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� Heat production in a fluidized bed by CO2 adsorption on Zeolite 13X.
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a b s t r a c t

As a result of highly exothermic reactions during gas-phase olefin polymerization in fluidized bed reac-
tors, difficulties with respect to the heat management play an important role in the optimization of these
reactors. To obtain a better understanding of the particle temperature distribution in fluidized beds, a
high speed infrared (IR) camera and a visual camera have been coupled to capture the hydrodynamic
and thermal behavior of a pseudo-2D fluidized bed. The experimental data were subsequently used to
validate an in-house developed computational fluid dynamics and discrete element model (CFD-DEM).
In order to mimic the heat effect due to the exothermic polymerization reaction, a model system was
used. In this model system, heat is released in zeolite 13X particles (1.8–2.0 mm, Geldart D type) due
to the adsorption of CO2. All key aspects of the adsorption process (kinetics, equilibrium and heat effect)
were studied separately using Thermogravimetric Analysis (TGA) and Simultaneous Thermal Analysis
(STA), and subsequently fluidized bed experiments were conducted, by feeding gas mixtures of CO2

and N2 with different CO2 concentrations to the bed, where the total heat of liberation could be con-
trolled. The combined infrared/visual camera technique generated detailed information on the thermal
behavior of the bed. Furthermore, the comparison of the spatial and temporal distributions of the particle
temperature measured in the fluidized bed with the simulation results of CFD-DEM provides qualitative
and quantitative validation of the CFD-DEM, in particular concerning the thermal aspects.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Polyolefins (PO) are used in a wide variety of applications. A
large number of olefin polymerization processes are operated with
heterogeneous Ziegler–Natta catalysts in gas–solid fluidized bed
reactors. Due to the highly exothermic nature of olefin polymeriza-
tion and especially in gas phase processes a high rate of heat
removal from the particles needs to be attained to prevent the for-
mation of temperature gradients inside the particles and the accu-
mulation of reaction heat that, in extreme cases, can lead to
particle melting, sintering, adherence and agglomeration, which
may ultimately cause severe operational problems [1,2]. The devel-
opment of catalysts with increasingly higher activity has moti-
vated the research on this topic. To improve the fluidization
efficiency and heat management, a better understanding of the
gas-particle heat transfer is required which can be obtained from
detailed particle-based computational fluid dynamics (CFD)
simulations.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2017.02.055&domain=pdf
http://dx.doi.org/10.1016/j.cej.2017.02.055
mailto:N.G.Deen@tue.nl
http://dx.doi.org/10.1016/j.cej.2017.02.055
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


Nomenclature

A gas-wall contact area m2

Ap particle surface area m2

Cp specific heat capacity J/kg/K
dp particle diameter m
Ea activation energy kJ/mol
Fcontact;a particle contact force kg�m�/s2
g acceleration due to gravity m/s2

Hb height of zeolite bed m
h effective interface heat transfer coefficient W/m2/K
hc natural convective heat transfer coefficient W/m2/K
hp individual particle and gas interface heat transfer coeffi-

cient W/m2/K
hw gas to wall heat transfer coefficient W/m2/K
k adsorption rate constant s�1

kg gas phase thermal conductivity W/m/K
keffg effective gas phase thermal conductivity W/m/K
I moment of inertia kg�m2

Ia unit tensor –
ma mass of individual particle kg
n nth order of reaction –
Np particle number –
Nup Nusselt number –
NX number of cells in x direction –
NY number of cells in y direction –
NZ number of cells in z direction –
Pr Prandtl number –
Qads adsorption heat W/m3

Qp source term for the interphase heat exchange W/m3

q heat flux W/m2

q amount of gas adsorbed during adsorption g/g
qE adsorption equilibrium g/g
ra particle position m
Rep particle Reynolds number –
S body force exerted by particle on fluid kg �m=s2

Ta particle torque kg �m=s2

Twall wall temperature K
t simulation time s
tp simulation time particle collision s
T temperature K
ug gas velocity m/s

u0 superficial gas velocity m/s
va particle velocity m/s
Va particle volume m3

V volume of Eulerian cell m3

x x direction m
y y direction m
z z direction m

Greek symbols
qg gas density kg/m3

e gas phase volume fraction (porosity) –
qp particle density kg/m3

s Newtonian stress tensor N/m2

l dynamic viscosity of gas kg/m/s
r standard deviation of particle spatial temperature

distribution K
b inter-phase momentum coefficient kg/m3/s
rh thickness of the thermal boundary layer m
DH adsorption enthalpy kJ/mol

Sub/superscripts
ads adsorption
g gas property
p particle property
a individual particles
mf minimum fluidization
eff effective property
E equilibrium

Abbreviations
CFD computational fluid dynamics
CSTR continuous stirred-tank reactor
DEM discrete element model
DNS direct numerical simulations
IR infrared
PMMA polymethyl methacrylate
PDF probability distribution function
ROI region of interest
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Several different CFD models have been developed for fluidized
bed reactors for olefin polymerization [3]. Early work that applied
CFD-DEM to study heat transfer in a gas phase polymerization pro-
cess was mainly focused on hot-spot formation [4], taking both
propylene and ethylene as monomer gas. Similar work on fluidized
beds with extensive heat production were reported by [5–7].
Recently the effect of operation conditions, such as superficial
gas velocity and elevated pressure have been investigated in detail
with CFD-DEM models [8,9]. In these studies a constant heat pro-
duction rate estimated from polymerization data has been applied
in the energy balance of the particle phase. The CFD-DEM model
can reveal all the details of the spatial distribution of the particle
temperature. It can thereby provide information to investigate
the mechanism of hot-spot formation.

In literature relatively few studies exist addressing the experi-
mental validation of CFD-DEM models for heat transfer. In this
work a high resolution infra-red optical technique combined with
Particle Image Velocimetry and Digital Image Analysis (PIV/DIA)
has been applied to study fluid-particle heat transfer in gas-
fluidized beds. Experimental methods to study the hydrodynamics
aspects of fluidized beds have been developed for years, such as
Electrical Capacitance Tomography (ECT) [10] and X-ray tomogra-
phy [11,12] and magnetic resonance particle tracking or positron
emission particle tracking [13] and particle image velocimetry
(PIV) [14,15]. Infrared tomography is also a mature and commonly
used measurement technique [16], however, it is limited by the
fact that infrared measurements can only be applied to measure
the surface temperature of objects.

[17] studied hydrodynamics and heat transfer in a pseudo 2D
fluidized bed using a combined CFD-DEM modeling approach and
non-intrusive monitoring using an integrated PIV/DIA/IR tech-
nique. It was found that the main heat removal mechanism from
the particle phase was due to the gas phase convective transport
and heat loss to the environment through the confining walls.
The heat loss by direct particle and wall conduction is minor com-
pared to these two effects. However, the validation was conducted
by studying a cooling process of glass beads without heat produc-
tion. In this work, we extend the work of [17] to include heat pro-
duction in the particles. In order to mimic the heat production in
the exothermic polymerization, a model system was used. In this
model system, heat is released in zeolite 13X particles (1.8–
2.0 mm, Geldart D type) due to the adsorption of CO2 [18]. This
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is the first time (as far as the authors’ knowledge) that the valida-
tion of a CFD-DEM with heat transfer by experimental technique
has been done by involving heat production directly from the par-
ticle phase. The kinetic model of adsorption and the corresponding
heat production rate has been implemented in our in-house devel-
oped CFD-DEM. Step-by-step characterization of the heat source
term, including understanding of the adsorption kinetics and asso-
ciated heat production was performed.

