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A B S T R A C T   

Salt hydrates are promising candidates for long-term thermochemical heat storage (TCHS) in the building 
environment. In such storage systems, the surplus of energy will be exploited in an endothermic reaction to 
dehydrate the salt hydrates. Once it is demanded, the stored energy will be released through an exothermic 
reaction by hydrating the salt, which results in an increase in the mass and temperature of salt particles as well as 
changes in the species of material. In order to construct an improved storage system, it is very important to 
deeply understand the details of the heat and mass transfer processes in the packed beds of salt hydrates. Poor 
heat (in the closed systems) and mass transfer (in open systems) can be the bottleneck in this technology. The 
main objective of this work is to investigate how heat transfer will be affected by applied pressure, particle size, 
and packing arrangement through calculating/measuring the effective thermal conductivity of the packed beds 
of salt hydrates. This is achieved by applying and developing a CFD-DEM model and by experimental mea-
surements in a vacuum oven. Comparisons are carried out for the numerical results at low and high ambient 
pressures with the experimental measurements, which show a very good agreement. The obtained results show 
the effect of natural convection in the packed bed when the higher vapor pressure is applied.   

1. Introduction 

The modern world’s energy demands are presently increasing while 
the depletion of fossil fuel resources, which is the most dominant energy 
source, as well as climate change due to excessive usage of fossil fuels are 
among the main issues under investigation all over the world. Due to the 
intermittent nature of renewable energies, such as solar or wind, their 
integration needs low cost and long term storage technologies and 
therefore it comes out with new challenges for scientists, researchers, 
and engineers [1]. Current technologies, such as pumped hydroelec-
tricity, are geographically limited and lithium-ion batteries are too 
expensive for multi-day storage [2,3]. A major part of our daily energy 
consumption is related to space heating and hot water; therefore, effec-
tive storage of heat would be a game-changer in the energy transition. To 
this end, several new thermal energy storage (TES) concepts have been 
proposed [4]. The key advantage of TES is its potential for low cost at the 
gigawatt scale [5]. A good option for long-term storage of heat in the 
built environment is thermochemical heat storage TCHS working based 

on hydration and dehydration of salts [6]. It takes heat to dry salts and 
when the heat is needed, the salts can be hydrated to release the stored 
energy, according to the reaction in Eq. (1). A big advantage of heat 
storage in thermochemical materials (TCMs) is the high volumetric en-
ergy density compared to sensible and latent heat storage [7]. 

A(s) + B(g)↔ AB(s) + heat (1) 

For years, packed beds of thermochemical materials have been 
investigated for thermal energy storage purposes because of their simple 
design and low cost. In these beds, the salts are heated through heat 
exchanger plates (closed systems) [9] or by a flow of hot dry gases (open 
system) [6,10] (see Fig. 1). Heat transport through a packed bed is a very 
complex thermal engineering problem, which involves different heat 
transport and transfer mechanisms shown in Fig. 1 such as solid and 
fluid conduction, radiation, and convection. The conduction of heat 
through the contact points between two adjacent particles in contact is 
strongly affected by the size and shape of the particles. The geometry of 
the particle determines the contact area as well as the number of po-
tential contact points between the two adjacent particles. The fluid in 
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the vicinity of the contact points is most probably at rest because it is 
confined between the adjacent particles and plays a part in the heat 
conduction through it. This phenomenon strongly depends upon the 
physical properties of the fluid such as thermal conductivity which 
varies with the phase state of the fluid (in a gaseous state or liquid state). 
Besides this, some of the fluid surrounding the particles is possibly in 
motion. If the temperature gradient between particles and fluid inter-
phase is sufficiently high, natural convection comes into play and con-
vection currents arise inside the fluid. Radiation heat transfer also has a 
significant impact on the heat transport through the packed bed oper-
ating at high temperatures. It depends upon the temperature gradients 
between the adjacent particles and view factors of the particles which 
are established due to the relative positions and shapes of the particles 

and bed layout. It should be noticed that radiation heat transfer plays a 
significant role only when the fluid between particles is in a gaseous 
phase (not in a liquid phase) because of the high transmittance value of 
the non-participating radiative gas. All of these complex heat transfer 
mechanisms are usually grouped altogether into one parameter called 
“Effective Thermal Conductivity” [11] denoted by (ETC) or with a 
symbol λeff and it depends on multiple variables and parameters, such as 
the physical and chemical properties of the fluid and solid material in 
use, operating conditions of applied temperature and pressure, fluid 
velocity, size and shape of solid particles, etc. In short, λeff is a funda-
mental parameter in the designing of packed beds, and investigation of 
this parameter of packed beds under different operating conditions is the 
main objective in this work. To study the heat transfers that occur in a 

Nomenclature 

Latin 
Cp specific heat capacity at constant pressure (J/kg K) 
D diffusion coefficient (m2/s) 
H enthalpy (J/kg) 
K permeability (m2) 
m mass (kg) 
ṁ’’’ mass source (kg/m3s) 
p pressure (Pa) 
q̇’’’ heat flux (W/m2) 
r radius; radial coordinate (m) 
R Radius (m) 
t time (s) 
T temperature (K) 
T1 temperature reading of heat flux sensor no 1(lower) (K) 
T1 temperature reading of heat flux sensor no 2(upper) (K) 
v velocity (m/s) 
V volume (m3) 

Greek symbols 
α heat transfer coefficient (W/m2 K) 

