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Abstract: This paper presents the results of comprehensive numerical analyses in the performance of
a packed-bed latent heat storage (PBLHS) system in terms of key performance indicators, namely
charging time, charging rate, charging capacity, and charging efficiency. Numerical simulations
are performed for the packed bed region using a transient two-dimensional axisymmetric model
based on the local thermal non-equilibrium (LTNE) approach. The model considers the variation
in the inlet temperature of the system as these storage systems are typically integrated with solar
collectors that operate with intermittent solar radiation intensity. The model results are validated
using the experimental data for temperature distribution throughout the bed. The simulations are
carried out while changing the operating parameters such as the capsule diameter, bed porosity,
inlet velocity, and the height-to-diameter aspect ratio to investigate their impact on the performance
indicators. Observations indicate that low porosity, large-sized capsules, low inlet velocity, and a low
height-to-diameter aspect ratio increase the charging time. In terms of achieving a high charging rate,
a bed with low porosity, small-sized capsules, a high inflow velocity, and a high height-to-diameter
aspect ratio is deemed advantageous. It is shown that raising the flow velocity and the height-to-
diameter aspect ratio can improve the charging efficiency. These findings provide recommendations
for optimizing the design and operating conditions of the system within the practical constraints.

Keywords: packed-bed latent heat storage; encapsulated phase change material; charging performance
analysis; transient modeling

1. Introduction

Renewable energy sources such as wind and solar power, have been encouraged by
recent climate accords and international regulations in order to reduce fossil fuels-based
energy use. These technologies, however, suffer from an intermittent and unreliable energy
output, which can be mitigated by combining them with energy storage devices. In this
respect, thermal energy storage (TES) has received significant attention recently due to its
capacity to deal with problems that arise as a result of time and space imbalances as well as
supply and demand discrepancies in energy [1].

In terms of the type of heat storage, TES technology can be classified into three
categories: sensible [2], latent [3], and thermochemical [4]. Sensible heat TES technology
has been extensively used because it is simple and costs less. However, it has low heat
storage density and requires a large supply of raw materials. Latent TES is the other viable
option that provides stable phase transition temperature and high heat storage density.
However, latent TES is still in its early stages of development. As the other alternative,
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thermochemical TES technology provides a prolonged heat storage duration and a high
heat storage density; however, it too is still in its infancy and is challenging to implement [5].

In line with these developments, phase change materials (PCMs) have also received
a lot of attention due to their high heat storage density, a wide range of sources, and
inexpensive cost [6]. The three fundamental categories of PCM are organics, inorganics,
and liquid metals. Inorganic salts are widely used as the storage medium in latent heat TES
systems due to their high melting enthalpy, high-temperature operating capabilities, and
low cost [7]. However, due to their limited thermal conductivity and strong reactivity, they
are not ideal for many applications. To deal with these challenges, finned tubes, heat pipes,
nanoparticles, and encapsulation have been implemented [8]. Specifically, encasing the
PCM in capsules (encapsulation) is a good way to improve the heat transfer and charging
performance while preventing any possible leakage problem. As a result of its cheap initial
investment cost and increased overall efficiency, the packed-bed latent heat storage (PBLHS)
system has grown in popularity in recent years [9,10].

With regards to PBLHS systems, different numerical models have been developed [11,12],
with Schumman’s models [13], continuous solid-phase models [14], and dispersion-concentric
models [15] being the most common ones. The continuous solid-phase model was used by
Lu et al. [16] to explore the thermal behavior of a PBLHS system, and it was discovered
that the charging efficiency rises as the melting temperature and phase change material
content increase. Using a dispersion-concentric model, Peng et al. [16] examined the heat
transfer performance of a PBLHS system at various heat transfer fluid (HTF) velocities,
particle sizes, and storage tank heights. The charging efficiency was observed to decrease
with increasing PCM capsule diameter and inlet velocity, as well as with a decrease in the
height of the TES tank.

