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Thermochemical energy storage (TCES) has gained extensive attention as a potential solution to address the
mismatch between solar thermal energy production and demand. In this study, a novel tubular-type modular
TCES reactor is introduced. COMSOL modelling of the system is developed and experimentally validated using a
laboratory-scale TCES system. Both types of reactors show similar temperature increases, intensifying with
higher inlet relative humidity. Their maximum temperature lifts exceeding 26 °C at 90 % RH. Tubular designs
offer better axial flexural strength and dispersion of TCES composite materials compared to plate structures. This
property of tubular structures beneficial reducing bed thickness and pressure drop and enhancing equivalent
thermal efficiency. Simulations show tubular-type modular reactors reduce pressure drop by 4-5 times compared
to plate-type modular reactors, increasing equivalent thermal efficiency by nearly 7% points. Increasing the
number of reactor beds and inner tube radius improves equivalent thermal efficiency due to reduced bed
thickness and pressure drop. As the number of matrix rows and columns in the reactor bed increases from 2 to 10,
bed thickness decreases from 0.058 m to 0.012 m, reducing pressure drop from 845.53 Pa to 38 Pa and increasing
equivalent thermal efficiency from 78.82 % to 96.61 %.

1. Introduction

Currently, the United Kingdom is facing an unprecedented energy
crisis [1]. To help UK households overcome the energy crisis, one
effective approach is to increase the utilisation of renewable energy
sources for residential heating, particularly solar energy [2]. However,
the intermittent nature of solar energy hinders its development [3].
Thermal energy storage (TES) technology provides a promising solution
to address the imbalance between the heat supply from solar collectors
and the heating demand in buildings [4]. TES can be classified into three
categories: sensible thermal energy storage (STES) [5], latent thermal
energy storage (LTES) [6], and thermochemical energy storage (TCES)
[7]1. Among these, TCES offers a higher energy storage density
(approximately 200-700 kWh-m %) compared to the other two tech-
nologies [2]. Additionally, the thermal energy in TCES systems is stored
in the form of chemical potential, resulting in negligible thermal energy
losses during long-term storage [8]. Salt hydrates have attracted atten-
tion as thermochemical materials (TCMs) due to their high energy
storage density [9], non-toxic nature [10], and low charging
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temperatures [11].

Salt hydrate-based TCES systems can be categorized into two types:
open TCES systems and closed TCES systems [12], the schematic dia-
grams of these two systems are presented in Fig. 1. In an open TCES
system, the direct dehydration of salt hydrates occurs in the
high-temperature airflow originating from the heat source during the
charging process, enabling the conversion of thermal energy into
chemical potential. Concurrently, water vapor is emitted into the
external environment. In the discharging process, water molecules
present in the humidified air are absorbed by the dehydrated salts,
resulting in the formation of salt hydrates. Simultaneously, the chemical
potential is reconverted back into thermal energy, heating the airflow
passing through the system for space heating purposes. In an open TCES
system, water vapor not only acts as the reactant product in the
reversible solid-gas reactions [13] but also serves as the medium for heat
and mass transfer in TCES systems, eliminating the requirement for
additional components [14]. This open configuration offers advantages
in terms of structure, volumetric energy density, cost, and efficiency
[15-171].
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In contrast, closed TCES systems employ a closed gas loop isolated
from the ambient. During the charging process, heat is typically trans-
ferred to the salt hydrate and makes it dehydrate through a heat
exchanger, and the desorbed water vapor subsequently liquefies in a
condenser. During the discharging process, water vapor from the
evaporator causes the salt to revert to salt hydrate, and the released heat
from the salt hydration reaction is transferred to an internal heat
exchanger connected to the building for space heating. The closed TCES
system requires a humidifier and a dehumidifier to generate and collect
water vapor during both discharging and charging processes, as well as
heat exchanger units for heat transfer to external applications [18].
Additionally, closed systems necessitate a reactor with high vacuum and
sealing integrity, making them more complex and costly [19]. On the
other hand, closed systems offer the advantage of minimal environ-
mental pollution owing to their excellent sealing integrity [20].
Considering the environmental friendliness of salt hydrates, open-cycle
configurations are more commonly utilized in salt hydrate-based TCES
systems [21].

In salt hydrate-based TCES systems, the low deliquescence relative
humidity characteristic of pure salts makes them prone to deliquescence
and agglomeration during the discharging process, posing challenges for
heat and mass transfer in the reactor and limiting the discharging per-
formance [22]. Currently, two main approaches are employed to address
these issues. The first approach involves impregnating salt hydrates into
a porous matrix (e.g., silica gel [23], zeolite [24], vermiculite [2],
expanded graphite [25], activated alumina [26], bentonite clay [27]
and ceramic foam [28]) to form TCES composite materials [19], which
combine the advantages of both salt hydrates and porous materials
while mitigating their respective drawbacks [13]. The numerous
micrometre-sized pores in TCES composite materials facilitate gas
diffusion and promote mass transfer, thereby reducing salt aggregation
and melting during discharging process [20]. Although these composite
materials have demonstrated promising performance and applicability,
their energy storage density and durability still require further devel-
opment and improvements [13,28,29].

The second approach focuses on optimising the reactor’s structure to
enhance the mass and heat transfer performance of TCES reactors. Re-
searchers have explored various reactor designs as alternatives to
traditional packed beds, such as honeycomb configurations [30], mul-
ti-module setups [31], serially connected modules [32], and the use of
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copper mesh fillers [33]. These reactor configurations aim to optimise
heat and mass transfer within the system and ultimately enhance overall
system performance. However, recent literature reviews have revealed a
significant oversight in the field, where limited attention has been given
to the crucial aspect of the structural optimisation in open salt hydrate
reactors. In most studies on open TCES systems, TCMs are simply placed
in one or more rectangular-shaped reaction beds. Nevertheless, these
conventional reactor beds are plagued by substantial pressure drops, not
only resulting in excessive airflow resistance and the potential reduction
in mass transfer coefficient, but also impose an additional challenge of
increased fan power consumption.