This paper consists of two main parts, which are the CFD-DEM
modeling and the experimental validation. First, details of the gov-
erning equations of CFD-DEM are presented. Subsequently, the
used optical apparatus and image processing technique are
described. In the results and discussion section, we first character-
ize the heat loss to the reactor walls, employing a simple continu-
ous stirred tank reactor model (CSTR). The simple model was
mainly used to fit the gas-to-wall heat transfer coefficient required
in our CFD-DEM to account for heat isolateds to the environment.
We will also show the instantaneous snapshots of the particle tem-
perature and report the overall particle temperature evolution
measured by the IR camera and CFD-DEM model. The monitoring
time is up to 80 s, covering the entire duration of the experiments.
In order to keep the main structure of the paper simple, the equa-
tions of the CSTR model and the characterization of the heat source
term of adsorption by zeolite 13X particles are presented in the
appendix.

2. Modeling method

In the CFD-DEM model, the gas phase is described by the
continuity Eq. (1) and the volume-averaged Navier–Stokes
Eq. (2):

@ðeqgÞ
@t

þr � ðeqgugÞ ¼ 0 ð1Þ

@ðeqgugÞ
@t

þr � ðeqgugugÞ ¼ �erpg �r � ðesgÞ þ eqgg� S ð2Þ

where e;qg , and ug are the volume fraction, density and the velocity
vector of the gas phase, respectively. In this work the gas density is
calculated from the equation of state for ideal gases. sg is the gas
phase viscous stress tensor, which is assumed to obey the general
Newtonian form (Eq. (3)):

sg ¼ �lg ðrugÞ þ ðrugÞ> � 2
3
ðr � ugÞI

� �
ð3Þ

lg and I are the gas phase viscosity and the unit tensor, respectively.
S is the sink term that accounts for the momentum exchange
between the gas and the particles:

S ¼ 1
V

X
8i2V

Vp;ib
1� e

ðug � vp;iÞDðr� raÞ ð4Þ

Here r is the position vector of the staggered velocity cell, and
ra is the position vector of the particle center of mass. D is the
distribution function, which is used to distribute the force exerted
by the particles on the gas phase to the Eulerian grid with cell
volume V. b is the inter-phase momentum exchange coefficient,
which can be calculated by dimensionless drag force closures
(Fi). In this work, the Ergun equation [19] has been used for the
dense regime and the Wen & Yu drag equation [20] for the dilute
regime:

bd2
p

l
¼ 150 ð1�eÞ2

e þ 1:75 ð1�eÞ
e Rep ðe < 0:8Þ

3
4CdRepð1� eÞe�2:65 ðe P 0:8Þ

(
ð5Þ

with:
Rep ¼
eqg ug � vp

�� ��dp

lg
ð6Þ

and:

Cd ¼
24
Rep

1þ 0:15Re0:687p

� �
Rep < 1000

0:438 Rep P 1000

(
ð7Þ

The thermal energy equation for the gas phase is given by:

Cp;g
@ðeqgTgÞ

@t
þ ðr � eqgugTgÞ

� �
¼ �ðr � eqÞ þ Qp ð8Þ

where the term Qp accounts for the interface heat exchange and is
given by:

Qp ¼
1
V

m
8a2V

hAp;aðTp;a � TgÞDðr� raÞ ð9Þ

and Tg is the temperature of the gas phase, whereas Tp;a is the tem-
perature of particle a. In Eq. (10), the heat conduction flux q is given
by Fourier’s law:

q ¼ �keffg rTg ð10Þ

where keffg is the effective thermal conductivity of the gas phase,
which can be expressed in terms of the intrinsic fluid thermal con-
ductivity (kg) as follows:

keffg ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffi
1� e

p

e
kg ð11Þ
2.1. Discrete particle model

The particles are individually tracked by solving the Newtonian
equations of motion accounting for both translation and rotation:

ma
d2ra
dt2

¼ �Varpþ bVa

1� e
ðu� vaÞ þmagþ

X
a–b

Fcontact;a ð12Þ

Ia
dxa

dt
¼ Ta ð13Þ

The translational motion of each particle is caused by the com-
bined effect of the far field pressure force, the drag force, the grav-
ity force, and contact forces (

P
a–bFcontact;a) due to collisions with

other particles and the confining walls. In this work we use the
soft-sphere model to compute the contact force and the interested
reader is referred to [21,22] for further details. The rotational
motion of particles is also taken into consideration, where xa is
the rotation velocity and Ta is the torque due to particle contact.
To calculate the heat transfer from the fluid to the particles the
gas phase temperature at the particle position (Tg) is calculated
by interpolating the gas temperatures from the surrounding Eule-
rian grid points. The thermal energy equation for every individual
particle temperature (Tp;a) is given by:

maCp;p
dTp;a

dt
¼ �hpAp Tp;a � Tg

� 	þ DHads
dq
dt

ma ð14Þ

where the heat of adsorption has been added to the particle phase
energy equation, with DHads is the adsorption enthalpy, and q is the
amount of CO2 zeolite adsorption, and hp is the gas-particle interfa-
cial heat transfer coefficient. The latter is calculated from Gunns
correlation [23]:

Nup ¼ ð7� 10eg þ 5e2Þð1þ 0:7Re0:2p Pr0:33Þ
þ ð1:33� 2:40eþ 1:20e2ÞRe0:7p Pr0:33 ð15Þ

Nup is the Nusselt number and Pr is the Prandtl number given by:
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Pr ¼ lgCp;g

kg
ð16Þ

Finally, the heat transfer coefficient of the individual particle
with size dp is obtained from:

hp ¼ Nupkg
dp

ð17Þ
3. Experimental approach

3.1. Experimental set-ups

The experiments have been carried out in a pseudo-2D fluidized
bed. A schematic overview of the position of the fluidized bed and
the cameras is shown in Fig. 1. The fluidized bed is 8 cm in width,
1.5 cm in depth and 25 cm in height. The cameras are positioned at
a distance of 1.0 m from the bed to ensure that a full image of the
bed can be recorded by both cameras while reflections are avoided.
The cameras are fixed on two tripods with an 15� angle to the ver-
tical position of the front window, and in the same plane 0.8 m
above the ground.