Due to their relatively recent arrival, the thermal performance of PBLHS systems has
not been sufficiently investigated experimentally. While a substantial amount of research is
conducted under low-temperature circumstances, experimental analyses under medium-
and high-temperature conditions are rarely documented. The thermal behavior of a packed
bed filled with paraffin-encapsulated PCM was investigated by Nallusamy et al. [17]. The
mass flow rate was observed to have little impact on the charging rate while running
at a constant inlet HTF temperature. The thermal performance of a high-temperature
PBLHS system was examined experimentally by Bellan et al. [18]. The Stefan number
and shell parameters of the PCM capsules were found to be critical for the overall system
performance. Li et al. [19] conducted experiments on their PBLHS system, using spherically
encapsulated PCM. The charging efficiency was found to improve with an increase in inlet
temperature and mass flow rate.

Previous studies have mostly concentrated on constant flow rates and steady-state
HTF inlet temperatures. In real-life applications, the HTF temperature, which is determined
in accordance with the renewable energy source, varies over time. In solar thermal systems,
this temperature is set by the solar collector, and the temperature of the HTF outlet inside the
collector controls the HTF inlet temperature within the TES unit. Recently, the performance
of PBLHS was investigated experimentally, considering this change in the inlet temperature
of the HTF by Wang et al. [20]. The charging process is analyzed in terms of the charging
rate, charging capacity, and charging efficiency. Despite the experimental findings, the
complicated transient nature and high cost of the TES system necessitate the employment of
numerical models in order to thoroughly comprehend the system performance. The use of
numerical models can reduce the number of tests required to determine the design criteria
for the latent heat storage system. It also enables direct control of all variables inside a
system without concern for measurement accuracies. As a result, to more effectively assess
the heat transfer characteristics, the numerical analysis is carried out under unsteady heat
flow input conditions. In this study, an axisymmetric cylindrical tank filled with a porous
bed serves as the computational domain. The temperature of the fluid and solid phases are
calculated using the transient two-phase model based on the local thermal non-equilibrium
(LTNE) approach. The influences of capsule diameter, bed porosity, air inlet velocity, and
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bed height-to-diameter aspect ratio on the charge time, charging rate, charging capacity, and
charging efficiency are studied separately to determine the optimal operating conditions.
The findings are likely to play a significant role in enhancing the thermal performance and
charging efficiency of PBLHS technology for industrial applications.

2. Model Description

The numerical model given in this study aims to replicate the experimental study
performed by Wang et al. [20]. The schematic representation of the packed bed used in
the reference experimental study is illustrated in Figure 1a. The tank is filled with PCM
encased in spherical capsules. The HTF is air, while NaNO3–KNO3 (55–45 wt%) is selected
as the PCM based on the experimental study. There is an air distributor to support a
uniform flow through the bed. The air runs through the storage system, melts the PCM,
and thereby stores energy as sensible and latent heat. Encapsulated PCMs are treated as
a porous structure in the numerical simulations, with air flowing through the pores. The
thermal performance of the system is predicted using a two-dimensional axisymmetrical
numerical domain, as illustrated in Figure 1b. The numerical simulation is carried out in
a cylindrical coordinates system to account for the impacts of velocity and temperature
distributions in both axial and radial directions. The physical domain of the PBLHS system,
together with the temperature measurement points in the bed, is shown in Figure 1b. The
tank dimensions and fluid inlet temperatures are the same as those of the experiment.
The charging procedure begins with an average temperature of 63 ◦C and ends with an
average temperature of 320 ◦C. The grid network used in this model is depicted in Figure 1c.
It comprises an unstructured mesh with triangular element types. The resultant three-
dimensional model, obtained after revolving the 2D model around the r = 0 axis, is depicted
in Figure 1d. The tank is surrounded by an insulation layer to accurately capture the
temperature distribution in the system similar to the experimental setup.
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Figure 1. (a) The 3D view of the apparatus for the PBLHS system constructed based on [20]. (b) The
schematic diagram of the axisymmetric two-dimensional model and its dimensions along with the
locations of temperature measuring points. (c) The mesh for the model. (d) The resultant 3D model.
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2.1. Model Assumptions

The analysis is simplified by the following plausible assumptions and simplifications:

1. The inlet temperature varies with respect to time using a piecewise function based on
the given data in the reference experimental study [20].

2. The air flows uniformly into the tank, and the flow is classified as laminar and
incompressible. The air temperature variation with respect to time results in changes
in the air density and inlet mass flow rate.