To tackle these technical challenges, our present work proposes a
novel TCES reactor design incorporating perforated tubular-type
modular reactor beds aimed at reducing pressure drop and improving
system equivalent thermal efficiency. In this study, a mathematical
model of the proposed TCES reactor is established in COMSOL software
and validated experimentally with a lab-scale TCES reactor test rig. A
numerical study is conducted to compare the performance of the
tubular-type modular reactor with a traditional plate-type modular
reactor at different inlet conditions The impacts of different structural
parameters of the tubular-type modular reactor on the thermal perfor-
mance of the TCES system are also evaluated. This work contributes to
the field by presenting a comprehensive numerical analysis of an
improved TCES reactor design, which provides insights into its opera-
tional mechanisms and potential applications for thermochemical en-
ergy storage.

2. System description

A 3D tubular-type modular TCES reactor model was developed,
consisting of 64 tubular-type modular reaction beds. The reactor’s cross-
sectional view along the centre axis is presented in Fig. 2. The reactor is a
cube with a side length of 0.4 m and has channels as the inlet and outlet
for airflow on the left and right ends, respectively. Each modular reac-
tion bed comprises an outer and inner perforated cylindrical shell, with
TCES composite materials filling the space between them. In this nu-
merical study, the selected composite material is vermiculite impreg-
nated with calcium chloride (CaCl,), referred to as vermiculite- CaCls.
The basic structure and working principle are depicted in Fig. 2. The
outer perforated pipe has a length and diameter of 0.4 m and 0.05 m,
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Fig. 1. Schematic diagrams of open and closed salt hydrate-based TCES systems.
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respectively, while the inner perforated pipe has a length and diameter
of 0.385 m and 0.02 m, respectively. Each modular reaction bed can
store 0.66 L of TCES composite materials, resulting in a total TCES
composite materials storage capacity of 42.50 L for the entire reactor.

This numerical study focuses on the discharging process. As illus-
trated in Fig. 2, during the discharging process, the moist and cold air
enters the air channel formed by the inner perforated pipe from the open
end at the left of the reaction bed upon entering the reactor through the
inlet. The air then diffuses uniformly into the TCES composite materials
through the holes in the inner perforated pipe, where the TCES com-
posite materials absorb moisture and release heat, thereby increasing
the air temperature. The heated air then diffuses outward and exits the
reaction bed through the holes in the outer perforated pipe, entering the
air channel between the modular reaction beds. Finally, the air leaves
the reactor through the reactor outlet.

During the charging process, the reactant CaClpe6H50 in the
vermiculite-CaCly composite, absorbs heat from a heat source (e.g., a
solar collector). This leads to the decomposition of CaClye6H>0 into two
products (i.e., CaCly and H50), wherein the absorbed heat is trans-
formed into stable chemical potential energy stored within the vermic-
ulite-CaCl, composite. Reversibly, when CaCl, comes into contact with
water vapor or moist air, the stored chemical potential energy is con-
verted back into thermal energy, leading to the heating of the heat
transfer medium (e.g., air or water). The schematic diagram of the
charging and discharging processes is provided in Fig. 3, and the
reversible chemical reaction can be described as follows [34]:

hargin,

CI
CaC12-6H20(501id)+6AH 2 ¢ CaClz(solid)"rGHQO(gas) AH= 534 kJ'l’l’10171
Discharging
@

To compare the discharging performance between the tubular-type
modular reactor and the plate-type modular reactor, a model of the
plate-type modular reactor was developed using COMSOL, and its 3D
structure is depicted in Fig. 4. The external dimensions of the plate-type
modular reactor match those of the tubular-type modular reactor.
Internally, it comprises eight reaction beds, each with dimensions of
400 mm x 400 mm x 33 mm (length x width x height). The spaces
between the reaction beds form four air inlet channels and five air outlet
channels, each with a height of 15 mm, and their channel ends are
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Fig. 3. Schematic diagram of the charging and discharging process of the salt
hydrate as TCES material.

sealed. Moist air is directed into the inlet channel and then compelled to
traverse the reactor bed, either upward or downward, before exiting
through the outlet channel. Eventually, it exits the reactor and disperses
into the extern of the reactor.

2. Mathematical model

This section presents a developed mathematical model aimed at
quantitatively assessing the discharging performance of the proposed
tubular-type modular TCES reactor. The numerical investigation in-
corporates several assumptions to establish control equations describing
the mass and energy transfer processes within the TCES system.

Airflow outlet

Tubular modular
reaction bed

Airflow channel TCMs

Airflow channel

0.385m 1 : 0.015m

Fig. 2. 3D cross-sectional schematic diagram of the tubular-type modular TCES reactor and illustration of the tubular-type modular reaction bed.
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Fig. 4. 3D cross-sectional diagram of the plate-type modular reactor.

1. Local thermal equilibrium between TCES composite materials and
the airflow within the reaction bed [4,17].

2. Neglecting the radiative heat transfer effects within the reactor [35,
36].

3. Considering the airflow as an ideal gas and uniform distribution
within the reaction bed, following Dalton’s law [37].

4. Uniform dispersion of TCES composite materials throughout the
entire reaction bed, excluding the influence of sieve plates on the
solid-gas reaction [38].

