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SIMULATION OF CARBON DIOXIDE ADSORPTION ONTO
CONSOLIDATED ACTIVATED CARBON IN 2D AXISYMMETRIC
SYSTEM

The research work is devoted to the kinetics of adsorption. Needless to say that physical adsorption
is of great interest in heat industry according to the number of research papers published in the
area annually. The working pair of carbon dioxide and consolidated tablet of AC was considered.
The mathematical model built for a cylindrical coordinate system, so the computational domain is
a rectangle corresponding to the radial section of the tablet. The rate of adsorption implemented
using the LDF (linear driving force) model. The temperature map was constructed for analyzing
the behavior of the temperature field. Curves of instantaneous uptake and simulated average
temperature are obtained. Simulation results are compared with experimental data and shows
good agreement. The study also presents findings of a grid sensitivity analysis. The developed
solver is the subject to further expansion to consider more quantities, such as change in porosity,
volatile gas concentration, etc.

Key words: activated carbon, adsorption, axisymmetric, carbon dioxide, numerical modeling.

B.A. Beprenosa
os-Dapabu aTbIHIAFEl KA3aK, YITTHIK yHuBepcureri, Kazakcran, Aamarsr K.
e-mail: Bakytnur.Berdenova@kaznu.edu.kz
Heirbi3ganran 6esiceHIipiiireH keMipre KOMipKbBIIIIKbIJI Ta3bIHBIH, aJICOPOITUACHIH
2D ochTiK CUMMETPUSIIILIK, 2KYlieie MoJeJIbaey

Seprrey KYMBICHI aJICOpPOINsl KUHETUKAChIHA apHajFaH. 2KbII caiiblH aTajFaH OarbITTa YKapusi-
JIAHATBIH FHIJIBIMU €HOEKTEP/IiH CAHBIHA KAPACaK, (DU3UKAJIBIK, 8/ ICOPOIUSIHBIH, 2KbLITY OHEPKOCIOiH-
Jie YJIKEeH KBI3BIFYIIBUIBIK TYIbBIPDATHIHBIH alTYIbIH KaXKeTi 2KOK. KOMIPKBIIIKbII ra3bl KOHE HbI-
FBI3IAJIFaH OeJICEHIIPiren KoMip TabIeTKACHIHBIH, KYMBICIIIBI 2KYObI KapacThIpbLasl. Martemaru-
KAQJIBIK MOJIEeJIb IMJIMHJPJIK KOODJMHATTAD 2KYHeci VIMH KYPBLIIbI, COHIBIKTAH eCenTey OOJIBICHI
TabJIETKAHBIH, PAJINAJIIBI KUMACBIHA, COMKEC KEeJIETIH TiK OYPBINITHI TOPTOYPHIIT OOJIBIT TAOBLIAIHI.
Ancopbuus xpurmaMabirbl LDF (ChIBBIKTHIK KO3Fayibl KYII) MOJIEIH KOJJIaHY apKbLIbI JKy3ere
achIpbLIALL. ZKyMBICTa TeMIepaTypa ©piciHiH, e3repy KapKbIHbI TAJIAHIBI, Je31K KYTHLULY *KOHE
MOJIEJIBJIEHT€H OPTAIA TEMIIEPATYPA KUCHIKTAPBI TYPFBI3bLIILI. Momeibaey HoTHkKeIepi SKCIepu-
MEHTTIK JIePEKTEPMEH CAJIBICTBIPBIIIBI YKOHE KAKCHI COUKEC KeJETiHI aHBIKTAJIbl. 3epTTey XKy-
MBICHI COHBIMEH KaTap €CeNTey HOTHKEJIEPiHiH TOP/IbIH, OJIIeMiHe TOYe IUTTriHe Taaay HOTUXKe-
JIEpIH YCBIHAJbI. O3IpPJIEHIeH eCenTerinl KypaJsIbl aICOPOIUSIbIK, KYTHIIY Ke3iHJeri KeyeKTiIiK
@3repici, YIIKHINT ra3 KOHIEHTPAIMSCHL 2KOHE Tarbl 0acKa ©3€KTi MaMaJiapibl eCKepeTiHaeil erimn
YArafTy KyTinemi.