3. To evenly supply the bed with air, air distributors are used with an equivalent porous
medium with a porosity of 0.53, determined based on the structure of the experimental
setup [20].

4. The thickness of the encapsulation shell is ignored since it is small relative to the
diameter of the capsule.

5. The outer surface of the PBLHS model is insulated with an equivalent layer to the
one presented in the experimental setup to reduce the computational effort. Using
the concept of thermal resistance for cylindrical systems, reducing the outer radius
of the insulation layer from 0.41 to 0.18 m is accompanied by a reduction in thermal
conductivity from 0.09 to 0.01 W/mK.

6. Radiative heat transfer is not considered.

2.2. Governing Equations

Transport equations for the flow through the PBLHS model provide an altered set of
governing equations for the porous media. The air exchanges heat with the filler items,
which are PCM encapsulations, as it flows through the system. The computational domain
in this work is reduced to a cylindrical area and a two-dimensional cylindrical coordinate
is used, as illustrated in Figure 1b. Therefore, the followings are the respective governing
equations for the air and PCM [12]:

Continuity equation:

∂ρ f

∂t
+

1
r

∂
(

ρ f rur

)
∂r

+
∂
(

ρ f uz

)
∂z

= 0 (1)

where ρ f is the fluid density.
Momentum equations:

ρ f

ε

∂ur

∂t
+

ρ f

ε2

(
ur

∂ur

∂r
+ uz

∂ur

∂z

)
=

µ

ε

(
∂

∂r

(
1
r

∂(rur)

∂r

)
+

∂2ur

∂z2

)
− ∂P

∂r
−
(

µ

K
+

ρ f C
K1/2 |ur|

)
ur (2)

ρ f

ε

∂uz

∂t
+

ρ f

ε2

(
ur

∂uz

∂r
+ uz

∂uz

∂z

)
=

µ

ε

(
1
r

∂

∂r

(
r

∂uz

∂r

)
+

∂2uz

∂z2

)
− ∂P

∂z
−
(

µ

K
+

ρ f C
K1/2 |uz|

)
uz (3)

where K is the permeability, and C is the inertial coefficient. The porosity and diameter of
the PCM capsule can be used to calculate these two parameters:

K =
dp

2ε3

150(1− ε)2 (4)

C =
3.5√

150Kε3
(5)

where ε is the void fraction (bed porosity) and dp is the diameter of the PCM capsule.
Energy equation for the tank wall and insulation layer:

ρscp,s
∂Ts

∂t
= ks

(
1
r

∂

∂r

(
r

∂Ts

∂r

)
+

∂2Ts

∂z2

)
+ q (6)

where cp,s and ks are the specific heat and thermal conductivity for each solid layer.
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Energy equation for the porous distributor:

(
ρcp
)

e f f
∂T
∂t

+ ρ f cp, f

(
ur

∂T
∂r

+ uz
∂T
∂z

)
= ke f f

(
1
r

∂

∂r

(
r

∂T
∂r

)
+

∂2T
∂z2

)
(7)

where effective volumetric heat capacity and thermal conductivity are calculated as:

ke f f = εdistk f + (1− εdist)ks (8)(
ρcp
)

e f f = εdistρ f cp, f + (1− εdist)ρscp,s (9)

where εdist is the porosity of the distributor layer.
Energy equation for the air:

ερ f cp, f
∂Tf

∂t
+ ερ f cp, f

(
ur

∂Tf

∂r
+ uz

∂Tf

∂z

)
= k f

(
1
r

∂

∂r

(
r

∂Tf

∂r

)
+

∂2Tf

∂z2

)
+ hvol

(
Tp − Tf

)
(10)

Energy equation for the PCM:

(1− ε)ρpcp,p
∂Tp

∂t
= kp

(
1
r

∂

∂r

(
r

∂Tp

∂r

)
+

∂2Tp

∂z2

)
+ hvol

(
Tf − Tp

)
(11)

where hvol and cp,p denote the volumetric convective heat transfer coefficient and specific
heat capacity, respectively. Two temperature (non-equilibrium) energy equations of air and
PCM are coupled through the last terms in Equations (10) and (11). This term adds the
exchanged opposite heat sources that one phase receives from or releases to the other when
respective temperatures differ. In these terms, hvol refers to the volumetric heat transfer
coefficient formulated as:

hvol =
6h(1− ε)

dp
(12)

where h is the convection heat transfer coefficient and can be obtained using the semi-
empirical formula for Nu proposed by [21]:

h =
k f

dp
Nu =

k f

Nu

(
2 + 1.1Pr1/3Re0.6

)
(13)

in which the Prandtl number and Reynolds number are defined as Pr =
µCp, f

k f
and

Re =
dpρ f u

µ , respectively.
Within the mushy zone, the PCM is considered a pseudo-porous medium, where

porosity is a function of the melt fraction. A melt fraction of 1 indicates completely molten
PCM, a melt fraction of 0 indicates a completely solid region and a melt fraction between 0
and 1 indicates a mushy zone where melting is ongoing:

θ = 1− φ (14)

φ(T) =


0 T < Tm − ∆T

2
0− 1 Tm − ∆T

2 ≤ T ≤ Tm + ∆T
2

1 T ≥ Tm + ∆T
2

(15)

in which ∆T is the transition interval during melting, and Tm is the melting temperature
of PCM.

During the phase change process, heat conductivity and density in the PCM change
according to the fraction associated with the solid phase and liquid phase as:

ρp = θρsol + (1− θ)ρliq (16)
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kp = θksol + (1− θ)ksol (17)

in which ρsol and ρliq represent the density of solid and liquid phases of PCM and ksol , and
kliq represent thermal conductivity of solid and liquid phases of PCM, respectively.

While melting, PCM absorbs a large amount of latent heat in a short period. Therefore,
to capture the melting process accurately, the model uses an equivalent specific heat capacity
method and the phase change function, which determines how much of the PCM has gone
through a phase change:

cp,p =
1
ρ

(
θρsolcp.sol + (1− θ)ρliqcp,liq + h f s

∂λm

∂T

)
(18)

where cp,sol and cp,liq, respectively, represent the specific heat of solid and liquid PCM. h f s
is the enthalpy of fusion, and λm is defined as:

λm =
1
2
(1− θ)ρliq − θρsol

θρsol + (1− θ)ρliq
(19)

2.3. Boundary and Initial Conditions

Given a suitable set of initial and boundary conditions, the governing equations can
be solved simultaneously. Temperature and velocity boundary conditions are specified at
the inlet, whereas Neumann pressure and temperature boundary conditions are employed
at the outlet. The boundary conditions for this model are:

Inlet : uz = uin, ur = 0, Tf = Tin(t) (20)

Outlet :
∂uz

∂z
= 0, ur = 0,

∂Tf

∂z
= 0 (21)

Axisymmetric boundary :
∂ur

∂r
= 0,

∂Tf

∂r
= 0 (22)

Surface wall : uz = 0, ur = 0, ks
∂Ts

∂r
= hw(Tamb − Tw) (23)

The correlation presented in [22] is used to calculate the heat transfer coefficient at the
outer surface:

hw =
kamb
Htank

0.825 +
0.387Ra1/6

H(
1 + (0.492/Pr)9/16

)8/27


2

(24)

where kamb is the thermal conductivity of ambient air and Htank is the height of the tank.
RaH is the Rayleigh number defined as:

RaH =
gβ(Tw − Tamb)H3

tank
να

(25)

in which β, ν, and α are thermal expansion coefficient, kinematic viscosity, and thermal
diffusivity of the air, respectively.

The initial conditions are also formulated as:

u f ,ini = 0 m/s (26)

Tf ,initial = Tp,initial = Ts = Tinitial = 63 ◦C (27)

2.4. Material Properties

The thermophysical properties of PCM are listed in Table 1. The variations in the
thermophysical properties of air are also considered as [20]:
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ρair = 1.274− 0.004509Tair + 1.343× 10−5T2
air − 2.799× 10−8T3

air + 3.56× 10−11T4
air−

2.429× 10−14T5
air + 6.75× 10−18T5

air

(28)

cp,air = 1006− 0.008615Tair + 6.581× 10−4T2
air − 7.131× 10−7T3

air + 2.42× 10−10T4
air (29)

kair = 0.02477 + 7.298× 10−5Tair − 2.592× 10−8T2
air + 9.381× 10−12T3

air (30)

µair = 1.743× 10−5 + 4.76× 10−8Tair − 2.243× 10−11T2
air + 8.118× 10−15T3

air (31)

In the above equations, the unit of air temperature, Tair, is ◦C.