3.1. Reaction kinetics

The conversion rate of salt hydrates in TCES composite materials can
be characterized by three main variables: the conversion degree a, the
pressure P, and the thermodynamic temperature T. The kinetics of the
hydration reaction of the dehydrated salt and the dehydration reaction
of salt hydrates can be mathematically expressed as follows [35]:

Ja Py E, Dy . .
—_—= R in 1 - = A e I— 1 — f d
o~ Riin@ ( eq) freq exp( )a ( eq) or discharging  (2)

where a is the conversion degree; Ry, is the chemical kinetic factor, s7h

Dv and peq are the partial pressure of water vapor and the equilibrium
pressure of water vapor, respectively, Pa; Afq is the pre-exponential
Arrhenius factor, s’l; R is the ideal gas constant, kJomol’loK’l, and
E, refers to the Arrhenius activation energy, kjemol *.

The conversion degree a represents the extent of transformation from
salt hydrate to dehydrated salt in the reversible solid-gas thermochem-
ical reaction. During charging, the salt hydrate dehydrates at high
temperatures, converting into dehydrated salt (¢ = 0 - @ = 1). In the
discharging process, the dehydrated salt absorbs moisture and reverts
back to salt hydrate (¢ = 1 - a = 0). The conversion degree can be
defined as [39]:
_mg; —my(1)

a(1) ®)

Mgi — My ¢

where mg; and ms ¢ are respectively the initial and final mass of the salt
hydrate (i.e., CaCly06H30) in the reaction bed, kg. Given that the uti-
lized model in COMSOL exclusively considers concentration, the
expression for the degree of conversion has been accordingly modified
to Ref. [40]:

4

where ¢, ; and ¢, are the initial and final molar concentration of the salt
hydrate, molem 3, respectively.

Assuming that the mass transfer and chemical reactions during the
solid-gas reaction occur rapidly enough to maintain the system at a
relatively stable temperature, the equilibrium pressure (peq) and tem-
perature (T) are considered to follow the relationship described by the
Clausius-Clapeyron equation, which is given by:

Peq \ _ _AHr AS;
In (pﬂ)— T TR %)

where pyef is the reference pressure, Pa; AH; is the reaction enthalpy,
kJemol!; and AS; is the reaction entropy, kJemol teK 1.

2.2. Mass conservation

During the charging process of the TCES system, the salt hydrate
undergoes a dehydration reaction, resulting in an increase in the mass
density of water vapor. However, during the discharging process of the
TCES system, the absorption of moisture by the dehydrated salt leads to
a reverse change in the mass density of water vapor. Considering the
porosity of the reaction bed, the mass balance equation for water vapor
can be expressed as follows:

9, _
o

€ Sy—V(p, W) + DyAp, ©)
where ¢ is the porosity of the TCES composite materials; py is the density
of water vapor, kgom’?’; U is the velocity vector, mes ™ }; Dy is the
diffusion coefficient of water vapor in the reaction bed, m2es™!; and Sy,
is the mass source and is expressed as:
oa

Sw = zcs,iEMv (7)
where z is the stoichiometric number of the reaction; and M, is the
molecular mass of vapor, kgemol _.

Furthermore, taking into account that the gas injected into the
reactor consists of humidified airflow rather than solely water vapor,
additional equations are of paramount importance to accurately
describe the mass balance of the humidified airflow. The formulation of
this equation is as follows:
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where p, is the density of the airflow, kgem ™.

3.3. Mass transport

The moist air mixture flow through the reaction bed is described by
the Brinkman-Forchheimer extended Darcy model, the equation gov-
erning mass transport in this model can be expressed as follows [38]:

Pa 07+p37v7: v
e ot e

2 —_—
s e (a2 (W)IH es ©
where k is the permeability of the TCES composite materials in the re-
action bed, m? and y is the dynamic viscosity of the moist air mixture,
Paes.

3.4. Energy conservation

The energy balance equation of the reaction bed in TCES system can
be expressed as follows [35]:
or

(1-e)p,Ce-

== V(2etVT) — Cop, W VT + ¢ 10)

where p; is the density of the salt, kgom’S; Cs and C, are the specific heat
of the salt and air, J okg_ch_l ; Aeft is the effective thermal conductivity
of the reaction bed, Wem ™ 'eK~!; and q is the heat absorbed or released
by the salt hydrate in the charging or discharging process, Wem °.

The effective thermal conductivity of the reaction bed can be
described as follows:

/‘leff = (1 — 8)}»5 + Sﬂm (].].)

where A and A, represent the thermal conductivities of the solid salt and
moist air mixture, respectively, Wem oK~}

In the context of the charging or discharging processes, the heat
released from or absorbed by the thermochemical reactions of TCES
materials can be characterized as follows:

oa

q: _ch,iEAHr (12)

3.5. Boundaries and initial conditions

Considering that the TCES reactor is usually situated in an indoor
environment with negligible local wind speeds, natural convection be-
comes the dominant heat transfer mechanism between the reactor and
its surroundings. Therefore, the heat balance equation for the boundary
of the TCES reactor can be represented as follows:

_n(linSVT) = hins(Tamb - T) (]-3)

where Zjps is the thermal conductivity of the insulating material,
Wem LeK™!; i is the natural convective heat transfer coefficient be-
tween the reactor and ambient air, WomfzoK’l; and Tamp is the ambient
air temperature, K.

At the initial stage, the temperature, pressure, conversion degree,
and vapor concentration at any position within the TCES reactor are
assumed to be uniformly distributed. The initial temperature of all
components inside the TCES reactor is 20 °C, and the initial pressure
within the reactor is at standard atmospheric pressure. Since this case
study focuses on the discharge process, the initial conversion degree is
set to 1.