β mass transfer coefficient (m/s) 
ε Porosity 
λ heat conductivity (W/m K) 
μ dynamic viscosity (kg/m s) 
ρ density(kg/m3) 
λeffp effective thermal conductivity of a particle (W/mK) 
λeff effective thermal conductivity of packed bed (W/mK) 

Subscripts 
f fluid 
p particle 
∞ ambient 
1 lower heat flux sensor 
2 upper heat flux sensor 

Abbreviations 
CFD Computational Fluid Dynamics 
DEM Discrete Element Method 
TES Thermal energy storage 
TCM Thermochemical materials 
TCHS Thermochemical heat storage 
ETC Effective Thermal Conductivity  

Fig. 1. A packed bed (source [8]) with an enlarged view of flow streamlines (an open system) and a simplified schematic of different thermal heat flow mechanisms 
at the particle scale. 
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packed bed, it is very important to know the thermo-physical properties 
of the used materials in order to design an appropriate system. In heat 
storage applications such as thermochemical heat storage systems [12], 
choice and development of material plays a very important role and has 
significant effects on the system’s storage performance [13]. Hence 
before designing a storage system, it is necessary to first determine the 
physical properties of the material for all three heat transfer modes [14]. 
In low temperature and low-pressure applications of packed beds 
involving solid-gas interactions, conduction heat transfer mode is more 
prominent compared to the convection and radiation [15]. Therefore, 
investigating and having knowledge of the thermal conductivity of the 
material to be used is an essential prerequisite. 

There are several studies in literature both experimental and nu-
merical, focused on the measurement of effective thermal conductivity 
of the packed beds. Kumar et al. [16] used a steady-state, axial heat 
transfer, a comparative method based on ASTM standard E1225 for the 
measurement of ETC of a MmNi4.5Al0.5 hydride bed. Kallweit et al. 
[17] measured the ETC of a low-temperature hydride HWT 5800 
(Ti0.98Zr0.02V0.43Fe0.09Cr0.05Mn1.5Hx) packed bed and a medium tem-
perature hydride LaNi4.7Al0.3Hx packed bed using a hot wire tech-
nique. Dedrick et al. [18] used the thermal probe method to measure 
the ETC of a sodium alanate-packed bed. Flueckiger et al. [19] used the 
transient plane source (TPS) method for the measurement of ETC of 
metal hydrides at high pressure. In another method, the sinusoidal 
temperature profile heating of a MgH2 packed bed was done in an 
oscillating pattern instead of continuous heating by Kapischke et al. 
[20] to obtain ETC of the bed. 

There are several numerical approaches found in the literature that are 
used to model the thermal behavior of packed beds [21–23]. Panchal et al. 
[24] modeled the ordered and randomly packed beds of Li2TiO3 using 
FEM approach and studied the effective thermal conductivity and found 
that results of randomly packed beds agree well with experimental values. 
Wang et al. [25] used FVM to model and investigate the effective thermal 
conductivity of orderly packed beds and studied the effects of different 
parameters such as material properties, porosity, particle size, flow rate, 
and particle-particle contact area. Zhao et al. [26] and Wang et al. [25] 
proposed a thermal resistance network model and used it to determine the 
effective thermal conductivity of the ordered packings while Mandal et al. 
[27] and Antwerpen et al. [28] used this model for randomly packed beds. 
This thermal resistance network model for the packed beds seems over-
simplified as the infinitesimal thermal resistances were only considered 
along the main heat transfer direction. Zhou et al. [29] used the Lattice 
Boltzmann method for predicting the effective thermal conductivity of the 
randomly packed beds. Theoretically, the flow through a packed bed is a 
complex multiphase flow involving particle motion, fluid flow and the 

fluid-particle and particle-particle interactions. In order to truly under-
stand the mechanisms, particle scale study is required and has been a 
research focus for many years [30]. The computational fluid dynamic- 
discrete element method CFD-DEM [31,32] has been fully developed 
and widely applied in granular flows and fluidized beds. It combines 
computational fluid dynamics for the continuous phase and the discrete 
element method for the particle phase and makes it possible to capture the 
physics and accurately investigate the complex processes in an Eulerian- 
Lagrangian framework. There are a number of studies where the re-
searchers applied the CFD-DEM [33–35] approach to study the heat 
transfer through packed beds. Yang et al. [36] and Wu et al. [9] used DEM 
to generate randomly packed beds and solved the heat transfer inside the 
bed. Chen et al. [37,38] considered the CFD-DEM coupled framework, to 
model the heat transfer in packed beds and obtained good agreements 
with the existing experimental data. From the available literature about 
the heat transfer in packed beds, the heat transfer characteristics of the 
thermochemical materials (TCM) are still not clear. Therefore, to over-
come the literature gap, the aim of this study is to reveal the flow behavior 
and heat transfer characteristics of TCM reactors in order to develop an 
ultramodern and state-of-the-art thermochemical heat storage system. 