The front window of the fluidized bed column is made of sap-
phire glass with 3 mm thickness. Sapphire covers the IR spectrum
measured by the camera (middle range, 1.5–5.1 lm) and allows up
to 0.82–0.85 transmittance in the measurement temperature range
(below 100 �C). The side and back walls consist of PMMA of 20 mm
thickness. Its low thermal conductivity (k = 0.17–0.19 [W/m K])
helps to limit the heat loss through conduction to the environment.
PMMA can also reduce the interference relate to an increase of the
temperature of the back plate during the experiments (Cp = 1466 J/
kg/K) compared to the aluminum plate (k = 205 W/m/K and
Cp = 900 J/kg/K) used in the earlier work of [17]. Particles are
heated-up due to the heat of adsorption, while the whole column
also increases its temperature from room temperature. As long as
the temperature of the particles and the background remains at
certain difference, the contrast can be measured by the IR camera
(up to 0.1 �C sensitivity). It takes a relatively long time to cool
down the whole bed to its original state (room temperature,
18 �C), meanwhile only minor differences of the particle phase
and the back wall can be observed, thus from the total of 120 s
measurement, only the first 80 s data will be used for detailed
analysis.

3.2. Experimental procedure

The described pseudo-2D fluidized bed was filled with spherical
zeolite 13X beads of 1.8–2.0 mm diameter (supplier: SIGMA–
ALDRICH�, 8–12 mesh). These particles are fluidized by a gas
entering uniformly from the bottom of the bed by a gas distributer
fabricated from a porous metal plate. Initial fluidization was
achieved by feeding pure nitrogen gas (N2) at room temperature
(18–19 �C) controlled by a mass flow controller (up to 120 l/min).
Subsequently a mixture of nitrogen and carbon dioxide (N2/CO2)
Fig. 1. Schematic overview of the set-ups with detailed placement positions.
with a known composition was fed to the bed. Due to the CO2

adsorption, the particles heat up by the adsorption heat, where
the bed temperature rises up to 40–80 �C above room temperature
depending on the CO2 concentration. Once the particles are fully
saturated the heat production is terminated and consequently
the bed will (eventually) cool down to room temperature. We have
used a CO2 concentration ranging from 20% to 100%. Feeding with
pure CO2 gas causes initial defluidization due to the rapid adsorp-
tion, whereas feeding with 20% of CO2 does not lead to a suffi-
ciently high bed temperature. After the particles became
saturated, they were taken out from the column and were replaced
by a fresh batch. All experiments with different CO2 concentrations
have been repeated three times.

3.3. Optical apparatus

Two cameras are used for recording the fluidization images. The
visual and infrared cameras were connected to the computer sys-
tem via a trigger box. The cameras are triggered to take images
simultaneously according to a preselected signal, of which details
can be found in [17,24]. The two images taken by IR and visual
cameras can be combined to use the position of particles to correct
the thermal image such that only IR radiation from the particle
phase is included. This mapping technique will be discussed in
the next section.

3.3.1. IR camera and calibration
The temperature of the particles in the fluidized bed was deter-

mined from infrared recordings obtained from a FLIR� X8400sc
high speed IR camera with a maximum resolution of
1280 � 1024 pixels. Using an MW 50 mm 2.0 HD lens without
camera filter, pictures were taken at a frame rate of 40.0 Hz. The
integration time of 541 ls has been set for all measurements, to
enable accurate detection in the range of 5–300 �C with a maxi-
mum error of 1 �C. As output of the camera, the radiation intensity
(noted as digital level (DL)) of each pixel is transferred to a 14 bit
digital value. The infrared signal received by the detector of the
camera has propagated through the window of the fluidized bed,
the air and the lens of the camera. The influences of window and
air on the DL should be reduced as much as possible. The absorp-
tion by the air is reduced by placing the camera relatively close
to the set-up, so that the transmittance of the air can be assumed
to be close to 1. As described before, we used a sapphire glass front
window for its high transmittance [25]. The reflection of environ-
ment, on the other hand, is minimized by performing the experi-
ment in a closed unit without interference of any warm objects.
White LED lamps have been used to illuminate the set-up and
enhance the signal for the visual camera. It does not interfere with
the infrared part of the electromagnetic spectrum, as their peaks
are in the blue and yellow part of the visual spectrum. However
the lamps can get warm after a long measurement and provide
an IR source of the reflection by the front window.

The IR camera measures the radiation from the surface of an
object. The radiation is either absorbed, reflected or transmitted.
The transmittance of the front window is close to 1, meaning that
the major part of the detected radiation is thus emitted by particles
behind it. Although the infrared camera was calibrated using per-
fect black-body radiation and contains a correction for gray-body
objects, developed by the manufacturer (FLIR�), using values for
the emissivity of the objects and for the room temperature, these
results did not reflect the actual temperature of the object present
at the inside of the pseudo-2D fluidized bed. Both emissivity and
shape of the object can affect the radiation emitted. We adopted
a similar way of camera calibration as proposed by [17]. A bed of
zeolite 13X particles of 1.8–2.0 mm diameter was heated up to
200 �C in an external oven and transferred into the bed, where
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one zeolite 13X particle attached to a thermocouple was placed
close to the front observation window. During the process of cool-
ing down to room temperature, by conduction only, the tempera-
ture of the particle was measured with a thermometer.
Simultaneously, the DL detected by the infrared camera was
recorded. Multiple repeated calibration experiments according to
the described procedure have led to the calibration curve pre-
sented in Fig. 2 in which the detected number of infrared counts
is shown as a function of the correlated temperature [K]. The black
line indicates the third order correlation function to estimate the
temperature from the detected number of counts with a correla-
tion factor R2 = 99.7%.

T ¼ 7:117 � 10�11 � DL3 � 1:997 � 10�6 � DL2 þ 2:575 � 10�2

� DLþ 219:7 ð18Þ
in which T is the temperature [K] and DL stands for the digital level
of the received infrared signal.

3.3.2. Visual camera
Digital images of the fluidized bed were recorded using a high-

speed visual camera of LaVision� (Imager pro HS) with a resolution
of 560 � 1280 pixels. LED lamps illuminating the set-up were used
to minimize reflections and to provide sufficient light to use short
shutter times. An integration time of 300 ls was used, after which
a 100 ls delay is used before a second recording was taken with
the same integration time. These two consecutive recordings are
required for the particle image velocimetry (PIV) analysis (this part
of analysis is not included in the paper), as explained before, in
which the time difference between the two frames (i.e. 400 ls) is
used.

3.4. Image mapping and data processing

3.4.1. Detection of particle phase from the images
Differences in the resolution of the IR and visual cameras intro-

duces difficulties to map two images taken instantaneously. A
schematic overview of the image processing procedure is given
in Fig. 3. Because the visual and infrared cameras are both
IR c
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Fig. 2. Calibration curve for the used FLIR� x8400SC infrared camera
positioned at an angle to avoid reflections of either one or both.
Images taken by both cameras contain a larger area than the
desired part of the fluidized bed. Transformation of the images is
necessary. After the images are cropped, the infrared DL in the
remaining pixels – the particle phase – are then converted to their
respective temperatures, according to the calibration method
explained in the previous section.

3.4.2. Mapping of the images
A dummy image of 320 � 800 pixels, representing the front

window of 8 � 20 cm, is used as a blueprint for both images. By
selecting the corner points of the images of the front window from
any frame recorded by both cameras, using the built in interface in
MATLAB� 2015b image processing toolbox, the image of interest
can be stretched, rotated and cropped to fit the dummy matrix
which contains all digit pixels. The raw IR and visual images will
not be presented here for the sake of brevity. The processed visual
and IR images and the illustration of overlapping these two are
shown in Fig. 4, which is also a supplementary explanation of
Fig. 3. As can be seen in Fig. 4 step (3) and (4), some isolated par-
ticles are not overlapping well, because the images were recorded
from different angles. The mentioned mask C in Fig. 4 is used to
extract particle phase only from IR images which will be intro-
duced in the next section.

