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ABSTRACT

In order to enhance heat and mass exchange, the
internal heat exchanger is introduced into the
adsorption chamber based on the temperature swing
adsorption (TSA) process. Heating is carried out by
condensing steam, and cooling by water circulation. The
influence of the number of internal heat exchangers,
inlet speed and porosity on the CO, purity, recovery
rate, energy consumption and COPco, are discussed

numerically to improve the energy efficiency
performance of TSA process. The results show that
under the same operating conditions, the CO, purity,
recovery rate and COPco, of the three-tube heat

exchanger in adsorption chamber are higher than that
of, the one-tube heat exchanger, with lower energy
consumption of three-tube heat exchanger. The
temperature distribution of the adsorption chamber is
greatly influenced by the inlet speed and porosity. By
increasing inlet speed or porosity, the CO, purity,
recovery rate and COPco, can be improved and energy

consumption can be reduced. The obtained simulation
results can provide further guidance for engineering
design.

Keywords: Temperature swing adsorption, adsorption
chamber, heat exchanger, numerical simulation and
optimization

6 chamber wall thickness, m
A the heat transfer area, m?
C the component concentration, mol/m3
Cow the specific heat capacity of wall material, J/kg K
Coss the specific heat capacity of adsorbent, J/kg K
D diameter, m
F the molar flow rate, mol/s
AH the heat of adsorption, J/mol
Keq the isotherm adsorption constant, 1/Pa
Ko the Toth adsorption constant, 1/Pa
Qr the volumetric flow rate, m3 /s
q* the equilibrium adsorption uptake, mol/kg
gm the maximum adsorption uptake, mol/kg
R universal gas constant, J/mol K

NONMENCLATURE

Abbreviations
€ the chamber porosity
P density, kg/m?3

1. INTRODUCTION

In September 2020, China promised at the United
Nations General Assembly to strive to achieve carbon
neutrality by 20601, Since CO; is considered the main
promoter for climate change, carbon capture (CC) is an
essential solution to keep using fossil fuels while
minimizing the emissions of CO; into the atmosphere,
and thereby mitigating global climate change?. CO,
capture technology, especially temperature swing
adsorption (TSA) is attractive due to the non-volatility of
solid sorbents, the potentially low energy
consumption®® due to the moderate heat of adsorption
(between 25 kJ/mol and 50 kJ/mol®®) and the
moderate desorption temperature, which might offer
attractive heat integration opportunities using low-
grade heat sources!®.

Most of TSA cycles use steam desorption or direct
hot gas circulation heating for the desorption!l. In the
former situation, the adsorbent must be dried out after
the steam circulation and, in addition, a supplementary
process for the separation of the adsorbate from the
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steam or water must be operated. In the latter case, the
desorbed phase is diluted so that the recovery of the
adsorbate remains limited. For these reasons, various
processes avoiding a direct heating have been
developed, among which electrothermal desorption
(Joule effect heating)®® and microwave heating'? uses
thermoelectric devices!Yl. Therefore, to solve these
challenges, the present work aim at the combination of
adsorption chamber and internal heat exchanger.

In this paper, a three-dimensional heat exchanger in
adsorption chamber model is established and verified.
The effects of inlet speed and porosity on the heat and
mass transfer in the one and three tube heat
exchangers in the adsorption chambers were simulated
and compared. This study provides some engineering
guidance for the industrial development of carbon
capture technology.

2. MODELING DESCRIPTION
2.1 Adsorption chamber

The combination of adsorption chamber and heat
exchanger can adjust the chamber temperature and
enhance heat and mass transfer. However, due to
different types of heat exchangers and the structure
and number of internal heat exchangers in the
adsorption chamber, the guidance of simulation results
for practical engineering remains to be discussed.