Tyitin ce3aep: GenmceHaipires KoMip, aacopdIus, OCBTIK CHUMMETPHS, KOMIPKBITIKBLIT Ta3bl, CaH-
JTBIK, MOJIEJTBIEY.
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Cumysnsinusi agcoponum JUOKCUAA yIiIepoaa Ha KOHCOJUIMPOBAHHBINI aKTUBUPOBAHHBINA yTroJjb
B 2D ocecuMMeTpuvHOI cucTeMe

Hayuamo-ncciienoBarenbckas paboTa IMOCBAIIEHa KUHETUKE ajcoporuu. M3muinme roBopuThb, 9TO
dusnueckas agcopOius IpeiacTaBiseT OOJIbIION MHTEPEC B TEIJIOSHEPIeTHKE, Cyls 10 KOJImde-
CTBY HAyJHBIX paboT, MyO/JIMKYEeMbIX €KeroIHO B 3TOi objacTu. PaccMorpera pabodas mapa yrie-
KHUCJIOTO T'a3a M KOHCOJIMIMPOBAHHON TabJIeTKN aKTUBUPOBAHHOTO yriisd. Maremarudeckas: MOJIEb
[IOCTPOEHA JJIsl IUJINHIPUIECKON CHCTEMbI KOODIUHAT, II09TOMY pacdeTHasi 00JIaCTh IIPEJCTABIISIET
€000t TPAMOYTOILHUK, COOTBETCTBYIOIIUI pauaibHOMY cedeHnto Tabaerku. CKOpocTh aacopbrmm
peasinzoBaHa ¢ wucnojbzoBanueMm Mozpesan LDF (suneiinas nsuxkymas cuia). IIpoBenen anasius
[IOBEJIEHNSI 110JIsI TeMIlepaTypbl. [lojiydeHbl KpUBble MI'HOBEHHOI'O IIOIJIOIIEHHUS U MOIEIUPYEMOit
cpeiHell TeMiiepaTypbl. Pe3yabraThl MOJIEJIMPOBAHKS COIJIACYIOTCS C PE3YJIbTATaMU SKCIEPUMEH-
TaJbLHOTO UCCjeoBanus. B pabore Takke IpeCcTaB/IeHbl pe3y/IbTaThl AaHAIN3a 1yBCTBATEIHHOCTH
cetku. Pa3paboTaHHBIN periaresib MOJJIEKUT JAJbHEAIIEMY PACIIUPEHUIO [JIsi y4ueTa OOJIbIIero
KOJIMYIECTBA BEJINYINH, TAKAX KAaK M3MEHEHUE MOPUCTOCTH, KOHIIEHTPAIIUN JIETYIero ra3a u T..I.
KimroueBbie cjioBa: aKTUBMPOBAHHLIA yIoJib, acopOlius, oceBas CUMMETPHUs, YIVIEKUCJIbIA Ias,
YUCJIEHHOE MOJIEJINPOBAHNE.

1 Introduction

The process of adsorption has a wide range of applications, it is used in cooling/heating
systems, gas separation, gas purification, water filtration, carbon capture, etc. Here is
an overview of some recent research findings on adsorption and its use in refrigeration
systems. Automotive adsorption-based air conditioning systems are a promising alternative to
traditional systems from an environmental and energy saving perspective. Such systems can
operate using exhaust heat from an engine. An example of a designed and tested adsorption
chiller prototype can be found in Verde et al. [1]. The adsorption system working on a two-bed
silica gel was able to produce 2.1 kW cooling capacity.

Ben-Mansour et al. [2] presented a review on the application of the adsorption process on
CO, separation from typical power plant exhaust gases. The work discusses the candidate
materials for post-combustion carbon capture, the experimental investigations that have been
carried out, and numerical models developed to simulate the gas separation. Authors indicate
gaps in experimental investigations and in simulation studies considering one dimensional
flow. More research work is needed that doesn’t not ignore the radial or 3D thermal and
adsorption behaviors.

The established patterns in equilibrium adsorption curves in adsorption theory are of
an empirical nature. A new approach to constructing equilibrium uptake equations was
proposed by the following authors. Yin et al. [3| introduced a new model correlating and
predicting adsorption equilibrium concentrations using machine learning method. Sellaoui
et al. [4] established theoretical expressions to fit the adsorption isotherms of ibuprofen
on activated carbon using grand canonical ensemble. Unlike conventional isotherms models
(Langmuir, Freundlich, etc.) the expressions involve physicochemical parameters and are
thermodynamically consistent. Sghaier et al. [5] used statistical physics formalism with the
grand canonical ensemble to construct isotherm equations. The study performed by applying
four expressions and the best isotherm equation fitting experimental data was found. Also
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the authors used the statistical physics for expressing and calculating the coefficient of
performance (COP) of ethanol/activated carbon systems.

Cai et al. [6] demonstrated silica gel (SG)-water adsorption refrigeration device and
compared the performance of three types of composite adsorbents in the refrigeration system.
The composites fabricated by mixing SG with MOFs to improve mass transfer characteristics
and either with copper chips (CCs) or foamed copper (CFs) of different mass ratio to improve
thermal characteristics. Development of new materials by mixing different substances permits
limitless possibilities in the field of adsorption application.

