adsorbent layer, m; then system (1)-(5)
using the relative variables Z = z/h, 6 = tu/h, C(Z, 6) =
c(z,7)/co, A(Z, 0) = a(z, t)/ag, Pe = phlu is the Peclet
mass transfer number, takes a dimensionless form:

9c(z,8) dA(Z,0) ac(z,0).

—H—= T = e (6)
2ULD = (Pe/H)[C(Z,0) — A(Z,0)]; )
c(2.0) = 4(Z,0) = 0: (8)
€(0,0) =1, A(0,8) =1 — exp (—P—ee). (9)

System (6)-(9) is translated using the one-
sided integral Laplace transform to image format:

_4als) HsA,(Z,s) = esC(Z,s); (10)
SA(Z, S) = (Pe ’ H)[CL(Z' S) - AL(Z' S)], (11)
€.(0,5)=3,A,0,5) = (=) /[s(s +=)],  (12)

where C,(0, s), AL(0O, s) is the image C(Z, 0) = A(Z, 6);
S is a parameter.
From (10)-(12) it follows:

C.(Z,5) = F1(Z,5)F,(Z,5); (13)
4,25 = (2) 2,9/ (s +2); (14)
Fi(Z,s) = G) / [—PeZs/ (s + %)]; (15)
F,(Z,s) = exp(—¢Zs). (16)

The original from (15) was found by analogy
with [19], that is, first the image is arranged in a se-
ries in s, and then its original is identified in the form
of a converging nested series

f1(Z, e) = N
(-zH )n+1(_H_9)

=1+exp (_ _) Zn=0 Lk=0 Grrpyinmioncenz: ()
The original (17) is equal [20]
f(Z,6) = 6(8 — €2), (18)

90

where 9(...) is the Dirac function [21]. By convolu-
tion theorem [20]

C(Z,8) = foefl (Z,$)f2(Z,6 = §)ds. (19)
Taking into account the integral property of
the Dirac function and its parity, it follows from (19)
C(Z,0) =1+

H(e £Z) (—zHy™+ [ 2O SZ)
exp |- |20 e e (20)
Orlglnal (14)
P 0 P
AZ,8) =2 [7C(2,8)exp [—Ee(e —E)] dt. (21)

The comparative analysis of the computation-
al experiment results with the data from [22] (Fig. 1)
showed that the proposed model, under the assump-
tions made, quite adequately describes the gas adsorp-
tive separation process from a mono-impurity in a
fixed adsorbent layer and, as an instrument, can be
correctly used to assess the influence of the inlet tem-
perature medium for the purification degree.

VA

0

o[

Fig. 1. The adsorption dynamics in a fixed bed at H=2, Pe=1,
€=0.4 (a — concentration of mono-impurity in the gas, b — concen-
tration of mono-impurity in adsorbent) and various values of di-
mensionless time 0: 1 — 1.0; 2 —3.0; 3-5.0; 4 —7.0; - calculation
using formulas (20) and (21); e — data from [22]

Puc. 1. lunamuka ancopOruy B HETIOJABIKHOM citoe rpu H=2,
Pe=1, ¢=0,4 (2 — KOHLICHTpALXS MOHOIIPHMECH B rase, b — koH-
LEHTPALXs MOHOIIPHUMECH B a/ICOPOCHTE) M PA3JIMYHBIX 3HAYCHH-
sx 6e3pasmepHoro Bpemenu 0: 1—1,0; 2-3,0; 3-5,0;4-7,0;
- pacuér no ¢popmyiam (20) u (21); ® — nanubIe U3 [22]
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RESULTS AND DISCUSSION

Evaluation of the cleaning efficiency is con-
sidered on the example of the adsorber operation of
the CCU ZB-120/120 (NPO «Kriogenmashy) with the
diameter and height of a non-moving layer of NaX
zeolite particles (¢ = 0.375, average granule diam-
eter d, = 3-10° m) respectively, h = 0.325 m and
L = 1.380 m with a mass flow rate of dry air G =
= 0.042 kg/s. The initial concentration of carbon diox-
ide (CO,), which is a mono-impurity (the presence of
acetylene and other impurities, is neglected due to
their low concentration compared to the concentration
of CO,), is 4.6:10* mass. According to the isobar of
carbon dioxide adsorg)tion on zeolite NaX at T = 281 K,
there is a, = 0.018 m°/kg [6] (for dry atmospheric air).
The values of molecular diffusion and density are cal-
culated from the relations [23] at a working gas pres-
sure p =12 MPa

D= 2kT/(31td,2np)\[i—TTl =1,06-1077 m/c,

p =2 =226,1xkr/M’,

N4KT

where k = 1.38- 102 J/K is the Boltzmann constant;
p=44- 10~ kg/mol — molar mass of CO;;
R = 8.31 J/(mol-K) — molar gas constant; d,=2.9-10""m
is the effective diameter of the carbon dioxide mole-
cule; Na= 6.022-10% mol™ is the Avogadro number.

The adsorber cross-sectional area is s = th*/4 =
= 0.083 m? then the gas velocity is u = G/(eps) =
= 6.0-10° m/s. From the kinetics of filling granules of
a spherical adsorbent granule using the «regular» mode
[24] with averaging over the volume, the relation

A(®) = {1 — (6/n*)exp[—2m?DhO/(dzu)]},

which calculation (Fig. 2) indicates a uniform pro-
cess, that is, A(Z, 8) = C(Z, 8), then system (6)-(9) is
simplified and transformed into an initial-boundary-

value problem
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Fig. 2. Kinetics of adsorbent granule filling
Puc. 2. Kunernka 3anoigHeHHs TpaHyIbl aIcopOeHTa
Solutions (22) and (23):
€(0,0) =1,[6—-Z(H + ¢)], (24)

where 1.(...) is the one-way Heaviside function.
Since Z_ = L/h = 4.26, a, = app, = 2.442 kg/m® (zeolite
density p, ~ 200 kg/m® [25], at an average volume
pressure in the adsorber p = 4 MPa, ¢, is 0.026 kg/m®
and, therefore, Henry's constant will be 108.053).
From (24), the adsorber operating time 7=

aron 6.93 h was obtained, which is consistent
3600u

with the regulated operating time of the adsorbent before
regeneration [6]. Recalculation at a, = 0.015 m%kg,
which corresponds to T = 291 K, gives T = 3.83 h,
that is, the working time of the adsorber is reduced by
45%.

CONCLUSION

The analysis using the proposed mathematical
model showed that the gas inlet stream temperature
change has a significant effect on the efficiency of the
adsorber and should be taken into account when
choosing its size characteristics.
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