The air variables remain constant at the reactor inlet. Non-slip
boundary conditions are applied to the reactor walls. Since the TCES
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Table 1

Key parameters of the tubular-type modular TCES reactor.
Parameters Description Value
M, Molecular mass of vapor (g-mol ') 18.02
M Molecular mass of salt (g~mol’1) 219.08
Csi Molar concentration (mol-m~>) 1660
k Permeability of TGES composite materials (m?) 8.24.10°
Cs Specific heat of the salt (J-&kg™1-K™1) 0.626
As Thermal conductivity of the salt (W-m ek 1) 0.0669
E Porosity 0.64
E, Activation energy (kJ -mol ™) 44.7 [43]
AH, Reaction enthalpy (kJemol™1) 53.4 [44]
AS; Reaction entropy (J-mol ! K™1) 104.62 [45]
Dy Gas diffusion coefficient (m*s ") 23108
Ca Specific heat of the airflow (J-kg~*-K™1) 1005
R Universal gas constant (J-mol ».K™!) 8.314
Pres Reference pressure (Pa) 101325
L Length of the reactor (m) 0.4
w Width of the reactor (m) 0.4
H Height of the reactor (m) 0.4
Lout Length of the outer perforated pipe (m) 0.4
L; Length of the inner perforated pipe (m) 0.0385
Dout Diameter of the outer perforated pipe (m) 0.05
i Diameter of the inner perforated pipe (m) 0.02

Reaction bed

Fig. 5. Photos of a versatile lab-scale TCES system and internal view of
the reactor.

system is an open system, the operation pressure inside the reactor is
equal to the ambient pressure prr. The temperature gradient at the
reactor outlet is assumed to be zero. Additionally, the mass flow through
the outlet boundary is predominantly convective, and any mass flow
resulting from diffusion at this boundary is considered negligible.

3.6. Performance evaluation metrics

In this study, the TCES system’s equivalent thermal efficiency during
the discharging process is defined as the ratio of the heat absorbed by the
airflow to the sum of the heat released by the TCES composite materials
and the equivalent heat converted from the fan power consumption
(Abbreviated as “Fan energy consumption” in Figure and Table). This
definition can be expressed mathematically as follows:

Qab

== 14
i Qre + Qfa.n ( )
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Fig. 6. Simulation and experiment results of the reactor outlet airflow
temperature.

where Qg is the heat absorbed by the airflow, kJ; and Q. is the amount
of heat released from the TCES composite materials, kJ; and Qg is the
heat consumed by the duct fan, kJ.

The amount of heat absorbed by the airflow is given as:
Qab.a: /Pould[: /maca (Ta,oul - Ta,in)dl (15)
where P, is the output power of the TCES system, W; m, is the mass
flow rate of the airflow, kg-s_l; Ta0ut and T,y are the airflow temper-
atures at the inlet and outlet of the reactor, respectively, K.

The amount of heat released from thermochemical reaction of the
TCES materials is given as:

oa
re = i AH,
0 / / 2o A didV

The equivalent heat converted from the fan power consumption is
represented by:

(16)

_ JEwdr _ [(ApV.)dt
Nr N1Hfan

Qfan (1 7)

where Eg,, is the power of the duct fan, W; 57 is the conversion efficiency
of the thermal power plant and is set to 49.9 % in this study [41]. Ap is
the differential pressure between the TCES system inlet and outlet, Pa;

V, is the volume flow rate of air, mes! ; and 7gay is the fan efficiency, %
[42].

3. Model validation

In this numerical study, the transient solver within COMSOL Multi-
physics was employed to simulate multiple physical phenomena within
the thermal-chemical reactor. Equations ((3), (7), (10) and (11) were
employed to model the processes of thermochemical reactions, mass
transfer, momentum transfer, and heat transfer within the reactor. The
simulation was performed with a time step of 1 s and a fine grid con-
sisting of 1,962,618 elements. The Backward Differentiation Formula
(BDF) method was chosen for time stepping and the Generalized Mini-
mal Residual Method (GMRES) was used as the iterative solver. Residual
values were set to 107° to ensure numerical stability and convergence of
the simulation results. The details of the key simulation parameters are
presented in Table 1.

Time (min)

Fig. 7. Conversion degree of salt hydrates and the outlet airflow temperature of
the tubular-type modular TCES reactor.

In order to validate the mathematical model proposed in this study, a
versatile laboratory-scale TCES test rig was constructed and subjected to
experimental analysis, as depicted in Fig. 5. This TCES system comprises
several components, with the primary unit consisting of a reactor
housing a metal mesh-packed bed filled with TCES composite materials
positioned at its centre. In operation, the ambient airflow is firstly hu-
midified using a humidifier. Subsequently, the humidified airflow passes
through the packed bed, where it is heated. Finally, the heated airflow is
exhausted from the TCES system.

To facilitate a comparison between the simulated results and
experimental measurements, the root mean square deviation (RMSD) is
employed as a quantitative metric, as defined by the following equation
[46]:

RMSD = \/E [(xsim.i - xexp,i) /Xe,‘p»i}

n

18)

The simulation and experimental results of the reactor outlet airflow
temperature are presented in Fig. 6. The simulated and experimental
outlet airflow temperatures show a rapid increase during the initial
stage, reaching peaks of 37.73 °C and 37.72 °C, respectively. Subse-
quently, both temperature curves decline steadily until the end of the
discharging process. Throughout the entire discharge process, the
average temperature difference between the simulated and experi-
mental outlet airflow temperatures is 0.36 °C. The RMSD value of the
outlet air temperature is calculated to be 4.22 % using Eq. (18). The
comparison demonstrates a good agreement between the simulation
results obtained using the proposed mathematical model and the
experimental data. Thus, the mathematical model developed in Section
3 accurately predicts the performance of the proposed tubular-type
modular TCES reactor during the discharging process.