Pena and de Lemos |7] numerically investigated unsteady multidimensional heat transfer
problem with internal heat generation. The simulation is carried out in a two-dimensional
axisymmetric domain and involved reaction and phase transition phenomena. In [8] recent
study, we presented results of simulation of CO; gas adsorption onto consolidated AC
tablet, with the calculation geometry simplified to a one-dimensional case. The mathematical
model involved more quantities, such as change in porosity, volatile gas concentration, and
accordingly, more equations were solved. The current work investigates the process of CO,
adsorption by the composite under constant pressure and temperature conditions in 2D
axisymmetric system. The energy balance equation and the adsorbed phase balance equations
have been solved at a moment, and the solver is subject to further expansion to account for
more associated accompanying phenomena.

2 Mathematical model and problem description

The calculation domain is schematically illustrated in Figure 1. The mathematical model built
for a cylindrical coordinate system, so the computational domain is a rectangle corresponding
to the radial section of the tablet.

B
8
2
&
I
4 £
s B
<
Top wall

h, T

1.8 mm
Right wall

r

2D axisymmetric |:> Summary of boundary |:> Numerical study result
coordinate system conditions

Figure 1: Schematic illustration of calculation domain

The energy conservation equation for the solid adsorbent is as equation (1). The
adsorption rate is assumed to follow the Linear Driving Force model, equation (2). The
thermal conductivity and capacity of the adsorbent vary with temperature and adsorption
rate, since the composition of a unit volumes change with adsorption, also due to the



92 Simulation of carbon dioxide adsorption onto consolidated ...

exothermic nature of the process for the working pair of COy/AC. But in the current study
they are considered constant due to lack of experimental data.

or 10 oT 0 oT )
,OCPE = ;5 (kTE> + & (k&) + egen (1)
dq
3¢ = Fuor (T) (geq — ) (2)
Boundary conditions:
oT
—kho—|  =h[l-T] (3)
z=H
oT
5| =0 (4)
z=0
oT
r=R

For the nodes along the longitudinal axis equation (6) is solved.
or 0*T  O°T .
,OCPE =k <2 . W + w) + €gen (6)

Initial conditions, equation (7) and equation (8):

Q|t:0 =0 (7)

Tlizp =T (8)

Problem parameters used for simulation. Dimensions of the tablet used in the
simulation: tablet radius 8.5 mm, height 1.8 mm (see Figure 1). The characteristics of the
composite consolidated activated carbon taken from previous studies [8,9] and illustrated in
Table 1.

The expression for the rate constant of LDF model:

buor () =k xp (- 75 ) )

Where R is the gas constant, 8.314 Jmol~! K~1. The activation energy and pre-exponential
factor are:

E, = —17.34kJ mol ™! (10)
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Table 1: The characteristics of the composite for numerical calculations

Property Unit Value
Heat conductance Wm-tK=t 022

Thermal capacity Jg 'Kt 0.821

Isosteric heat of adsorption kJmol™! 19.02

Porosity - 0.482

Skeletal density gcm™3 0.917

Apparent density gcm™3 0.475

Equilibrium uptake gg! 0.274

ko =158 x 10777+ (11)

The heat transfer coefficient depends on the difference in temperature between the surface
of the heated object and the surrounding temperature T, and on the thermal properties
of the medium. The properties of carbon dioxide under given conditions of temperature and
pressure are shown in Table 2.

Dimensionless numbers, [10]:

Ra = Gr - Pr 12
(12)
AT - q- L3
Pr= —“gl;;cpﬁg (14)
g

Table 2: Properties of carbon dioxide at 293.15 °C and 0.535 MPa

Property Unit Value
Pressure bar 5.35
Temperature Celsius 20
Density kg m—3 9.96
Specific isobar heat capacity kJ kg ! Kt 0.88
Isobar coeflicient of thermal expansion 10_ (K™) 3.75
Heat conductance S(Wm™ K1) 16.44
Dynamic viscosity ~%(Pa s) 14.72
Kinematic viscosity O (m?s) 1.478

The system of equations has been solved in Python (Version 3.11.5) using the explicit
finite difference scheme. Volume average of quantity f found as below:

// (277 - f(r, 2) drdz-ZZQw r 7)) Ar-Az (15)

=1 j5=1
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[Tav
Tave = 16
- (16)

[qav
ave — 17
q v (17)

3 Results and discussion

The temperature field behaves as expected, the outer boundaries are colder than the core.
Figure 2 shows the instantaneous temperature field at the same time instant 18 seconds
calculated using 8x32 nodes, 12x48 nodes and 16x64 nodes. The results illustrated upside
down due to peculiarity of the visualization library. The proper grid sensitivity analysis was
performed to avoid grid size dependent results, Appendix A. The grid refinement allows more
accurate calculation and detailed temperature map.