In this work, the effective thermal conductivity λeff of the bed of 
potassium carbonate (K2CO3) and its hydrate (K2CO3⋅1.5H2O) is first 
investigated experimentally. This data has been used to calibrate the 
model. The validated and verified simulation model was then used to 
characterize the heat transfer in a packed bed of K2CO3 under different 
operating conditions. The thermal interaction between particles (con-
duction, radiation) and the particle’s interaction with surroundings 
(conduction in case of contact with the wall, and convection) are 
resolved with the extended discrete element method (XDEM). The 
XDEM [39] numerical platform enriches the classical DEM by adding 
properties such as thermodynamic state for each individual particle 
which is of great importance for addressing the challenges in reactor 
engineering. This solver is capable to resolve the natural convection at 
higher temperature differences between the particle and the surround-
ing gas which is beyond the capability of Boussinesq approximation 
[40–43]. The developed numerical model is first tested and verified for 
heat transfer in the packed beds of potassium carbonate in hydrated 
(K2CO3⋅1.5H2O) and dehydrated (K2CO3) state and in the Silica gel SiO2 
bed by comparing the results with experimental measurements. Then a 
series of numerical experiments were conducted to study the influence 
of ambient pressure on the heat flow through the bed. 

2. Experimental setup: 

For effective thermal conductivity measurements, the ETC-container 

Fig. 2. The ETC-container without thermal insulation, (a) HFSs positioned in ETC-container, (b) Partly filled with silica particles. (c) Schematic vertical cross-section 
of the ETC-container. 
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has shown in Fig. 2 (a) and with the sample, it is shown in Fig. 2 (b) is 
placed in a vacuum oven. The oven temperature can be set manually. 
The ETC-container consists of a vertical 3 mm thick transparent poly-
carbonate tube with 96 mm inner diameter which is closed on the 
bottom side by a 98 mm diameter stainless steel petri dish, see Fig. 2. A 
silicon heater mat of 12 V DC 8 W for controlling the sample temper-
ature is placed underneath the bottom of the petri dish. The tube has 
holes in the wall through which the two heat flux sensors (HFSs) 
(Huksefluks FHF02SC) with a 30x30mm sensing area can be flatly 
positioned at the centerline of the tube, while their height in the tube is 
adjustable. This height can be read by viewing the scale drawn on the 
side. The heat flux sensors used have an error margin of 0.5 ◦C for the 
temperature measurement and 0.5 mm for the height measurement. The 
remaining openings in the tube wall can be closed with tape before 
filling the tube with sample material. The bottom of the container is 
insulated by a 60 mm thick XPS disk, while the entire cylinder is 
wrapped in two layers of 60 mm thick stone wool. A datalogger acquires 
signals and sends them to the host computer so that the user can 
monitor and control the experiment. 

2.1. Material 

The studied material is K2CO3 (CAS number 584-0-7) produced by 
Evonik. The material is produced in 83–85% hydrated form, which 
means the initial material is almost completely a sesquihydrate. The 
grains are sieved in a fraction between 0.7 and 2 mm in diameter. The 
thermophysical properties of the used materials in the hydrated and 
dehydrated state are listed in Table 1. Silica gel SiO2 is also considered in 
one test case because of its well-known properties. The size of particles 
ranges from 2 to 5 mm in diameter. The properties of used SiO2 material 
are also given in Table 1. 

2.2. Simulation setup 

We considered a cylinder of diameter 24 mm and height 200 mm 
partially filled with particles and placed vertically on a horizontal plate 
as shown in Fig. 3. There is no temperature gradient in the radial di-
rection at the same height, except for the particles at the edge of the 
cylinder due to an increase in void space, so considering a smaller cyl-
inder will not affect the results. The diameter of the cylinder used in the 
model is smaller than the experimental setup, in which the diameter was 
96 mm. The packed bed is still significantly large enough compared to 
the particle size, so it is assumed that the temperature profile is the same 
for a 24 mm diameter packed bed as for a 96 mm bed. The smaller 
cylinder is used because it significantly reduces the simulation time as it 
reduces the number of particles within the packed bed. The horizontal 
plate at the bottom acts as a heat exchanger at a constant high tem-
perature and the side walls are considered adiabatic. The initial tem-
perature and pressure within the bed and inside the cylinder are 
considered the same as ambient, respectively. At the top surface of the 
cylinder, a pressure-driven inlet-outlet boundary condition is applied. 
The simulation time is considered sufficiently large enough (at least 
50,000 s) until the packed bed reaches a steady state. 

3. Mathematical Model: 

The present model is based on an Eulerian-Lagrangian approach, 
where the continuous phase (i.e. gas phase) is modeled by the Eulerian 
method while the discrete phase (i.e. particles) is handled with the 
Lagrangian approach. It gives a complete framework for modeling heat 
and mass transfer between the two phases in 3D packed bed involving 
fluid flow, particle-fluid interactions, and heat convection, conduction, 
and radiation. 

3.1. Governing equations for the discrete phase 

An individual particle may be considered as porous and inside these 
pores, the equation of conservation of mass for a gaseous phase can be 
written as: 

∂
∂t
(εf 〈ρf 〉

f
) + ∇

→⋅(εf 〈ρf 〉
f
〈νf 〉

f
) = ṁ’’’s,f (2)  

where εf is the porosity of the particle, ρf is the sum of the fluid densities 
of all gases, ν→f is the advective velocity, and ṁ’’’s,f is the mass exchange 
between solid and gas phases due to chemical reaction. However, ṁ’’’s,f 

is equal to zero as there is no reaction considered here. The angled 
brackets mean the averaged quantity, so 〈νf〉 is the averaged advective 
velocity. The sum of the fluid densities is equal to: 

ρf =
∑

i=1
ρi (3)  

Fig. 3. Simulation setup for the 3-D packed beds.  

Table 1 
Material properties in hydrated and dehydrated states ().  