The three-dimensional model of the adsorption
chambers of single and three tube heat exchangers
are shown in Fig. 1. FLUENT ANSYS software was used
to load mass, momentum and energy source terms and
conduct numerical simulation calculation?.,

Fig. 1. 3D model of the adsorption chambers of one
and three tube heat exchangers

The mass equation can be expressed as follows.
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adsorption equilibrium model and adsorption kinetics
model. In this paper, the Toth model is exploited for
gases equilibrium adsorption.
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The adsorption kinetics adopted linear driving
force (LDF) model.

oq, :kL,i(q: _qi) (4)
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Farooqg and Ruthven® proposed that the
calculation of mass transfer coefficient needs to take
the membrane resistance, macro-porous resistance and
microporous resistance into account. The formula for
calculating the mass transfer coefficient is as follows.
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The momentum equation can be expressed as

follows.
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Empirical parameters A and B are often set to 150
and 1.75.

The energy equation can be expressed as follows.
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2.2 Performance indicators

The performance indicators of temperature swing
adsorption processes are the CO, purity, recovery. The
calculation method is as below.

. F. dt
Purity of CO; = th €0

T “

startheating
F. dt
Recovery of CO; = Its,a,.,hgu,i,,g €0,

Lstartheating
) F,dt

startfeed

F=0.C, (10)
The energy consumption of temperature swing

adsorption process is calculated as below.

Opamber =0+ 0, +0;+ 0, + 05 =

Tehamber min Tovalt max Tmax
J‘ (mxcp,x +m,qc0,Mc0,C, co, )dT + J.T“,,,,‘mm m,C wdTerme m AHdq
q

(9)
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(11)
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Coefficient of performance of CO, capture (COPco,)

of temperature swing adsorption process is calculated
as below. This indicator which represents the ratio of
energy gained and paid during CO, capture is an
energy efficiency indicator applied to evaluate the
energy-efficiency level of carbon capture technologies.

Gain _ AG _(AG, +Ah)+(W,, +Ah)

min

COF,, = =
€% Payment AW W .. tAh,

min

(12)

2.3 Validation of the Model

Before investigating the TSA process, the models
should validate carefully against experimental data.
The characteristics of the fixed bed and system are
presented in Table 1. Table 2 gives the parameters used
for the Toth model isotherms.

To simplify the calculation, the following
assumptions are adopted:

*the gas phase obeys ideal gas law,

*the flow is laminar (Re < 10),

*the porous media is homogenous,

* the physical properties of the adsorbents are
constant,

* the Linear Driving Force (LDF) model is used to
account for the mass transfer rate during the
adsorption process.

Table 1. Chamber geometry and thermal properties of
zeolite 13X-APG!4,

Properties Value
Chamber length, L 0.76 m
Chamber diameter, Dot 0.08 m
Internal tube diameter, Di, 0.02m
Chamber wall thickness 0.002 m
Chamber porosity, ¢ 0.565
Insulation thickness, & 0.002 m

920 J/kg k
1099.5 kg/m3
502.48 J/kg K

Adsorbent specific heat capacity, Cps
Particle density, 0y
Metal material density, o0

Metal material heat capacity, Cpw 8030 J/kg K
CO, adsorption heat, A Hcoz -26050 J/mol
N, adsorption heat, A Hy; -13360 J/mol

Table 2. Equilibrium isotherm parameters for zeolite
13X-APG4,

Gas'species  gm (mmol/g) Ko (Pa) n A H(J/mol)
CO, 5.445 5.33e-9 0.5506 -26050
N> 1.014 2.26e-8 0.4376 -13360

The breakthrough curve is the curve of the ratio of
the outlet gas concentration to the inlet gas
concentration over time. The breakthrough curves for
both the experimental data and the present numerical
model results are shown in Fig. 2. It can be seen that
the numerical simulation results of both 2D and 3D
models are well matched with the experimental results.
3D model of one and three tube are also matched with
the experimental results. Therefore, the 3D model can
be used in the following simulation work accurately.
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Fig. 2. CO2 /N, concentration ratios

3. RESULTS AND DISCUSSIONS
3.1 TSAcycle

In order to further study the effect of heat
exchanger on adsorption, desorption and cooling steps
of adsorption chamber, one tube and three tube heat
exchanger investigated. Comparison of the two types of
heat exchanger are based on the same heat exchange
surface area, inlet flow rate, total amount of adsorbent,
and operating parameters.