Table 1. Geometrical and physical properties used in the model adapted from [20].

Properties Value Unit

Height of the tank 0.67 m
Height of the packed bed 0.58 m

The inner diameter of the tank 0.305 m
The thickness of the tank 0.01 m
Diameter of the capsule 0.051 m
The porosity of the bed 0.51 -

Melting temperature 224.58 ◦C
Latent heat of fusion 111.88 kJ/kg
Density of solid PCM 2200 kg/m3

Density of liquid PCM 1900 kg/m3

Specific heat capacity of solid PCM 1.81 kJ/kgK
Specific heat capacity of liquid PCM 2.24 kJ/kgK
Thermal conductivity of solid PCM 0.55 W/mK
Thermal conductivity of liquid PCM 0.5 W/mK

Specific heat capacity of steel 0.5 kJ/kgK
Thermal conductivity of steel 45 W/mK

2.5. Solution Method

The governing equations are solved using COMSOL Multiphysics. This code dis-
cretizes the governing equations using the finite element method (FEM). The PARDISO
solver handles unsteady fluid flow and heat transfer to find velocity, temperature, and
pressure. The relative tolerance of 10−6 is assigned as the convergence criterion.

3. Key Performance Indicators

The performance of the PBLHS system can be assessed using the conservation of
energy methodologies once the thermal behavior has been determined. The charging
time, charging capacity, charging rate, and charging efficiency are the four important
performance indicators explored in this study. The heat in the PBLHS system is stored in
three compartments apart from the air itself: PCM, tank, and air distributors, As a result,
the stored energy in the system can be estimated as follows:

Qmax
stored = Qmax

PCM,stored + Qmax
air,stored + Qmax

dist,stored + Qmax
tank,stored (32)

Qmax
PCM,stored = mPCMcp,liq(Tinlet − Tm) + mPCMh f s + mPCMcp,sol(Tm − TPCM,initial) (33)

Qmax
air,stored = Vairρaircp,air(Tinlet − Tinitial) (34)

Qmax
dist,stored = mdistcp,st(Tinlet − Tinitial) (35)

Qmax
tank,stored = mtankcp,st(Tinlet − Tinitial) (36)

where Tinlet, Tm, and TPCM,initial are the inlet temperature, melting temperature, and initial
temperature of the PCM, respectively.
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The heat transferred from air to the PBLHS system during the charging process is
calculated at:

Qchrage =

t∫
0

.
mair

(
Tinletcp,air,inlet − Toutletcp,air,outlet

)
dt (37)

where
.

mair is the air mass flow rate. cp,air,inlet and cp,air,outlet represent the average specific
heat of the air at the inlet and outlet, respectively.

Using the transferred heat of the air and the charging period, the average charging
rate can be obtained as:

Pcharge =
Qcharge

tcharge
(38)

Charging efficiency is the ratio between the total thermal energy saved in the PBLHS
system to the total thermal energy of air provided throughout the charging time:

ηcharge =
Qmax

stored
Qcharge

(39)

4. Results and Discussion
4.1. Fluid Flow and Heat Transfer Characteristics

The velocity and temperature profiles along the axis of the tank for the bed at t = 4 h
are shown in Figure 2. The streamlines are evenly distributed through the packed bed
region, as seen in the figure. The air heats this region before exiting from the top of the
tank. The area with the highest temperature is at the lower portion of the bed, while the
area with the lowest temperature is at the top portion.
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The distribution of the liquid fraction over time during charging is shown in Figure 3.
The solid phase is colored in dark blue, and the liquid phase is colored in yellow. The
PCMs are observed to melt from the bottom to the top of the storage tank in the same
direction as the air flows through the tank. In the course of the charging process, the bed
temperature increases. Along with that increase in temperature, the fraction of the melted
PCM also increases. The liquid fraction is at its minimum level at the beginning of the
charging process, and it is at the maximum level towards its end.
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4.2. Model Validation and Grid Independence Analyses