Properties K2CO3 K2CO3⋅1.5H2O SiO2 

Molar mass [kg/kmol] 138 165 60.08 
Intrinsic density [kg/m3] 2148 2560 2700 
Particle porosity [-] 0.13 0.13 0.17 
Specific heat [J/kgK] 826 1072 1750 

Source www.chemicalbook.com 
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where ρi is the density of gas i. The transportation of gases inside the 
pores is assumed to obey Darcy’s law i.e. the rate of fluid flow through 
the pores is proportional to the porosity of the particles and the pressure 
drop. The equation for conservation of momentum is written as: 

−
∂
(
εf p

)

∂x
=

μf εf

K
〈νf 〉 (4)  

where p is the pressure, μf is the dynamic viscosity, and K is the 
permeability. This equation is valid for low Reynolds numbers, so it is 
applicable at low pressure (vacuum conditions) and high viscosity. 

The energy balance is made with the assumption that the mass of the 
gas can be neglected in comparison to the mass of the particles as the 
density of the gas is very low. A local thermal equilibrium between the 
gas phase and the particle can then be assumed. This results in an energy 
equation based on a homogeneous model [44] for a porous medium as: 

∂〈ρcpT〉
∂t

=
1
r2

∂
∂r

(

r2λef fp
∂〈T〉
∂r

)

+
∑l

k=1
(ṁ’’’s,f )kHk (5)  

where r is the radius of the particle, λeffp is the effective thermal con-
ductivity, andHkis the enthalpy of each reaction k. The right side of the 

equation represents the release or consumption of heat due to chemical 
reaction, however, here ṁ’’’s,f is zero as there is no reaction nor any 
phase change. Furthermore, the fluid is assumed to be a perfect gas. 

The following boundary conditions are applied at the center and on 
the surface of the particle: 

− λeff
∂〈T〉
∂r

∂〈T〉
∂r

⃒
⃒
⃒
⃒

r=0
= 0 (6)  

− λeff
∂〈T〉
∂r

⃒
⃒
⃒
⃒

r=R
= q̇′′

conv + q̇′′
rad + q̇′′

cond (7)  

where q̇′′
conv, q̇

′′
rad and q̇′′

cond are the heat transferred by convection, radi-
ation, and conduction respectively. 

3.2. Governing equations for the continuous phase 

The continuous phase in the packed bed is solved by computational 
fluid dynamics. It considers the heat transferred from the gas to the 
particles and vice versa. The gas phase is modeled using the Eulerian 
approach. The equation for the conservation of mass can be written as: 

∂
∂t
(εf 〈ρf 〉

f
) + ∇

→⋅(εf 〈ρf 〉
f
〈 ν→f 〉

f
) = ṁ’’’s,f (8) 

The conservation of momentum of gas flow within the porous packed 
bed of particles is modeled using the Brinkmann or Forchheimer re-
lations [44]: 

∂
∂t

(

εf 〈ρf 〉
k
〈 ν→f 〉

f
)

+ ∇
→⋅

(

εf 〈ρf 〉
f
〈 ν→f ν→f 〉

f
)

= ∇
→⋅

(

εf 〈 τ→
′

f 〉
f
)

−
μf

K
ε2

f 〈 ν→f 〉
f
− C〈ρf 〉

f ε3
f

⃒
⃒
⃒
⃒〈 ν→f 〉

f
⃒
⃒
⃒
⃒〈 ν→f 〉

f
+ εf 〈ρf 〉

f g

(9)  

where g is the gravitational acceleration, K is the permeability of the 
bed, and C is the dimensionless drag coefficient. These coefficients 
depend on the size of the spherical particles and the porosity of the 
packed bed. 

Fig. 4. Contact area and contact angle between two neighboring particles with 
radius r1 and r2. 

Fig. 5. A schematic example of view factors of a particle P having surface area Sp with its eight neighboring particles.  
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K =
D2

pε3
f

150(1 − εf )
2 (10)  

C =
1.75(1 − εf )

Dpε3
f

(11) 

The conservation of energy in a porous medium having both fluid 
and solid phases are obtained by volume-averaging the corresponding 
energy equation of multiphase systems: 

∂
∂t
(
εf 〈ρf 〉

f
〈hf 〉

f )
+

(

εf 〈ρf 〉
f
〈 ν→f hf 〉

f
)

= − ∇.

〈

q→′′

f

〉

+
∂〈pf 〉

∂t

+ εf ⋅〈 ν→f 〉
f ⋅∇→〈pf 〉 + q′′′

s,f (12) 

The intensity of the heat exchange between the two phases q′′′

s,f is 
subjected to the thermal boundary conditions at the interface: 

q→
′

p = − q→′′

f (13)  

Sph(Tp − Tf ) = q′′′

s,f V (14)  

where Sp is the surface of the sphere and h is the heat transfer coefficient. 
These equations can be substituted into the energy equation Eq. (12) to 
obtain the following formulation: 

∂
∂t
(
εf 〈ρf 〉

f
〈hf 〉

f )
+

(

εf 〈ρf 〉
f
〈 ν→f hf 〉

f
)

= ∇.

〈

q→′′

p

〉

+
∂〈pf 〉

∂t
+ εf ⋅〈 ν→f 〉

f ⋅∇→〈pf 〉

+
∑M

i=1
〈
Sp

V
h(ΔTi)〉

(15)  

where M is the total number of particles. The last term of Eq. (15) is the 
heat source term, which couples the CFD and DEM models for heat 
transfer. 