3.4.3. Different filtering techniques
As a base case, we will first discuss the results when no filter is

used to detect the particle phase. By simply taking the raw data of
the counts, exporting this data to MATLAB�, subtracting the back-
ground image and converting the detected number of counts to the
respective temperatures, the background is also taken into
account, leading to a bias in the obtained temperature. To effi-
ciently correct for the bias three measures can be taken of which
the outcome is presented in Fig. 5 in this section.

Firstly, the region of interest (ROI) is defined by restricting the
image to a region coinciding with the initial packed bed (before
introduction of the gas mixture to the fluidized bed), which covers
most of the dense phase. Hereby the relative numbers of pixels
containing the background (not the gas phase) can be reduced.
ounts [-]
9000 10000 11000 12000 13000 14000

 vs. Temperature
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Calibration curve

, showing the temperature [K] as a function of the digital level.



Fig. 3. Schematic of the general processing procedure used to determine the particle phase in the pseudo-2D fluidized bed. The used filter technique may differ and can
include the usage of a post-processed visual image.

Fig. 4. A schematic illustration of processing and overlapping visual and IR images, by following the steps described in Fig. 3.
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Fig. 5. Average particle phase temperature < Tp >, determined from the number of
infrared counts after application of the indicated filtering technique. Experiment
using 60% CO2 in the gas feed.
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Secondly, a threshold value for the infrared image can be used,
determining whether a pixel belongs to the particle phase or the
background, denoted as ”IR”. A threshold value of 0.32 (converted
image intensity from 0–1, where 0 and 1 indicate the minimum
and maximum, respectively) can be used to differentiate between
the particles and the background. As reported by [17], this value
can be found by trial and error. However, by using this method
for each particle in the bed, a small halo of pixels with a higher
temperature than the surroundings is observed. Once the cooling
phase in the experiment is approached, the background will have
a profound influence on the measured particle temperatures
because of the reduced temperature difference.

As reported by [17], another method is to use a visual mask,
obtained by using a threshold value from the visual image, denoted
as ”VIS-IR” (same concept as mask C mentioned in Fig. 4). However,
due to the angle between the two cameras, overlaying of these
images causes distortions in the cases of few isolated particles
(above the free-board). This is related to 3D-effects and cannot
be avoided unless the two cameras are placed at the same position,
as shown Fig. 4. Fortunately the images capture a large part of the
dense phase and loss of a few particles can be tolerated and
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therefore this mapping approach can still provide sufficiently accu-
rate results.

Therefore, the pixels that are considered to belong to the parti-
cle phase passing both the visual and the infrared filter are then
selected to be the pixels of interest. Although not all particles will
be included using this technique, the results are an accurate repre-
sentation of the particle phase, excluding halo effects in the infra-
red image.

From Fig. 5, it can be observed that direct application of a
threshold on the IR images to subtract particle data will suffer from
interference with the background. Both ROI and IR-VIS filter pro-
vide almost overlapping curves. However, during the heating stage
of the experiments, vigorous fluctuations in the temperature curve
Fig. 6. Temperature distribution of the particle phase after using different filter
obtained by applying ROI can be clearly noticed. It is a direct result
of gas bubbles passing through the bed. The back plate becomes
partly ”visible” to the camera and hence its temperature will be
recorded. During the final phase of the adsorption process, the par-
ticles cool down and the fluctuation in the temperature curve is
reduced, due to smaller differences of the temperature of particles
and background. Both ROI and IR-VIS can capture the average bed
temperature evolution, however to obtain sufficient accuracy in
the data for the instantaneous spatial distribution of the particle
temperatures requires usage of the IR-VIS filter. More details of
the results of image processing after applying this filtering method
to determine the spatial temperature distribution can be found in
Fig. 6.
ing techniques, 30 s after addition of CO2 in a gas feed of 40% CO2/60% N2.



Table 1
Overview of the physical properties used in the CSTR and CFD-DEM model.

Symbol Physical property Value Unit

Bed geometry
L Length of bed 8 � 10�2 [m]

W Depth of bed 1:5 � 10�2 [m]

H Height of bed 0.20 [m]
dcell Eulerian cell size 2:5 � 10�2 [m]

NX Number of cells x direction 32 –
NY Number of cells y direction 6 –
NZ Number of cells z direction 80 –

Particle phase: zeolite 13X
qp;0 Density 1:10 � 103 [kg/m3]

Cp;p Specific heat capacity 7:6 � 102 [J/(kg�K)
dp Particle diameter 1:9 � 10�3 [m]

m Mass of zeolite bed 4� 10�2 [kg]

Hb Height of zeolite bed 4:75� 10�2 [m]

Gas phase: nitrogen
qN2

Density 1.15 [kg/m3]
kg;N2

Thermal conductivity 0.026 [W/m�K]
Cp;N2 Specific heat capacity 1:04� 103 [J/(kg�K)]

Gas phase: carbon dioxide
qCO2

Density 1.81 [kg/m3]
kg;CO2

Thermal conductivity 0.0146 [W/m�K]
Cp;CO2 Specific heat capacity 0:851� 103 [J/(kg�K)]

Other parameters
hw Heat transfer coefficient gas to wall 300 [W/(m2�K)]
Twall Wall temperature 300 [K]
Tg;0 Initial bed temperature 296.4 [K]
Tg;in Inlet gas temperature 289.15 [K]
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4. Results and discussion

The experiments have been performed with different CO2 con-
centrations in a CO2/N2 gas mixture. The evolution of the averaged
bed temperature is shown in Fig. 7 for different CO2 concentrations
in the feed, viz. 60%, 40% and 20% of CO2 in the gas mixture. The
evolution of the average particle temperature can be divided
roughly in three stages. In the first stage, Tp quickly increases
due to fast adsorption; during the particle saturation phase,
adsorption slows down and a short thermal equilibrium can be
achieved when the amount of heat produced is equal to the
amount being removed. In the final (third) stage, the bed cools
down by the gas.

We have performed experiments with pure CO2 as well, how-
ever a sudden defluidization occurs when the gas is switched from
pure N2 to CO2, which is caused by the very fast initial adsorption.
Our CFD-DEM is not accounting for any CO2 supply limitation and
therefore it cannot capture the defluidization happening in the
experiments with pure CO2. When feeding a CO2/N2 mixture we
still assume that there is no CO2 supply limitation due to fast mix-
ing in the relatively small bed and constant CO2 partial pressure on
the particles surface. However when the concentration of CO2 is
lower than 40%, for instance at 20% as shown in the graph, the lar-
gest temperature rise in the bed is only around 10 �C which causes
larger experimental errors due to the increased disturbance of the
background. For simplicity in the following discussion we will
focus mostly on the cases with 40% and 60% CO2. The simulation
conditions and parameters used in the adsorption model based
on Appendix A are listed in the Tables 1 and 2, respectively.
Table 2
Parameters are measured/fitted for the adsorption model.