3.2 Boundary conditions

The detailed boundary conditions of the three-step
TSA process are shown in Fig. 3. The adsorption process
is to feed the adsorption chamber with a mixture gas
containing CO2/N;, (15% CO,, 85% N, (mol%)) at 101.3
KPa and 288 K. The inlet condition is “velocity inlet” and
the outlet condition is “pressure outlet”. The wall out
condition is convection heat transfer with the air at 288
K and the wall in condition is “wall”. During the
desorption process, the chamber is heated by internal
heat exchanger (wall in) with constant wall temperature
boundary conditions (363 K) while the wall in condition
is “wall”. At this point, the outlet condition is “the wall”
and the inlet condition is “pressure outlet”. Cooling is

Copyright © 2020 ICAE



required before the next cycle begins. In our case, the
adsorption bed reactor is cooled by air. The inlet and
outlet boundary conditions of the cooling process are
“wall”.

1 T 2 wall 3 Wwall

wall = 363 K

Wallin
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Wallin
Twall = 273 K

=288 K
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Wallout
Desorption
T
Wallout
Cooling

Wallout
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€02 mol% =15
N2 mol% = 85

Fig. 3. Boundary conditions for three-step of TSA.

3.3 Inlet speed

Fig. 4 shows the changing trend of the temperature
of'adsorption chamber in the whole TSA cycle when the
inletespeed is 0.1, 0.12, 0.15 and 0.18 m/s. In the
adsorption stage, the adsorbent absorbs CO;, and emits
heat, resulting in the rising of the chamber
temperature. In the desorption stage, the adsorption
chamber is heated by the high temperature steam of
the internal heat exchanger, and begins to desorption,
leading to the increase of the temperature of the
adsorption chamber. During the cooling stage, the
adsorption chamber is cooled by the cooling water of
the internal heat exchanger, resulting in the chamber
témperature dropping to near room temperature. With
the increase of the gas inlet speed, the temperature
variation trend of the central radial section of the
chamber is similar. The higher the inlet speed is, the
higher the chamber temperature is. The heating and
cooling speed of the chamber also increases with the
increase of the inlet speed. With the increase of inlet
speed, the adsorption reaction between adsorbent and
mixture gas in the adsorption chamber is accelerated,
and the convective heat transfer between particles and
fluids is strengthened.

Fig. 5 is the radial temperature contour of the
adsorption chamber during the three-step TSA process.
The inlet speed is 0.15 m/s, which is better for
increasing heat transmission. Under the same heat
transfer area, the water flow rate in the three-tube heat

exchanger will increase, so the heat transfer coefficient
will increase accordingly. Therefore, the heat transfer
effect of the three-tube heat exchanger is faster and
better than that of the one-tube heat exchanger.
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Fig. 4.The influence of inlet speed on the temperature
of adsorption chamber
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Fig. 5.The radial temperature contour of one tube (Left)
and three tube (Right) heat exchanger in chamber
under TSA cycle.