3.3. Contact model 

There are two common models in DEM to deal with contact between 
particles: the hard-sphere model and the soft-sphere model [45]. The 
hard-sphere model has rigid, impenetrable spheres where the contacts 
are instantaneous. A soft-sphere model has spheres that can deform 
when in contact with other objects due to the applied forces. This is 
usually modeled with a spring and damper system. In this work, the 
hard-sphere model is considered to deal with thermal heat exchange 
between solids because the particles in the bed do not deform due to the 

applied contact forces. In the thermal heat transfer process through 
particulate or granular media, the solid particles exchange heat fluxes 
with other neighboring particles or with solid walls through conduction 
and radiation. 

In general, conduction between two objects depends on the contact 
area between the two objects. However, the contact area between two 
perfect spheres in a hard-sphere model is only a single point; this would 
make the conduction zero as there is no surface. In practice, the contact 
area would be larger due to roughness and the fact that the articles are 
not perfect spheres. To circumvent this problem in the hard-sphere 
model, a contact angle is assumed for each sphere and from this angle, 
a contact area is calculated. This contact area Ac is related to the 
diameter of the contact surface dc and contact angle of both particles as 
given in Eq. (16) and a visual representation is shown in Fig. 4. 

Ac =
π
4

dc (16) 

Each particle has several neighboring particles with their own con-
ductivityλ. The amount of heat conducted from one particle to the other 
is dependent on the conductivity of both particles and the temperature 
difference. Heat fluxes the particlepis receiving from its N number of 
neighboring particles by conduction are calculated by using Eq. (17). 

q̇′′
p, cond =

∑N

j=1

1
1
λp
+ 1

λj

Tp − Tj

Δxp, j
(17)  

where λpλj Tp and Tj are the material thermal conductivities and tem-
peratures of particles p and j, respectively. Δxp, j is the distance between 
the cell centers of the cells at the surface of two neighboring particles. 

To calcualate radiation heat transfer between particles, it is assumed 
all particles behave as black body. However, the amount of heat 
exchanged between two particles due to radiations depends upon the 
particles’ view factors and temperature difference. A view factor of a 
particle is a constant with value ranges from 0 to 1, depending upon the 
relative positions and orientations of two particles. The view factor Fp→j 

between the particle p and its neighboring particles j is defined as: 

Fp→j =
Radiation area of particle p

Sum of radiation areas of all neighboring particles j
(18)  

where the radiation area of a sphere is equal to πr2. Heat fluxes the 
particle p is receiving from its N number of neighboring particles by 
radiation are calculated by using Eq. (19). 

q̇′′
′′p, rad =

∑N

j=1
Fp→jσ

(
T4

p − T4
j

)
(19) 

Table 2 
Experimental data and parameters details for dehydrated (K2CO3), (SiO2), and hydrated salt (K2CO3⋅1.5H2O) cases.  

Parameters Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 

Material SiO2 K2CO3 K2CO3⋅1.5H2O 
Particle diameter: D [mm] 2–5 1–1.4 1.4–2 0.7–1 1–1.4 1.4–2 
Mass of material: m [g] 360.0 – – 484.8 444.4 463.1 
Packing density: PD % 56 54 54 53 54 54 
Height of heat flux sensor no 1: H1 [mm] 32 30 28 26 30 28 
Height of heat flux sensor no 2: H2 [mm] 53 41 41 37 41 41 
Total bed height: H [mm] 64 49 51 54 49 51 
Heat exchanger (heater) temperature:T[◦C]  80 80 80 80 68 68 
Ambient (oven) temperature: Tamb [◦C]  45 42 45 45 43 45 
Ambient vapor pressure: pamb[mbar]  2.41 < 1 (model = 1) < 1 (model = 1) 62 35 33 
Temperature reading of heat flux sensor no 1(lower): T1 [◦C]  63.5 (±0.5)  60.1 (±0.5)  61.0 (±0.5)  64.2 (±0.5)  57.1 (±0.5)  56.7 (±0.5)  
Temperature reading of heat flux sensor no 2(upper): T2 [◦C]  54.6 (±0.5)  54.1 (±0.5)  53.1 (±0.5)  59.0 (±0.5)  54.1 (±0.5)  52.4 (±0.5)  
Heat flux through sensor no 1:ϕ1 [W/m2]  54 (±1)  11 (±1)  41 (±1)  71 (±1)  41 (±1)  50 (±1)  
Heat flux through sensor no 2: ϕ2 [W/m2]  45 (±1)  10 (±1)  40 (±1)  65 (±1)  36 (±1)  43 (±1)  
Effective thermal conductivity:λeff [W/mK]  0.11 0.02 0.07 0.14 0.14 0.13 

Relative uncertainty in effective thermal conductivity:
δrλ
λ

× 100%  9.53 21.59 15.5 18.2 18.16 15.4  
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where σis the Boltzmann constant. The view factors of a particle p are 
shown in Fig. 5. The average view factors of a particle p with its 
neighboring particles are obtained by dividing unity by the number of 
neighboring particles. Eq. (17) and Eq. (19) can be put into Eq. (7) to 
define the heat transfer at the particle surface. 

4. Convective heat transfer 

Convective heat transfer between particle and fluid has been exten-
sively investigated [46–49] and differential equations have been pro-
posed. More often, the convective heat transfer rate between particle 
and fluid is calculated as given in Eq. (20) : 

Fig. 7. The comparison of temperature gradients with experimental results for case-1, case-2, and case-3 (involving only conduction and radiation heat transfer).  