The calculation result of the previous study obtained using non-isothermal pore change
model for the 1D case illustrated for comparison [8]. Two temperature profiles are shown in
Figure 3, one obtained using 2D axial symmetric geometry in scope of the current study,
and the other obtained using abovementioned 1D non-isothermal pore change model. The
non-isothermal pore change model counts the effects associated with change in porosity, and
mobile gas penetration into the tablet. But due to the 1D geometry the convective heat loss
though the side wall cannot be determined. When using a 2D case the cooling occurs faster
indicating the heat loss through the sides. The findings are reasonable and consistent with
recent results.

According to the experimental measurement the adsorption rate is high during the first
300 seconds and declined rapidly thereafter. It achieves a plateau at around 600 seconds and
remains constant, when no further change in adsorption uptake is noticed. Therefore, only
the first 600 seconds are of interest as a simulation time. The instantaneous average simulated
uptake compared with experimental data.

Figure 4 illustrates the adsorption uptake over time. Black dots indicate the experimental
data, the dashed blue line indicates simulation result of the current study. Solid purple line
shows the result obtained in previous study using non-isothermal pore change model.

4 Conclusions

Recent review articles point to the need for more experimental and numerical studies that
do not ignore the radial or 3D thermal and adsorption behaviours. The present paper shows
simulation results obtained for a cylindrical coordinate system, so the computational domain
is the radial section of the tablet. Currently the energy balance equation and the adsorbed
phase balance equations are solved. The validation of the developed solver is performed
via comparison with the results obtained experimentally and using one-dimensional model
of recently published study. The developed solver is the subject to further expansion to
consider more quantities, such as change in porosity, volatile gas concentration, etc. In-
situ measurements of the sample’s temperature and thermal properties are challenging
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Temperature at t = 18.814 sec
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Figure 2: Instantaneous temperature field at 18 seconds calculated using different mesh refinements: (a) 8x32
nodes, (b) 12x48 nodes, (c¢) 16x64 nodes

experimental investigation work. The validation of the simulated temperature profiles with
experimental data is of great interest.

Research highlights
— Gas adsorption onto activated carbon tablet simulated in 2D axisymmetric system.

— Dynamics curves for key parameters were constructed and compared with results of a
recent one-dimensional numerical study.

— Adsorption uptake curves were compared with experimental data.
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Figure 3: Mean temperature profiles obtained using 2D axial symmetric geometry (blue line), and 1D non-
isothermal pore change model (purple line) [§]

0.25/

— ‘

! |

(o)) |

2 0.20

Q

¥

8L

2 0.15/

S

c

o i

= 0.101

Q_ 1

| -

2

E: 0.05! —— Non-isothermal model
' ---- Current study
| —— Experimental data

0.00

0 100 200 300 400 500 600

Time [sec]

Figure 4: Adsorption uptake obtained using 2D axial symmetric geometry (dashed blue line) and 1D non-
isothermal pore change model (solid purple line). Black line corresponds to the experimental data

Declaration of Competing Interest

The author declares that she has no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Acknowledgement

The author wish to acknowledge the financial support received from JSC Center for
International Programs — Bolashaq, the research was performed on scope of "500 scholars"
fellowship program. Also, the author would like to express her gratitude to Prof. Bidyut
Baran Saha for his valuable advice.



B.A. Berdenova 97

Appendix A. Interim Results

Figure 5 shows the average temperature profiles obtained for 3 different cases: (a) for adaptive
kLpr(T) and h(T), (b) for fixed kypr and adaptive h(T'), and (c¢) for both fixed krpr and h.
The mean temperature T, varies over time according to the Figure 6. The calculation results
for 4 different grid sizes illustrated. The grid sensitivity analysis shows good convergence of
the curves towards the result obtained on the finest grid, Table 3. The grid size cannot
be reduced indefinitely. The computational result is reasonable for 12x48 nodes. Further
refinements increase the calculation time only, and do not affect much on the temperature
profiles.
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Figure 5: Temperature profile obtained using 3 different cases
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Figure 6: Grid sensitivity analysis. Mean temperature over time.
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(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

Table 3: Maximum temperature observed for different grid sizes

Number of nodes 16x64 12x48 8x32 4x16
T rnax 338.04 337.64 336.97 334.69
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