5. Results and discussion

Numerical analysis was performed to assess the thermal performance
of the tubular-type modular TCES reactor during the discharge process,
based on the mathematical model established in Section 3. A compara-
tive study was also conducted with the plate-type modular TCES reactor.

5.1. Performance during whole discharging process

The thermal performance of the tubular-type modular TCES reactor
during the complete discharging process is investigated in this section.
While lower reactor inlet temperatures can provide a more accurate
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Fig. 8. (a)Temperature and (b) conversion degree distributions of the tubular-type reactor at 71st minute, 150th minute and 474th minute, respectively.
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Fig. 9. Distribution of air flow velocity and pressure within the reactor upon the attainment of a steady-state condition for the airflow.
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Fig. 10. Compare the highest outlet airflow temperature and peak heating
power of the tubular-type and plate-type modular reactors under various inlet
air mass flow rate conditions.

assessment of the TCES system’s performance in winter conditions and
predict its capability in practical applications, other factors need to be
taken into consideration when selecting the inlet air temperature. Lower
temperatures may result in slower reaction rates or lower energy release
rates due to the low moisture saturation of cold air, thereby affecting the
performance and efficiency of the TCES system. Directly introducing
cold air into the reactor is not recommended; instead, preheating the air
and ensuring its ability to carry more moisture before entering the
reactor is necessary. In this study, it is assumed that the airflow has been
preheated and humidified to 20 °C and 86 % relative humidity before
entering the reactor. The mass flow rate of the inlet airflow is set to 0.02
kg/s.

Fig. 7 depicts the conversion degree of salt hydrates along with the
outlet airflow temperature of the tubular-type modular TCES reactor.
Initially, the conversion degree experiences a rapid decrease from 1,
which can be attributed to the entry of moist air into the reactor,
causing the dehydrated salt to absorb moisture and transform into salt
hydrates. Simultaneously, the outlet airflow temperature of the
reactor shows a sudden increase in the early stages, followed by a
sluggish rise after 37th minute until it reaches a peak of 45.07 °C at



Y. Zhang et al.

474th minute. This distinctive trend in the outlet airflow temperature
can be attributed to the process of moisture absorption and conversion
of dehydrated salt into salt hydrates, which releases heat.
Additionally, the high conversion rate of dehydrated salts to salt
hydrates during the initial stage contributes to the temperature
radically rising from O to 71st minutes. Fig. 8 illustrates the
distribution of temperature and conversion degree within the tubular
modular reactor (including the central cross-section of the fifth row of
tubular reaction beds) at the 71st, 150th, and 474th minutes. Concur-
rently, Fig. 9 portrays the distribution of air flow velocity and pressure
within the reactor upon the attainment of a steady-state condition for
the airflow.

Subsequently, as the moisture content in the salt hydrate increases,
the conversion rate of dehydrated salts to salt hydrates decelerates.
Consequently, the outlet airflow temperature of the reactor decreases in
tandem until the conversion degree reaches zero. At this point, the
reactor outlet airflow temperature becomes equal to the inlet airflow
temperature, signifying the completion of the discharging process.
Throughout the discharging process, the tubular-type modular TCES
reactor achieves a peak output power of 501.39 W, and the pressure
drop between the inlet and outlet of the reactor measures 60.40 Pa.
Remarkably, the equivalent thermal efficiency is an impressive 96.33 %.

5.2. Performance comparison between tubular-type and plate-type
modular reactors under different inlet mass flow rates

This section presents a performance comparison between the
tubular-type and plate-type modular reactors under different air mass
flow rates. The structure of the plate-type modular reactor is as previ-
ously described in the literature, and the same TCES composite material
(e.g., vermiculite-CaCly) was used. Furthermore, the mass of TCES
composite materials in both reactors is ensured to be consistent. In this
section, the only varying parameter is the inlet air mass flow rate, while
all other inlet and boundary conditions were kept unchanged as detailed
in Section 5.1.

Fig. 10 illustrates the highest outlet airflow temperature and reactor
peak heating power of the tubular-type and plate-type modular reactors
under various inlet air mass flow rate conditions. When the inlet air mass
flow rate is 0.015 kg/s, the highest outlet airflow temperature of the
tubular-type modular reactor is lower than that of the plate-type
modular reactor, measuring 44.74 °C and 46.03 °C, respectively. As
the inlet air mass flow rate increases, the highest outlet airflow tem-
perature of the plate-type modular reactor exhibits a decreasing trend,
while an opposite trend is observed for the tubular-type modular
reactor. This phenomenon can be attributed to the increase in
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longitudinal airflow velocity within the reaction bed as the inlet air mass
flow rate of the reactor rises. On one hand, the increased longitudinal
airflow velocity facilitates a faster passage of airflow through the reac-
tion bed, leading to a reduced heat transfer time between the airflow and
the TCES composite materials, thus lowering the outlet airflow tem-
perature of the reactor. On the other hand, the increased longitudinal
airflow velocity within the reaction bed promotes a higher hydration
rate of the dehydrated salts, resulting in an increased heat release rate
from the TCES composite materials, as described by Eq. (12). When the
longitudinal airflow velocity within the reaction bed is relatively low,
the heat release rate of the TCES composite materials has a more pro-
nounced impact, leading to an increase in the outlet temperature as the
longitudinal airflow velocities within the reaction bed increase. How-
ever, at higher longitudinal airflow velocities within the reaction bed,
the effect of reduced heat transfer time prevails over the increased heat
release rate, causing a decrease in the outlet temperature as the longi-
tudinal airflow velocities within the reaction bed increase. While both
reactor types exhibit the same inlet air mass flow rate, the plate-type
modular reactor shows an approximately 23 % increase in longitudi-
nal airflow velocity within the reaction bed when compared to the
tubular-type modular reactor. Consequently, within this range of inlet
air mass flow rates, the highest outlet airflow temperature of the plate-
type modular reactor exhibits a decreasing trend with increasing inlet
air mass flow rate, whereas the tubular-type modular reactor shows an
opposite trend. At an inlet air mass flow rate of 0.0297 kg/s, both
module reactors display the same highest outlet airflow temperature.
However, as the inlet air mass flow rate continues to increase, the
highest airflow temperature of the tubular-type modular reactor sur-
passes that of the plate-type modular reactor. At an inlet air mass flow
rate of 0.0325 kg/s, the highest outlet airflow temperatures in the
tubular-type and plate-type modular reactors are measured at 45.32 °C
and 45.24 °C, respectively.