Fig. 6. Sensibility analysis of temperature at the height of 40 mm with different numerical time steps.  
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q̇′′
conv = h(TR − T∞) (20)  

where T∞ is the ambient temperature, TR is the particle’s surface tem-
perature, and h is the convective heat transfer coefficient. Generally, h is 
associated with the Nusselt number (Nu), which is usually a function of 
particle Reynolds number (Re) and Prandtl number (Pr) of the gas. The 
heat transfer rate depends upon many factors, such as temperature dif-
ference, pressure, shape, and size of the particles. Several other re-
searchers [50–53] also have proposed many correlations between the 
Nusselt and Rayleigh numbers for convective heat transfer in packed 
beds. In this study the convective heat transfer coefficient (h = Nuλf/L)
is calculated by using the Nusselt correlation proposed by Achenbach 
[54] and is given by Eq. (21). This correlation gives reliable results for 
heat transfer in packed beds as it is well tested and validated for a wide 
range of Reynolds numbers i.e.0 < Re < 106. The value of Prandtl 
number for air and many other gases is Pr = 0.71 and considered the 
same in the present study. 

Nu = [(1.18Re0.58
p )

4
+ (0.23Re0.75

h )
4
]
1/4

(21)  

where Rep is the particle Reynolds number and Reh is the hydraulic 
Reynolds number which is defined as: 

Rep =

〈
ρf

〉f εf
〈
vf
〉f Dp

μ (22)  

Reh =
Rep

1 − εf
(23)  

5. Results and discussion: 

5.1. Experimental measurements 

This section presents the details about all the experimental cases 
conducted to measure the effective thermal conductivity of the packed 
bed of thermochemical materials. Three experiments (case-1, case-2, 
and case-3) are performed at low pressure (2.41 mbar and 1 mbar)by 
considering silica gel SiO2 and dehydrated salt K2CO3, while three ex-
periments (case-4, case-5, and case-6) are conducted at high pressure 
(33 mbar, 35 mbar and 62 mbar) with hydrated salt K2CO3⋅1.5H2O. In 
case-1 experiments were performed by considering Silica gel SiO2 as a 
thermochemical material because its thermophysical properties are well 
known so it will provide further authenticity in the code validation. In 
each case, different particle sizes and operating conditions are consid-
ered. The details about operating conditions for all experimental cases 
from case-1 to case-6 are listed in Table 2. In all these experiments, it 
takes 30 to 36 h on average to achive the steady state conditions. The 
effective thermal conductivity of bed is obtained by using Eq. (24) as: 

λeff = ϕ2
Δx

T1 − T2
(24)  

where Δx is the distance between the two heat flux sensors, T1 and T2 
are the temperature readings of the heat flux sensor 1 (lower) and 2 
(upper) respectively, and ϕ2 is the heat flux through the upper sensor i.e. 
sensor 2. In Eq. (24), the flux of the upper heat flux sensor ϕ2 is used, as it 
is the heat flux that has actually travelled through the bed from the 
lower to the upper heat flux sensor. 

5.2. Validation 

This 3D model needs to be verified first by comparison of simulation 
results with experimental data of packed beds to confirm that the 
mathematical model is implemented accurately. For this, simulations 
are performed for all the experimental cases mentioned in Table 2. It 
should be noted that in the cases with low ambient pressure (nearly 
vacuum conditions) and with dehydrated material (K2CO3) i.e. case-2, 

and case-3 the effects of convection are considered negligible and only 
conduction and radiation are responsible for heat transport. Similarly, 
for the silica gel SiO2 experiment in case-1 with ambient pressure of 
2.41 mbar, only conduction and radiation transport modes are consid-
ered. However, in case-4, case-5, and case-6 the ambient water vapor 
pressure is higher. Hence, natural convection also plays its part in heat 
transportation along with conduction and thermal radiation. Since the 
heat flux sensors have an error margin for the temperature and height 
measurement. therefore, it is assumed that a difference of ±1◦Cbetween 
the experimental data and simulation data is acceptable. The time step 
dependency has been tested of 0.1, 1, 5, and 7 s (see Fig. 6) and time step 
equal to 1 s has been chosen in all cases. Regarding the grid indepen-
dency there are two grids involved, one within a particle (DEM cell) 
second within the bed (CFD cells). For the first one, as particles are too 
small, temperature gradient inside a particle is negligible. Therefore, 
one cell is enough to calculate/solve energy equation for a particle. In 
CFD-DEM modeling there are two approaches regarding the CFD part, 
resolved and un-resolved. In the resolved approach, CFD grid is smaller 
than particle size and the flow through the void space between particles 
will be calculated. This leads to a very large number of CFD cells which is 

Fig. 8. The steady-state temperature profile of particles in the packed bed.  

Table 3 
Comparison of numerical predictions with the experimental measurements at 
low pressure.  