Symbol Physical property Value Unit

k0 Pre-exponential adsorption rate
parameter

1:5� 10�5 [s�1]

kads Rate constant fitted from TGA 1.34 [s�1]
nads nth order 2.47 [–]
Ea Activation energy �29:3� 103 [J/kg]

u0 Superficial gas velocity 1.20 [m/s]
e Averaged bed porosity 0.43 [–]
Dt Time step gas phase 5� 10�5 [s]

Dtp Time step particle collision 5� 10�7 [s]

t Simulation time 80 [s]
4.1. Evolution of the spatially averaged particle temperature

4.1.1. Heat loss to the surroundings
In our experiments, the heat is produced by CO2 adsorption in

the zeolite 13X particles. The adsorption heat is removed from
the particle phase by convective gas-particle heat transfer. Due
to the relatively small volumetric heat capacity of the gas phase
(qgCp;g) and the high gas-particle heat transfer rate in the fluidized
bed, the temperature difference between the gas and particles is
small. The produced heat due to adsorption is transferred to the
gas, and removed via the outlet or lost to the environment via
the surrounding walls. The later contribution can be significant
and should be taken into consideration in the CFD-DEM.
Fig. 7. Spatially averaged particle temperature as a function of time measured with
the infrared camera. The experiments were performed with a CO2 concentration in
the feed equal to 60%, 40%, and 20%.

DHads Adsorption enthalpy 30 [kJ/mol]
qE Adsorption equilibrium 0.15/0.13 [g/g]
Before detailed CFD-DEM simulations were performed, a CSTR
model was developed to provide a simple tool (learning model)
to study the process. Both gas and particle phases are assumed
to be well-mixed due to the relatively small size of the domain.
The energy balance for both the gas and particle phase as well as
the walls are all considered. The heat loss term has been
incorporated in the energy equation of the gas phase. More details
of the model can be found in Appendix B. We have fitted the kinetic
model in non-isothermal condition from the TGA data, then
correlated the contribution of the temperature change during
adsorption with an Arrhenius equation (details are shown in
Appendix A). Combined with the fitted gas-to-wall heat transfer
coefficient, the CSTR reaches a good agreement with the experi-
mental data regarding to the temperature evolution, as shown in
Fig. 8. In the graph the black lines indicate the IR measured aver-
aged particle temperature, and blue lines with different dot-dash
styles represent CSTR fitting results.

From the CSTR model, it is estimated that the gas-to-wall heat
transfer coefficient is in the range of 200–300 [W/(m2K)]. This



Fig. 8. Results of the average particle temperature evolution comparing experi-
mental and the CSTR simulation data. For the CSTR model data results for different
values for the heat transfer coefficient from the wall to the surroundings are shown.

Fig. 9. Results of the spatial averaged particle temperature evolution feeding with
60% of CO2 comparing with experimental and simulation results. (The CSTR results
are shown with blue lines at adiabatic condition as well as with heat loss to
surroundings applying a heat transfer coefficient of 300 [W/(m2K)]. The CFD-DEM
simulation results presented in the graph are with anticipated effective thermal
conductivity (keffg ), which is shown as a result of 5, 50 and 100 times of the value
calculated from Eq. (11).)
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range is in accordance with the general model proposed by [26]. It
shows that the maximum heat transfer coefficient of a bubbling
fluidized bed at a heat-exchange surface is affected by the size of
the particles. With the given particle size of our system, a sug-
gested hmax of 200–250 [W/(m2K)] can be estimated from Fig. 8
of [26]. The heat liberation rate due to CO2 adsorption as well as
the increase in particle weight have been accounted for in our
CFD-DEM model.

During the whole process, particles are heated-up by adsorp-
tion, where the heat is transferred to the gas phase by convection.
Heat transfer by particle–particle conduction is neglected due to
the rapid particle–particle collision under fluidization conditions.
The Biot number of the zeolite 13X particle used in our system is
smaller than 0.1, consequently there is no prominent internal tem-
perature gradient. The bed temperature at the highest point is
approximately equal to 20–25 �C above ambient temperature,
therefore the heat transfer from particle to surroundings by radia-
tion can be also ignored. In summary, in our CFD-DEM we applied
the same thermal model as in the CSTR model, excepted the heat
loss to the environment.

This heat loss is accounted for in the CFD-DEM by a boundary
condition imposed on the gas phase thermal energy equations.
Within CFD-DEM the grid size typically exceeds the thickness of
the thermal boundary layer and the unresolved heat loss should
be fitted through an effective gas-to-wall heat transfer coefficient
hw which can be related to the effective heat conductivity of the
gas and the near-wall gas film thickness. The thickness of this thin
gas film was suggested by D.J. Patil [27] to amount one or two par-
ticle diameters.

The boundary condition used in the CFD-DEM is:

�keffg
dTg

dx
¼ hwðTw � TgÞ ð19Þ

with:

hw ¼ keffg

dh
ð20Þ

Applying linear interpolation, this proposed boundary condition
can be discretized and leads to the following formula to calculate
the gas temperature at the boundary cell (Tg;0):

Tg;0 ¼ 2keffg � hwDx

2keffg þ hwDx
Tg;1 þ 2hwDx

2keffg þ hwDx
Tw ð21Þ
So far, the heat loss to the wall is handled in largely the same
manner as in the work of [17]. However, we found that the effec-
tive gas phase conductivity, which is calculated from Eq. 11
(�0.01W/(m�K)), in combination with a thermal boundary layer
thickness dh � 10�3 leads to a much too low value for hw (10 W/
(m2K)) in comparison with the fitted value on basis of the experi-
ments. The reason is that only the gas phase contribution is
accounted for in Eq. (11).

An estimate of the effective conductivity of the bed can be
obtained from the Zehner-Schlünder model for stagnant thermal
conductivity, which has been used in several studies [28,29]. The

rate of keffg =ð1� ð1� eÞ0:5Þkg for our system (CO2 and N2 gas mix-
ture and zeolite 13X particle, with kg = 0.02 [W/(mK)] and
e = 0.43) is around 20 which leads to hw = 200 [W/(m2K)] in agree-
ment with the experimentally fitted value. Moreover, when the
bed is fluidized, the contacting surface of the gas and particles
are continuously renewed by random particle fluctuations. This
kinetic contribution can contribute to the effective thermal con-
ductivity of the bed. We can therefore anticipate that the ratio of

keffg =ð1� ð1� eÞ0:5Þkg is larger than 20 for fluidization conditions.
Hence, we can conclude that this approximation is reasonable.
However, more accurate correlations for the effective thermal con-
ductivity for fluidization conditions should be developed by fully
resolved computations using DNS.

4.1.2. Comparison of experimental data and CFD-DEM
In Fig. 9 we show the average bed temperature obtained from

the experiments and CFD-DEM simulation results together with
the predictions obtained from the CSTR model. In this figure we
have included the results obtained for adiabatic operation. The
experimental data are indicated by black solid lines, the CSTR
model and CFD-DEM results are shown with blue lines and red
symbols, respectively. .