Similar to the highest outlet airflow temperature of the reactor, when
the inlet air mass flow rate is 0.015 kg/s, the tubular-type modular re-
actor’s peak heating power is lower than that of the plate-type modular
reactor, measuring 371.15 W and 390.45 W, respectively. The peak
heating power of both types of modular reactors increases with an in-
crease in the inlet airflow mass flow rate. This is due to the enhanced
longitudinal airflow within the reaction bed, which leads to an increase
in the hydration rate of the dehydrated salts and, consequently, an
elevated heat release rate from the TCES composite materials. Further-
more, the increase in longitudinal airflow also augments the convective
heat transfer between the airflow and the TCES composite materials,
resulting in more heat being transferred from the TCES composite ma-
terials to the airflow. The peak heating power of the tubular-type
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Table 2
Influence of inlet air relative humidity on discharging time, pressure drops, and
equivalent heat converted from the fan power consumption of both reactors.

Relative Discharging time  Pressure drops (Pa) Fan energy
humidity (min) consumption (kJ)
(%)

trubular- tolate- APtubular- Applate- Qfan, Qfan, plate-

type type type type tubular- type

type

90 698 721 92.72 390.41 277.68 948.62
80 758 763 92.66 390.13 304.40 1038.31
70 836 824 92.60 389.79 339.84 1160.48
60 945 916 92.53 389.38 390.48 1341.56
50 1123 1096 92.46 388.91 462.74 1617.63
40 1503 1443 92.36 388.34 602.20 2110.27

modular reactor surpasses that of the plate-type modular reactor when
the inlet air mass flow rate exceeds 0.0297 kg/s and continues to
increase.

Fig. 11 illustrates the pressure drop and the system equivalent
thermal efficiency of the tubular-type and plate-type modular reactors
under different inlet air mass flow rates. Both tubular-type and plate-
type modular reactors experience an increase in the pressure drop as
the inlet air mass flow rate increases. However, the plate-type modular
reactor exhibits significantly higher pressure drops compared to the
tubular-type modular reactor, and this difference escalates with an in-
crease in the inlet air mass flow rate. Specifically, when the air mass flow
rate is 0.015 kg/s, the pressure drop for the tubular-type and plate-type
modular reactors are 43.12 Pa and 195.25 Pa, respectively. The pressure
drop in the plate-type modular reactor is approximately 5 times that of
the tubular-type reactor. When the air mass flow rate is 0.0325 kg/s, the
pressure drop for the tubular-type and plate-type modular reactors are
101.19 Pa and 422.54 Pa, respectively. The pressure drop in the plate-
type modular reactor is approximately 4 times that of the tubular-type
reactor.

Due to the maintained low levels of pressure drop in the tubular-type
modular reactor, the equivalent thermal efficiency experiences a slow
decrease with the increase in air mass flow rate, yet it remains above 95
%. In contrast, the significant rise in pressure drops within the plate-type
modular reactor results in a substantial increase in the equivalent
thermal efficiency of the plate-type modular reactor with the augmen-
tation of inlet air mass flow rate, demonstrating a comparatively lower
equivalent thermal efficiency. At an air mass flow rate of 0.015 kg/s, the
comprehensive thermal efficiency of the plate-type modular reactor

50
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Fig. 13. Effect of the number of rows and columns on the reactor outlet airflow
temperature.
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stands at 95.40 %, differing by approximately 7% points from the
tubular-type configuration. With the escalation of inlet air mass flow
rate, this efficiency further declines. When the air mass flow rate reaches
0.0325 kg/s, the efficiency drops to 92.68 % for the plate-type modular
reactor, diverging by approximately 4% points from the tubular-type
counterpart.

5.3. Performance comparison between tubular-type and plate-type
modular reactors under different inlet relative humidity conditions

This section compares the performance of tubular-type and plate-
type modular reactors under different inlet air relative humidity con-
ditions. Fig. 12 illustrates the influence of inlet air relative humidity on
the highest outlet airflow temperature of both types of reactors. The
highest outlet airflow temperature in both tubular-type and plate-type
modular reactors increases as the inlet air relative humidity of the
reactor rises. This is attributed to the accelerated hydration rate of
dehydrated salts as the inlet air relative humidity increases, resulting in
a higher heat release rate as described by Eq (12). Specifically, at an inlet
air relative humidity of 40 %, the highest outlet airflow temperatures for
the tubular-type and plate-type modular reactors are 31.15 °C and
31.47 °C, respectively. As the inlet air relative humidity continues to
increase, the highest outlet airflow temperature in both tubular-type and
plate-type modular reactors constantly rises, reaching 45.28 °C at an
inlet air relative humidity of 83 % at the same time. Subsequently, with a
further increase in the inlet air relative humidity of the reactor, the
highest outlet airflow temperature of the tubular-type modular reactor
surpasses that of the plate-type modular reactor. At the inlet air relative
humidity of 90 %, the highest outlet airflow temperatures for the
tubular-type and plate-type modular reactors are 46.17 °C and 46.15 °C,
respectively.