Temperature Numerical results Experimental data Numerical 
Error (%) 

T1 [◦C] T2 [◦C] T1 [◦C] T2 [◦C] T1 T2 

Case-1  62.37  53.39 63.5(±0.5)  54.6(±0.5)   1.74  2.23 
Case-2  59.63  53.15 60.1(±0.5)  54.1(±0.5)   0.71  1.69 
Case-3  61.60  53.42 61.0(±0.5)  53.1(±0.5)   1.03  0.57  
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proportional to the number of particles in the bed. Therefore, with this 
method we can model a bed with a limited number of particles (i.e. only 
a few hundreds) to have reasonable simulation time. While in the un- 
resolved approach, CFD cell cannot be smaller than largest particle in 
the bed. This significantly reduces the number of CFD cells, allowing us 
to simulate cases with a large number of particles which is the case in 
most of engineering applications. This approach has been widely used to 
study transport phenomena in packed beds for different applications as 
it offers reasonable accuracy and computational cost. Hence, we are 
using an un-resolved CFD-DEM approach. In this approach CFD cells 
cannot be smaller than the largest particle in the bed as it causes zero or 
negative porosity which leads to mathematical errors. Therefore, it is not 
possible to perform grid independenc study. 

Considering the real spherical shape of particles, the contact angle of 
20◦ and view factor pair of (0.3, 0.15) for the top two layers of particles 
are used in all the cases. This is the best suitable combination for all the 
cases at a contact angle of 20◦ and is selected after several test cases. In a 
random packed bed formed by particles with different sizes and irreg-
ular shapes (in this study they are close to spheres) it is very difficult 
(almost impossible) to determine the actual contact area at each contact 
point between particles. To overcome this difficulty, by assuming a 
contact angle for each of the two spheres that are in contact, the contact 
area is calculated. Just by observation, due to the irregularity in the 
shape of particles, the contact angle could be between 10 and 30◦. To 

determine which value, we should use in the model, we must calibrate 
the model. This has been done by comparing the modeling results of one 
case (e.g., case 1) with measurements for different values of contact 
angle. The value from which we found the closest results to measure-
ment has been chosen and used for other validation cases (i.e., case 2, 3, 
4, 5 and 6). since a good agreement with measurements has been found 
for all of these cases, we can conclude that the chosen value for contact 
angle is correct. Similar procedure has been taken for view factor of 
particles on the top two layers of the bed. 

5.2.1. Validation at low pressure 
In this section due to the low-pressure condition as discussed before 

only conduction and radiation heat transfer models will be taken into 
consideration. First, a case with SiO2 particles is simulated i.e. case-1, 
because the values of thermophysical properties of SiO2 are well 
known [55,56]. The purpose of this case is to check and confirm the 
validity of the present model with more familiar material. As the particle 
sizes, in this case, are larger than the K2CO3 particles i.e. 2–5 mm so the 
total number of particles is substantially less, therefore, we chose the 
same size of cylinder in the simulation as in the experiments. The 
comparison of temperature gradient along the bed height of the case-1 is 
shown in Fig. 7 and it is observed that the numerical results for this case 
agree well with the experimental results. Further, K2CO3 particles are 
considered in case-2 and case-3. The temperature gradients in the 
packed beds of case-2 and case-3 are also shown and compared with 
experimental data in Fig. 7. The obtained results of both the cases show a 
good agreement with experimental results. The temperature profile of 
the packed bed at a steady state is shown in Fig. 8. The numerical pre-
dictions, as well as experimental measurements for case-1, case-2, and 
case-3 at low ambient pressure along with error percentage, are listed in 
Table 3. The numerical results of the packed beds of K2CO3 particles 
overall show a good agreement with the experimental data, while the 
comparison of the results of the packed bed of SiO2 particles further 
authenticates the validity of the present model for heat transfer through 
the packed bed at low pressure. Hence, these comparisons confirm that 

Fig. 9. The comparison of temperature gradients with experimental results for case-4, case-5, and case-6 (involving conduction, convection, and radiation 
heat transfer). 

Table 4 
Comparison of numerical predictions with the experimental measurements at 
higher pressure.  

Temperature Numerical results Experimental data Numerical 
Error (%) 

T1 [◦C] T2 [◦C] T1 [◦C] T2 [◦C] T1 T2 

Case-4  65.30  59.82 64.2(±0.5)  59.0(±0.5)   1.76  1.49 
Case-5  55.15  51.07 57.1(±0.5)  54.1(±0.5)   3.39  5.66 
Case-6  55.95  50.74 56.7(±0.5)  52.4(±0.5)   1.29  3.15  
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the conduction and radiation heat transfer modes are implemented 
correctly in the present model. 

5.2.2. Validation at relatively high pressure 
In this section effect of pressure on the temperature distribution 

within the bed is evaluated. In addition to the conduction and radiation, 
natural convection is also taken into consideration. Other than the 
operating conditions, the setups of (case-2 and case-5) and (case-3 and 
case-6) are the same in terms of particle size distributions and bed 

heights. In fact, the same corresponding beds were used with 
K2CO3⋅1.5H2O hydrated material instead of dehydrated material K2CO3. 
In case-4 the particle used are of small size having diameter ranges from 
0.7 mm to 1 mm; the case setup parameters and operating conditions are 
listed in Table 2. 

The temperature profiles in the packed beds of case-4, case-5, and 
case-6 are shown in Fig. 9 along with experimental data. The simulation 
results match well with experimental results and are close enough to the 
experimental values to declare that the present model is reliable for 

Fig. 10. Temperature and the gas flow inside and above the packed bed at the steady-state condition.  

Fig. 11. Mass of the fluid within the cylinder.  
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modeling heat transfer through the packed beds at high pressure 
involving natural convection. The numerical predictions, as well as 
experimental measurements for case-4, case-5, and case-6 at high 
ambient pressure along with error percentage, are listed in Table 4. 