As evident from Fig. 9, a good agreement between CSTR and
CFD-DEM simulation results is obtained in this case. In this figure
we also show the CFD-DEM simulation results using the boundary
condition discussed in the previous section in combination with
the corrected effective thermal conductivity.

The simulated temperature curves closely follow the trend
observed in the experiments. Initially (first 0–8 s), the temperature
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of the particle phase increases rapidly. During this period the
energy which is used to heat-up the particles is produced by fast
adsorption. At a certain moment however the adsorption rate
reduces and the effect of cooling of the gas becomes more pro-
nounced. A short equilibrium of heat production and heat removal
can be observed after around 8–11 s (roughly speaking). Finally,
the cooling effect by the gas phase plays a dominant role and the
bed temperature declines gradually. Once the same wall tempera-
ture and gas-to-wall heat transfer coefficient applied in the CFD-
DEM as well as the CSTR model (Tw ¼ 300 K and hw ¼ 300 [W/
(m2K)], blue solid line in the graph), the CFD-DEM simulation
results show good agreement with the experimental data, provided
that the effective conductivity in Eq. (11) is given a value of 50–100
times the original value. Apparently, according to the CSTR model,
the heat transfer resistance should not reside in the bulk of the gas
phase but in the gas-wall boundary. With increasing effective con-
ductivity, the resistance in the gas phase reduces.

These two parameters used in CFD-DEM (hw and keffg ) are
directly linked to the thickness of the thermal boundary layer. So
far, there are no empirical correlations that can be directly applied
to CFD-DEM to estimate these parameters. The effective conductiv-
ity of the gas phase in fluidization condition requires further inves-
tigation, e.g. by more detailed models using direct numerical
simulation (DNS).

The CSTR and CFD-DEM model also reach a good agreement
with experimental data when the bed was fluidized by feeding a
gas mixture containing 40% of CO2. For brevity, the data from the
CSTR model with adiabatic condition and with gas-to-wall heat
transfer coefficient equal to 250 and 300 [W/(m2K)] are shown in
Fig. 10. Again, the simulation results of CFD-DEM matches with
experimental data provided that the corrected effective thermal
conductivity of the gas has been applied.

4.2. Spatial particle temperature distribution

We have used the CSTR model as a learning model to facilitate
interpretation of the experimental data. However, the limitation is
that only the global data can be obtained from the CSTR model.
More details, especially the spatial distribution of the properties
Fig. 10. Results of the spatial averaged particle temperature evolution (feeding
with 40% of CO2) comparing with experimental and simulation results. (The CSTR
results are shown with blue lines at adiabatic condition as well as with heat loss to
surroundings applying heat transfer coefficients of 250 and 300 [W/(m2K)]. The
CFD-DEM simulation results presented in the graph are with anticipated effective
thermal conductivity (keffg ), which is shown as a result of 50 times of the value
calculated from Eq. (11).)
in the fluidized bed, such as the particle temperature distribution
are of interest as well. Building on the successful simulation of
the particle temperature evolution, the spatial temperature distri-
bution will be discussed in this section. First the snapshots
obtained from IR images and CFD-DEM simulations are compared.

4.2.1. Snapshots
The IR camera can generate high resolution images of the parti-

cles in the pseudo-2D fluidized bed. On average, each particle occu-
pies 9–10 pixels, therefore the spherical shape of the particles can
be well detected from the IR images. This feature is convenient to
permit a direct comparison with the CFD-DEM thermal data of the
particle phase. In Fig. 11, the IR images and snapshots of CFD-DEM
simulated particle temperature field are shown at the same
moment, top and bottom, respectively. Note that the relative time
started after the fluidization gas was switched from pure N2 to CO2

and N2 mixture. Prior to CO2 introduction into the bed, there was
no temperature difference between the particles and the column,
therefore the particles can hardly be observed. The shown snap-
shots are at 1.0, 1.5, 4.0, 9.0, 11.0 and 21.0 s after CO2 introduction
into the bed. The first three snapshots represent the phase that the
bed heats up. At 9.0–10.0 s, particle temperature reaches its max-
imum, and in the last snapshot, (at 21 s) the saturated zeolite par-
ticles cool down by the gas phase. Generally speaking, the
snapshots of the CFD-DEM simulations exhibit a similar pattern
as the temperature field obtained from experiments. Both images
reveal the same cooling area that is found at the bottom of the
bed, where the fresh cold gas enters the bed. However the ”finger-
ing” of cold particles observed in the CFD-DEM simulation can
hardly be seen in the snapshots of IR images. It is speculated that
when the bed temperature increases by adsorption, the front win-
dow is heated along with the bulk of the bed. The heated front win-
dow transfers its heat to the cold stream of the particles through
the gas phase, hereby the ”fingering-effect” is not observed in the
experimental IR images. We have computed the front window
temperature resulting from the CSTR model (see in Appendix B)
and from Fig. A.7 it can be seen that the temperature of the sap-
phire window increases at a rate of 0.5 K/s. The recorded IR radia-
tion by the camera from the bed certainly contains the
contribution from the front window during the measurement,
however it should be minor because of the low emittance of sap-
phire in the middle range of the IR spectrum. Sapphire has a high
transmittance up to 82% and its emittance is reported in the range
of 0–10% at 300 K [25].

4.2.2. Probability density distribution
Following the qualitative observation of the spatial distribution

of the particle temperature from the snapshots, a quantitative
analysis will be presented by examining the PDF of the particle
temperature at different moments. In Fig. 12, the instantaneous
particle temperature PDF is shown together with CFD-DEM simu-
lation results. Experimental and simulation results are shown for
40% CO2 (left) and 60% CO2 (right) in the figures. The distributions
of particle temperature with 60% CO2 correspond to Fig. 11 at time
4, 11 and 21 s. The experimental PDF presented here is post-
processed after application of a mask obtained from the visual
image (see Section 3.4.3). In comparison to the CFD-DEM results,
the experimental data include a slightly broader temperature
range, both at low and high temperatures. The peak in the PDF cor-
responds to the bed average temperature. Overall the agreement
between the experimental and simulated PDF’s is very good. The
tails observed in the experimental PDF are most likely due to noise
and ineluctable reflection from the environment.