As indicated in Table 2, both the pressure drop of both tubular-type
and plate-type modular reactors do not show a significant increase with
higher relative humidity of the inlet air. They remain within the range of
92.36-92.72 Pa and 388.34-391.41 Pa, respectively. However, the
discharging duration of both reactors significantly decreases as the
relative humidity of the inlet air increases. This reduction is attributed to
the enhanced salt dehydration rate in higher humidity conditions. At an
inlet air relative humidity of 90 %, the discharge durations for the
tubular-type and plate-type reactors are 698 min and 721 min, respec-
tively. These durations are nearly half of the discharge durations
observed at an inlet air relative humidity of 40 %. Due to the consistent
pressure drop levels and reduced reactor discharging time, the equiva-
lent heat converted from the fan power consumption also decreases with
higher inlet air humidity. When the inlet air relative humidity is 90 %,
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Fig. 15. Variation in outlet airflow temperature of the reactor for different
radii of inner perforated pipe.

the equivalent heat converted from the fan power consumption for both
the tubular-type and plate-type reactors is about half of that at 40 %.
This decrease in equivalent heat converted from the fan power con-
sumption leads to an increase in the equivalent thermal efficiency of
both reactor types with rising inlet air relative humidity, as depicted in
Fig. 12. The equivalent thermal efficiency of the tubular-type modular
reactor slightly increases with higher relative humidity. With an in-
crease in inlet air relative humidity from 40 % to 90 %, the equivalent
thermal efficiency of the tubular-type modular reactor rises from 94.80
% to 96.32 %. In contrast, the equivalent thermal efficiency of the plate-
type modular reactor demonstrates a more pronounced increase with
higher relative humidity, closing the gap with the tubular-type reactor.
As the inlet air relative humidity increases from 40 % to 90 %, the
equivalent thermal efficiency of the plate-type modular reactor in-
creases significantly, from 87.68 % to 93.16 %, marking a gain of nearly
5% points. Despite this gain, the difference from the tubular-type
modular reactor remains approximately 3% points.

5.3. Effect of row and column numbers in the modular reaction bed
matrix

Due to the equal width and height of the tubular-type modular
reactor, the tubular-type modular reaction bed placed inside can be
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considered as a square matrix, where the number of rows and columns is
represented by n. In this model, a symmetric structure is adopted in the
simulation, so only even values of n are chosen. The inlet and boundary
conditions are the same as in Section 5.1. The influence of n on the
highest outlet airflow temperature of the reactor is shown in Fig. 13. Asn
increases from 2 to 4 (corresponding to a decrease in the thickness d of
the modular bed from 0.058 m to 0.03 m), the highest outlet air tem-
perature of the reactor rises from 45.73 °C to 45.94 °C. With further
increments in n, the highest outlet air temperature of the reactor
consistently decreases. When n = 10 (i.e.,, d = 0.012 m), the highest
outlet air temperature of the reactor drops to 43.43 °C.

The impact of n on the pressure drop of the reactor, the equivalent
heat converted from the fan power consumption, and the equivalent
thermal efficiency are illustrated in Fig. 14. As n increases from 2 to 4,
the pressure drop decreases significantly from 845.53 Pa to 217.85 Pa.
With further increments in n, the pressure drop reduction slows down.
At n=10, the pressure drop diminishes to 38 Pa, which is one-twentieth
of the value at n=2. This reduction occurs due to the decreased spacing
between the outer perforated pipe and inner perforated pipe within the
tubular-type module, resulting in a shorter airflow path through the
reactor bed.

The trend in the variation of the equivalent heat converted from the
fan power consumption mirrors that of the pressure drop, though with a
slightly smaller reduction. This is attributed to the fact that as the value
of n increases, the duration of reactor discharge also increases. However,
the equivalent thermal efficiency behaves inversely to the trends of
pressure drop and the equivalent heat converted from the fan power
consumption. As n increases from 2 to 4, the equivalent heat converted
from the fan power consumption surges significantly from 78.82 % to
92.86 %. Subsequently, as n continues to increase, this value growth
slows down. Upon reaching n equals 10, the equivalent thermal effi-
ciency escalates to 96.61 %. This is due to the reduction in the equiva-
lent heat converted from the fan power consumption with increasing
values of n.

5.5. Effect of inner perforated pipe radius

In this section, we investigate the impact of the inner perforated pipe
radius (i.e., Tinner) On the discharging performance of the tubular-type
modular reactor while keeping the TCES composite material volume
and the inlet condition unchanged. The influence of different inner
perforated pipe radii on the outlet airflow temperature of the reactor is
shown in Fig. 15. The temperature curves corresponding to five ripner
values all exhibited a sharp increase in the initial stage, followed by a
slow increase, reaching their peak at the 450th minute. AS ripper
increased from 0.008 m (i.e., d = 0.017 m), the highest outlet airflow
temperature of the reactor continued to rise until riyner reached 0.01 m
(i.e., d = 0.015 m), where the highest outlet airflow temperature
reached its maximum value of 45.07 °C. With further increases in ripper,
the highest outlet airflow temperature of the reactor began to decrease.
When ripper was 0.012 m (i.e., d = 0.013 m), the highest outlet airflow
temperature dropped to 44.76 °C. Notably, the highest outlet tempera-
ture values for the five different inner perforated pipe radii were similar.
Among them, the lowest highest outlet temperature was observed at
Tinner = 0.008 m, which was only 0.98 °C lower than ripper = 0.01 m. As
time progressed, all five temperature curves started to decrease until the
hydration reaction was complete.