Due to high water vapor pressure (33 mbar–62 mbar), natural con-
vection occurs in the bed and the hot gas moves upward and flows out of 
the cylinder and cold gas flows downwards into the cylinder to replace 
the hot gas. In Fig. 10, we can see the temperature profile of the gaseous 
phase at steady-state conditions and velocity vectors of the gas flow. It is 
seen that at a steady-state there is still inward and outward flow within 

the bed with a velocity of very small magnitude. However, above the bed 
surface, the velocity of the flow gradually increases initially and forms 
vortexes. The length of vortexes also increases with height. Initially, 
each vortex grows in velocity over time, because of the increase in fluid 
flow due to the temperature change, and at state, the flow velocity and 
length of vortexes become relatively constant. The direction of rotation 
of adjacent vortexes is alternatively clockwise and anti-clockwise. The 
data shows that inside a vortex, a slight temperature difference of less 
than 1 ◦C occurs between the rising and falling fluid, indicating that the 
vortexes are caused by a difference in temperature and pressure. The 

Fig. 12. Heat transfer coefficient with respect to time at different heights (z) in the bed.  

Fig. 13. The temperature gradient in the packed bed at 10, 20, 35, 50, 100, 250, and 500 mbar ambient pressure.  
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total fluid mass inside the cylinder with respect to the time is shown in 
Fig. 11. It is observed that in the first 5000 s, some fluid leaves the 
cylinder, making the total fluid mass a little less but, later the mass does 
not change anymore and remains constant, indicating that the amount of 
fluid leaving the cylinder is the same as the amount of fluid going back 
in. In a steady state, it is found that there is still a moderate fluid flow 
inside the packed bed with a very small velocity magnitude. The fluid 
rises at the center of the packed bed, where it falls on the sides. The fluid 
descends on the side because the walls of the cylinder are colder, due to 
fewer particles and therefore more voids. 

Further, the heat transfer coefficients of particles at different heights 
within the packed bed are shown in Fig. 12. We can see initially there are 
small spikes in the curves at all the different heights but as time pro-
gresses the heat transfer coefficients for particles at the middle and 
bottom sections of the bed tends to zero. Because the heat transfer co-
efficient depends upon the temperature difference of the two phases and 
the flow of gas due to natural convection. As the temperature difference 
of the particles and surrounding gas in the middle and bottom section of 
the bed gradually decreases. Hence, the flow due to the natural con-
vection will become weaker (has lower velocity magnitude). Conse-
quently, the heat transfer coefficient decreases as it is proportional to the 
Re. However, the curves show that the heat transfer coefficient at the top 
section of the bed increases continuously with time. It is because when 
the steady-state is reached the magnitude of gas flow velocity becomes 
very small in the middle and lower section of the bed but at the top 
section of the cylinder velocity is very high compared to that of the 
middle and bottom section. The hot gas continuously flows out and cold 
air flows into the cylinder to replace it. This cold gas interacts with the 
hot particles at the top section of the bed and the particles continuously 
exchange heat to this cold air. Therefore, the heat transfer coefficient of 
particles at the top section of the bed has much higher values compared 
to that of the particles at the lower section. 

5.3. Effects of ambient pressure 

The purpose of this case study is to investigate the effects of ambient 
pressure on the heat flow through the packed bed. We performed sim-
ulations for case-5 by considering different values of the ambient pres-
sure i.e. 10, 35, 50, 100, 250, and 500 mbar. The plots in Fig. 13 show 
the steady-state temperature gradients in the packed bed for all the 
different ambient pressures. We can see the temperature gradient de-
creases as the pressure increases which means that more heat flows 
through the bed and temperature at the top section of the bed becomes 
relatively higher at high ambient pressures. This is due to the convective 
heat transfer; the gas is much denser at high pressure than at low 
pressure and the rate of convective heat transfer is much higher at high 
ambient pressure compared to at low ambient pressure. However, at a 
certain high pressure, the effect is not that significant anymore. 

6. Conclusion 

This paper presents a detailed mathematical model for heat transfer 
in the packed beds of K2CO3 salt hydrate in the Extended Discrete 
Element Method (XDEM) framework. In this coupled Eulerian- 
Lagrangian approach, the continuous phase is solved by CFD while 
DEM takes care of the discreet phase. All the three heat transfer modes i. 
e. conduction, convection (for high pressure), and radiation are 
considered in this model. Since K2CO3 is considered as one of the 
promising materials in terms of cyclability and energy density for 
thermochemical heat storage and based on the experimental results we 
modeled the heat transfer in packed beds imposed to different operating 
conditions. Several experiments are performed in a vacuum oven 
considering different sizes of K2CO3 particles in hydrated and dehy-
drated states at low and high absolute water vapor pressures to deter-
mine the effective thermal conductivity of the packed beds. Also, in one 
experiment, a packed bed of silica gel (SiO2) particles is considered. The 

obtained numerical results and the experimental measurements show a 
good agreement with each other, giving us the confidence to enhance 
our investigations and to further explore the influence of different pa-
rameters. As a start for these further investigations, better heat transfer 
is observed in numerical experiments at higher vapor pressures because 
of natural convection, while reaching a certain high pressure the effect is 
not significant anymore. This validated model will contribute to a better 
understanding of the inherent physics of heat transfer in the packed beds 
of TCMs which will be helpful in the designing of an ultramodern and 
state-of-the-art thermochemical heat storage system. 
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