To estimate the effect of the boundaries in the depth (y-) direc-
tion on the PDF of the particles near the front wall (i.e. those par-
ticles present in the front layer of the cells) and the PDF of particles



Fig. 11. Snapshots of the images taken by the IR camera (top) and the CFD-DEM simulation results (bottom) at different moments after introducing CO2 (60% in the gas feed)
into the system. From left to right the corresponding snapshots are taken at 1, 1.5, 4.0, 9.0, 11.0 and 21.0 s, covering the initial heating-up, equilibrium and cooling down three
stages of the measurement.
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in the model (i.e. those particles presented in the third layer of
cells) are compared to the original PDF (using all particles) in
Fig. 13. From the figure it can be seen that the particles presented
in the front layer have a relatively low mean temperature com-
pared to those present in the middle. The PDF peak of the front
layer locates slightly to the left compared to the peak of the middle
layer. The differences between the PDFs are not large during the
initial stage of the absorption process (t = 4 s). Clear differences
can be found when the bed reaches its highest temperature
(approximately, at t = 11 s). Moreover, the long tail of the PDF of
all particles in the low temperature region partly overlaps with
the one of the middle layer, meanwhile the PDF of particles present
in the front layer is more symmetrical. The long tails of the PDF sig-
nify the ”fingering-effect” observed in Fig. 11 in CFD-DEM simula-
tions. Due to the low thermal capacity of the gas phase (qgCp;g), the
cooling zone of the fluidized bed is confined to the bottom of the
bed, where the fresh gas is entering. Particles can cool down in this
zone and are subsequently carried by the bubbles towards to the
top of bed.
5. Summary and conclusions

In this work, a CFD-DEM was used to simulate heat transfer in a
pseudo-2D fluidized bed with heat production in the particle
phase. In order to mimic the heat production of an exothermic
reaction, a model system is used, in which heat is released by
adsorption of CO2 in zeolite 13X particles (1.8–2.0 mm, Galdart D
type). This system was studied experimentally using a non-
intrusive optical technique combining an IR and a visual camera.
The temperature field is captured through IR thermography, simul-
taneously the particle position is recorded by the visual camera.
Data of interest processed from the IR measurements are accu-
rately extracted by applying filters obtained from visual images.

A simple CSTR model is used as a learning model for the pur-
pose of fitting the gas-to-wall heat transfer coefficient (hw) in order
to match the experimental data. In the CSTR model, the adsorption
kinetic model and heat loss (through the gas phase) are introduced.
Incorporated with the estimated hw from the CSTR by applying it
on the boundary condition, the CFD-DEM simulations are subse-
quently conducted and compared with respect to the experimental
data as well. The comparison shows good agreement when the
effective gas thermal conductivity is much larger than its original
value, which was estimated by only considering the contribution
from the gas phase. However, the accurate value of the effective
thermal conductivity of the gas at fluidization conditions is
unknown. Therefore, for a further application of the CFD-DEM on
investigating the heat transfer in a fluidized bed at non-adiabatic
boundary condition, an accurate value or correlation for the effec-
tive thermal conductivity of the gas is critical to lead to successful
simulations, which can be obtained, for example by fully resolved
computations using DNS.

Based on the matching results of average particle temperature
and temperature evolution profiles of experiments and simula-
tions, quantitative comparison of the particle temperature distri-
bution is presented, by examining the PDF obtained from both
approaches. Overall, a good agreement between the simulations
and experiments is achieved with respect to the spatial tempera-
ture distribution. However, the ”fingering-effect” found in the
CFD-DEM simulations was not clearly captured by the IR measure-
ments. This can be attributed to the noise in the measurement data
and interference of the front window during the heat-up stage.
Furthermore, the effect of the boundary condition in the depth
(y-) direction on the particle temperature was also discussed,



Fig. 12. Particle temperature PDF obtained from CFD-DEM (black line) and IR images after applying IR-VIS filter mentioned in previous section. The left and right column of
graphs are corresponding with CO2 concentration of 40% and 60%. From top to bottom rows the graphs are shown the PDF obtained at 4 s, 11 s and 21 s, respectively.

Fig. 13. Particle temperature PDF obtained from different layers of the simulation domain in y-axis direction at different moments. Left and right are at 4 s and 11 s,
respectively.
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Fig. A.1. Weight change of zeolite 13X particles due to adsorption (increase of
mass) and desorption (decrease of mass) of CO2/N2 (60%/40%) over time.
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and it was found that particles present in the front layer appear to
have a (slightly) lower mean temperature compared to those pre-
sent in the middle of the bed, and their temperature distribution is
more symmetrical compared to all particles. Thus the differences
between the PDF of all particles and those present in the font layer
shows that the IR measurement can capture the temperature field
of the whole bed rather than only the front layer.
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Appendix A. Characterization of the heat source

Zeolites are natural or synthetic crystalline aluminosilicates
with a structure of repeating pore networks, which can capture
molecules (only molecules of certain sizes and shapes that can pass
through). The 13X type, among all the natural types of zeolites, is
reported to have the largest physical adsorption capacity of CO2

at room temperature and atmospheric conditions [30]. In our work,
the heat of adsorption of CO2 on zeolite 13X particles is utilized as
a source term of heat production from the particle phase during
fluidization. The general adsorption heat production can be
described by the equation shown below:

Qads ¼ DHadskadsmðqE � qÞn ðA:1Þ
This equation indicates all the critical variables and unknown

parameters required for a quantitative description of the heat pro-
duction. The adsorption kinetics (kadsðqE � qÞn) is established by fit-
ting data from the Thermogravimetric Analysis (TGA), whereas the
adsorption enthalpy (DHads) is obtained by performing a Simulta-
neous Thermal Analysis (STA).

A.1. Adsorption kinetics and equilibrium

This process of CO2 adsorption on zeolite 13X has been exten-
sively studied in the literature [18,31–33]. Nevertheless, the result-
ing descriptions of the adsorption kinetics vary over a wide range
and therefore are applied on different approaches. Significantly dif-
fering values for the equilibrium adsorption of CO2 on zeolite 13X
are found in the literature [18,34]. Therefore, a detailed analysis of
the adsorption process is crucial to lead a success of the modeling
work.

A.1.1. TGA measurement
The adsorption experiments performed in the TGA have been

carried out with a CO2/N2 mixture with different CO2 concentra-
tions. The data obtained from the TGA are with CO2 concentrations
of 20%, 40%, 60%, 80% and 100%. A fixed gas inflow (480 ml/min) is
introduced to the sample basket which has been placed in a closed
chamber. Particles were pretreated by placing them in an external
oven overnight at a temperature of 400 �C. The entire procedure is
as follows: a CO2/N2 gas mixture inflow at room temperature
(18–19 �C) is introduced to the sample basket, and subsequently
the adsorption starts. Rapidly the particles are saturated, then
the inflow gas is switched to pure N2 at a temperature of 450 �C
in order to lead a fast desorption of CO2, until the weight of the
sample reaches a stable value. Subsequently the TGA temperature
is decreased to the room temperature. In Fig. A.1 a typical profile
(raw data) for two cycles of TGA experiments are shown using a
gas mixture with 60% CO2 mixed with N2. The weight of the sample
experiences a change up to 15% as a result of adsorption (increase)
and desorption (decrease).

A.1.2. Pseudo-nth order fitting
Among all the different fitting methods to establish an adsorp-

tion kinetic model, which are summarized in the literature [35],
the general nth order kinetics model kadsðqE � qÞn is chosen to fit
the TGA data in our work. Fig. A.2 presents the data of one cycle
of measurement, whereas Fig. A.3 shows a fitting results by apply-
ing the pseudo nth order (PnO) fitting method proposed by [35]. A
fairly good agreement between the fitting curve and TGA data is
achieved. Nevertheless, the temperature influence on the overall
kinetic model was not identified during non-isothermal TGA mea-
surements. The estimated rate constant (kads ¼ 1:342 [s�1]) is an
averaged value over time. Influence of the temperature on the rate
constant cannot be ignored, since the temperature increases 15–
20 �C rapidly during fluidization experiments, as shown in Fig. 7.
Therefore, an Arrhenius Eq. (A.2) is proposed in order to account
for the rapid temperature change during adsorption:

k ¼ k0 exp
�EA

R � T

 �

ðA:2Þ

Here k0 is the infinite adsorption constant and EA is the
isosteric heat of adsorption at zero loading which is equal to
�29.3 � 103 J=kg. The values of these variables are obtained from
literature [36]. Different k0 value have been used in the Arrhenius
equation to estimate kads as a function of particle temperature dur-
ing adsorption. The results shown in Fig. A.4 indicate that the best
approximation value of k0 is equal to 1.5 � 10�5. The mean of k is
consistent with kads fitted from TGA data.