The impact of the internal perforated pipe radius on the reactor’s
pressure drop, the equivalent heat converted from the fan power con-
sumption, and equivalent thermal efficiency is shown in Fig. 16. The
reactor’s pressure drop decreases as Tinner increases, decreasing from
84.21 Pa (ripper = 0.008 m) to 42.83 Pa (ri, = 0.012 m), which is nearly
half of the original value. This is because the outer perforated pipe
radius remains fixed, as rinner increases, the spacing between the outer
and inner perforated pipes in the tubular-type modular reaction bed
becomes smaller, resulting in shorter airflow paths through the reaction
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bed. Moreover, the equivalent heat converted from the fan power con-
sumption also decreases with an increase in ripner due to the reduced
pressure drop. When ripper is 0.008 m, the equivalent heat converted
from the fan power consumption is 423.17 kJ, and when rippe; increases
to 0.012 m, the equivalent heat converted from the fan power con-
sumption decreases by more than half, reaching 196.80 kJ. However,
the equivalent thermal efficiency does not exhibit significant changes
with an increase in ripper, remaining consistently above 95 %. This is
attributed to the relatively small values of equivalent heat converted
from the fan power consumption, which cannot exert a substantial in-
fluence on the equivalent thermal efficiency.

6. Conclusion

In this study, a novel tubular-type modular TCES reactor was pro-
posed and a mathematical model was established using COMSOL soft-
ware. A Comprehensive numerical study was implemented to assess the
performance of the proposed reactor with comparison with a plate-type
modular reactor under different inlet conditions and evaluate the im-
pacts of different structural parameters on reactor performance. The
simulation results led to the following conclusions.

(1) To validate mathematical model, a laboratory-scale TCES system
was built. The simulated and experimental results agree well,
with a minor average temperature difference of the outlet airflow
temperature (e.g., 0.36 °C), and an RMSD of 4.22 %.The outlet
airflow temperature of the reactor rapidly increases after the
humid air enters the reactor and reaches its peak at 45.07 °C at
the 474th minute. The reactor achieves a peak output power of
501.39 W, with a pressure drop of 60.40 Pa, and an impressive
equivalent thermal efficiency of 96.33 %.

Under identical inlet conditions, the difference in peak outlet air
temperatures between tubular-type and plate-type modular re-
actors is minimal. As the relative humidity of the inlet airflow
rises, their maximum temperature lift increases. For instance, at a
relative humidity of 90 %, the maximum temperature lift is
nearly 15 °C higher compared to a relative humidity of 40 %.
Plate-type modular reactors exhibit approximately 4-5 times the
pressure drop when compared to tubular-type modular reactors.
This discrepancy can be attributed to the greater thickness of
plate-type modular reaction beds relative to tubular ones. Under
the same inlet conditions, plate-type modular reactors demon-
strate a lower equivalent thermal efficiency than tubular-type
modular reactors, with the primary factor being the pressure
drop. Furthermore, with an increase in the inlet air mass flow
rate, the equivalent thermal efficiency of both reactor types de-
creases, while at the same time, the gap in their effective thermal
efficiencies widens. However, it’s worth noting that the effective
efficiency of both reactor types increases as the inlet air relative
humidity rises, and simultaneously, the difference in their effec-
tive thermal efficiencies decreases.

(2)

Nomenclature

Afreq Pre-exponential Arrhenius factor, s
Cc Specific heat, Jokg oK ?

c Mole concentration, molem ™3

Dy Gas diffusivity in reactive bed, m2es

Reaction bed thickness

a Arrhenius activation energy, J emol !
Enthalpy, kJ

Permeability of TCES composite material, m?
Length of reactor, m
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(3) The structural parameters of tubular-type modular reactors,
including matrix row and column count (n) and the inner perfo-
rated tube radius (ripper), €xert a modest impact on maximum
temperature lift, assuming the TCES composite material volume
remains constant. Notably, as both n and riype, increase, there are
a reduction in pressure drop and an improvement in equivalent
thermal efficiency, primarily attributed to decreased bed thick-
ness. The influence of n is particularly pronounced in comparison
tO Tinner- For example, with riy,e fixed at the base case of 0.01 m,
the pressure drop at n = 10 (i.e., d = 0.012 m) is merely 38 Pa,
whereas at n = 2 (i.e., d = 0.058 m), it surges to nearly 25 times
that value. As n progressively rises, equivalent thermal efficiency
sees a substantial increase. When n reaches 10, equivalent ther-
mal efficiency soars to 96.61 %, marking an improvement of
nearly 18% points over the performance at n = 2.

While both reactor types exhibit similar maximum temperature lift,
tubular structures offer better axial flexural strength compared to plate
structures. This makes tubular modular beds used in transverse reactor
configurations more accessible for processing. Additionally, the tubular
structure allows for better dispersion of TCES composite materials,
leading to a reduction in bed thickness for each modular reactor bed,
thus decreasing pressure drop and increasing equivalent thermal effi-
ciency. However, it is important to note that although increasing the
number of modular reactor beds and the inner tube radius can improve
the equivalent thermal efficiency. In practical design, a balance must be
struck between equivalent thermal efficiency and the stacking of TCES
composite materials, as excessively thin stack thickness can significantly
reduce stacking density. An experimental-scale reactor will be designed
in the near future to assess its real-world performance.
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