Fig. 6 shows the product gas purity and recovery
rate after the desorption stage, 500 s is chosen for the
desoption time and 0.15 m/s is selected as inlet speed.
The purity and recovery of the three-tube heat
exchanger in adsorption chamber are larger than that of
the one-tube heat exchanger. This is because at the
same desorption time, the volume flow rate and
concentration at the outlet of the three-tube heat
exchanger are higher than that of the one-tube heat
exchanger, which leads to the better separation
performance of the three-tube heat exchanger. Fig. 7
shows the specific energy consumption and COPco,
varies with inlet speed. Under the same other
conditions, the energy consumption of each part in the
adsorption chamber decrease from 6316.76 to 6278.19
kJ/kgco2 (one tube) and from 5868.11 to 5366.82
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kJ/kgcoa (three tube) when the inlet speed is changed
only. The specific energy consumption of three-tube
heat exchanger in adsorption chamber is lower than
one-tube heat exchanger. At the same time, as the inlet
speed increases, the COPco, increase from 2.01 to 2.02

(one tube) and from 2.08 to 2.21 (three tube). The
COPeo, of three-tube heat exchanger in adsorption

chamber is higher than one-tube heat exchanger.
Therefore, proper improvement of inlet speed and the
use of three-tube heat exchanger in adsorption
chamber can effectively improve the energy efficiency
performance of TSA cycle and enhance heat and mass
transfer effect.
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Fig. 6. CO; Purity (a) and Recovery rate (b) varies with
desorption time.
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34, Porosity

Fig. 8 shows the changing trend of the temperature
of adsorption chamber in the whole TSA cycle when the
porosity is 0.565, 0.676, 0.751 and 0.852. With the
increase of the porosity, the temperature variation
trend of the central radial section of the chamber is
similar. The higher the porosity is, the faster the
chamber is heated or cooled. This is because the
thermal conductivity of the adsorbent is 0.2 W/m K, less

4 40

W s/ (KV/Kg0)

than the thermal conductivity of the water is 0.55 W/m
K, the porosity increases, and the convective heat
transfer between the particles and the fluid is
strengthened.
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Fig. 8.The influence of porosity on the temperature of
adsorption chamber

Fig. 9 shows the CO; purity and recovery rate after
the desorption stage, 500 s is chosen for the desoption
time and 0.676 is selected as porosity. The purity and
recovery of the three-tube heat exchanger in
adsorption chamber are larger than that of the one-
tube heat exchanger. As the temperature difference
between the adsorption chamber and the heating fluid
decreases, the rate of chamber heating slows down.The
temperature difference of the three tube is smaller, so
the separation performance is stronger. Fig. 10 shows
the specific energy consumption and COPco, varies with

porosity. At the same other conditions , as the porosity
increases, the energy consumption of each part in the
adsorption chamber decrease from 6316.76 to 5820.82
kl/kgco» (one tube) and from 5521.87 to 5225.36
kJ/kgco2 (three tube), the COPco, increase from 2.01 to

2.04 (one tube) and from 2.16 to 2.19 (three tube).

Therefore, appropriately increasing porosity can
improve TSA process energy efficiency.
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Fig. 9. CO; Purity (a) and Recovery rate (b) varies with
desorption time.
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4. CONCLUSIONS

This paper focus on the the energy efficiency
performance of the adsorption chamber that contains
the inner heat exchanger based on TSA process.
According to numerical simulations and analysis, the
number of heat exchanger, inlet speed and porosity are
allurelated to purity, recovery rate, specific energy
consumption and COPco,.

(1) Under the same operating conditions, the CO,
purity, recovery rate and COPco, of the three-tube heat

exchanger in adsorption chamber are higher than that
of ithe one-tube heat exchanger, with lower energy
consumption of three-tube heat exchanger. Therefore,
the three-tube heat exchanger in the adsorption
chamber is helpful to enhance heat transfer and mass
transfer and improve the energy efficiency of TSA
process.

(2) The temperature distribution of the adsorption
chamber is greatly influenced by the inlet speed and
porosity. By increasing inlet speed or porosity, the CO;
purity, recovery rate and COPco, can be improved and

energy consumption can be reduced.

(3) ' This paper will further study the effects of heat
exchanger types (such as finned tube), adsorption and
desorption temperature, length-diameter ratio and
other factors on the energy efficiency performance of
TSA cycle. And then do some theoretical guidance for
engineering design.
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