The adsorption equilibrium have also been measured by TGA for
different CO2 concentrations, ranging from 20% to 100%. In Fig. A.5,
the mass of CO2 adsorbed by sample particles as a function of time
is shown with data obtained from two repeated measurements.
The concentration of 80% CO2 in the gas inlet were left out for



Fig. A.2. Raw data (mass of sample increases flushed with 100% CO2) from TGA
measurement.

Fig. A.3. Pseudo nth Order (PnO) fit, with k = 1.342 and n = 2.47, R2 = 0.9856.

Fig. A.4. Fitting results of infinite adsorption constant (k0) based on the PnO fitted
adsorption rate constant kads .
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Fig. A.5. Amount of CO2 adsorbed (in [g=g]) as a function of time obtained by TGA
measurements with CO2 concentration varies from 20% to 100%.
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the sake of clarity. Increased adsorption equilibrium at increased
partial pressure of CO2 can be clearly noticed.

It can also be noticed that there are differences between the
repeated and the first batch of measurements. The variation is
attributed to the different exposure time of the sample particles
to the environment during tests. The feature of containing an
extremely large surface area makes zeolites response sensitively
to the ambient conditions, i.e. temperature, humidity, etc. The
value of the adsorption equilibrium qE used in the model are aver-
aged over the two repeated measurements, which are equal to 0.13
[g/g] and 0.15 [g/g], in a CO2 gas concentration of 40% and 60%,
respectively.
A.2. Adsorption enthalpy measured by STA

Zeolite 13X particles of 1.8–2.0 mm diameter are placed in a
crucible to perform a simultaneous thermal analysis in the Netzsch
STA 449F1 analyzer. The sample particles are first pre-heated up to
200�C to indicate the time, and subsequently they are cooled down
to the selected temperature. A CO2 gas flow is introduced into the
system when thermal stability has been achieved. Adsorption
starts at the moment when CO2 gas reaches the crucible, and after
the adsorption finishes the sample is flushed with N2 gas at 200 �C.
Flushing the sample with high temperature N2 gas leads to a fast
desorption and therefore the sample particles can be regenerated
and prepared for a new experiment of CO2 adsorption. The heat
of adsorption is measured at three different temperatures: 30 �C,
50 �C and 100 �C. The same procedure has been applied on a blank
test with an empty crucible to correct for the interference due to
switching of the inlet gases.

The mass and power deviations due to adsorption of CO2 on
zeolite 13X after correction with the blank experiment have been
measured four times at the selected temperatures of 30 �C, 50 �C
and 100 �C. For the sake of brevity, the STA data obtained by fol-
lowing the description introduced above is shown in Fig. A.6 for
30 �C. The top graph of Fig. A.6 shows the mass change of the sam-
ple as a function of time, meanwhile the bottom one shows the
temperature and the amount of energy required to remove from
the system to keep the system isothermal. Moreover, the inte-
grated area of the energy generated during adsorption is marked
with gray colour blocks. The resulting value for the energy release
is normalized by the adsorbed mass of CO2. An overview of the
obtained values for the adsorption enthalpy at different tempera-
tures is shown in Table A.3.



0 10000 20000 30000 40000

300

400

500

Te
m

pe
ra

tu
re

 (K
)

Time (sec)

0 10000 20000 30000 40000
31
32
33
34
35
36
37
38 Δm=5.5064 mgΔm=5.6985 mg Δm=5.5095 mg Δm=5.5064 mg

M
as

s 
(m

g)

exo

-20

-10

0

10

D
SC

 (m
W

)

Area=-3721.4 mJArea=-4028.1 mJ Area=-3708.7 mJ Area=-3685.9 mJ

Fig. A.6. Mass change and energy release of a zeolite 13X sample (mass = 34.7 mg) at 30�C as a function of time as measured simultaneously by STA.

Table A.3
Adsorption enthalpy DHads at different temperatures.

Temperature Average DHads in [kJ/mol]

30 �C �29.6
50 �C �30.2
100 �C �32.1

Fig. A.7. CSTR simulated wall temperature changes as a function of time.
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Appendix B. CSTR model

B.1. Energy balances

In the CSTR model, both gas and particle phases are assumed to
be well-mixed.The thermal energy balances reduce for the CSTR
model to:

Particle phase:

1� eg
� 	

qpCp;pVB
dTp

dt
¼ asVBhp Tg � Tp

� 	þ dq
dt

mpDHads ðB:1Þ
Gas phase:

egqgCp;gVB
dTg

dt
¼ asVBhp Tp � Tg

� 	þ ugABCp;gqg Tin
g � Tg

� �
þ hwA Tw � Tg

� 	 ðB:2Þ
Walls:

qwVwCp;w
dTw

dt
¼ hwAðTg � TwÞ þ hcAðT1 � TwÞ ðB:3Þ

by which the particle phase temperature Tp, the gas phase temper-
ature Tg and the wall temperature Tw can be calculated, respec-
tively. qp stands for the particle density and the specific heat
capacities is represented by Cp;p for the particle phase and Cp;g for
the gas phase. Vb is the bed volume and DHads the adsorption
enthalpy. The heat transfer coefficient hw and hc are related to the
gas-to-wall and wall-to-environment heat transfer. More details
on this model can be found in the literature [8].

The physical properties of the gas mixtures are calculated as a
linear combination of the properties of the respective mixed gases,
which are CO2 and N2. For example, the gas density is calculated as
follow:

qg ¼
Xn
i¼1

f iqg;i ¼ f CO2
qg;CO2

þ f N2
qg;N2

ðB:4Þ

in which f i represents the volume fraction of the respective com-
pound i. The other physical properties such as specific heat capacity
(Cp;g) and conductivity of gas (kg) are calculated similarly.

The results of the particle and gas phase temperature obtained
from the CSTR model have been presented in the aforementioned
sections. Correspondingly, the wall temperature Tw evolution,
which was applied in the CFD-DEM heat loss boundary conditions
as a constant value, is shown in Fig. A.7. It is interesting to point
out that the temperature of the front sapphire window is influ-
enced by the heat production during the experiment. It gets heated
up by the adsorption heat released by the particles and cooled
down after the particles became saturated. However, the back
PMMA wall has not been significantly affected by the adsorption
heat. As mentioned before, the PMMA back wall helps avoiding
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extra IR radiation emission because of its large heat capacity.
Although the front window can be heated up during the experi-
ment, the interference which acted on the recorded IR image is
minor due to the low emissivity of sapphire. Hence the assumption
of constant window temperature applied in the CSTR and CFD-
DEM is reasonable.
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