The temporal variation of the air temperature during the charging process at three
locations along the axial direction is illustrated in Figure 4a. As can be observed, the
temperature distribution within the TES tank is not uniform; the temperature at the bottom
is greater than the one at the top on the same axis. Before reaching the melting temperature,
the temperature inside the packed bed rises sharply and consistently in the axial direction.
Once the temperature of capsules reaches the melting point (498 K), an endothermic phase
transition process occurs. The stable temperature range of the phase transition process is
difficult to distinguish due to the low latent heat. After this, the process of liquid sensible
heat starts, and the temperature field inside the tank begins to rise again.
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Model validation is carried out by comparing the numerical and experimental data,
as illustrated in the same figure. The actual and the modeling inlet temperature profiles
are identical throughout the charging time. This constraint is essential to ensure that the
numerical and experimental results are in good agreement. The experimental data for
the temperature progression patterns are for the same measuring points as the numerical
study. Close and agreeing temperature profiles can be observed from these comparisons.
The discrepancy between the numerical model and the tests can be explained by several
reasons, such as the assumptions related to the heat loss from the system boundary and
experimental uncertainties.

A grid sensitivity analysis is performed to balance the accuracy and computing re-
sources for different grid sizes and to ensure that the results are independent of the grid
size used to mesh the geometry. Grid independence is examined using 28,653 (coarse),
47,482 (fine), and 75,274 (finer) elements. Figure 4b demonstrates the variation in the
average temperature of the air in the bed during charging for these three cases. Since the
deviation between the results for the fine and the finer grids are not significant, the mesh
with 47,482 elements is used for all calculations as a compromise between calculation time
and accuracy. Three distinct time steps—0.1 s, 0.5 s, and 1 s—are checked in order to find
the best alternative. Based on our analysis, the size of the time step has only a minor impact
on the results; therefore, a time step of 1 s is chosen for this study.

4.3. Performance Analysis

In this section, the thermal behavior of the PBLHS system is investigated in terms of
its key performance indicators under various operating conditions. A PBLHS system with
the dimensions of D = 0.305 m and H = 0.67 m, the porosity of ε = 0.51, the capsule diameter
of dp = 51 mm, and an inlet velocity of u = 7.5 m/s is considered to be the base case. For all
investigated cases, the charging process starts with the initial average temperature of the
bed at 336 K and ends when the entire bed reaches the average temperature of 610 K.

4.3.1. Effect of Porosity

Porosity influences the amount of thermal energy that can be stored and the heat
transfer surface area per unit volume between the capsules and the air. For a given capsule
size and volume of the tank, three different bed porosities are evaluated: namely, 0.45 (low),
0.51 (medium), and 0.55 (high) corresponding to 335, 298, and 274 capsules in the bed,
respectively.

The variations of outlet temperatures with time for these three cases are illustrated
in Figure 5a. Although the inlet temperatures are unaffected by the variation in the
bed properties, they are presented to highlight the instantaneous temperature difference
between the inlet and outlet. It can be seen that the increase in bed porosity results in an
increase in outlet temperature due to enhanced convective heat transfer. Correspondingly,
Figure 5b presents the transient variation of the average temperature of the PCM and liquid
fraction in the bed. It shows that a higher bed porosity results in a steeper increase in the
PCM temperature. This is because a larger porosity increases the volume of air present in
the bed, resulting in a greater heat transfer rate from air to PCM. Similarly, the change in
the average liquid fraction for the case with high porosity has a steeper trend compared
to the other two cases, indicating that the higher the porosity, the higher the rate of phase
change. When porosity increases, the PCM content decreases, thereby increasing the phase
transition rate and average liquid fraction.

The instantaneous charging rate and charging capacity for the three considered cases
are shown in Figure 5c. The charging rate steadily increases throughout the initial stages
of the charging process. This rate is highest at the intermediate stage of the solid-phase
sensible heat storage when the air-to-PCM temperature difference is greatest. Following
that, the average temperature of the system rises, lowering the instantaneous charging rate.
The initial steep slope demonstrates a greater proportionate rise in the charging rate with
decreasing porosity. This peak can be seen to decline with the increase in bed porosity.
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According to Equation (12), increasing the porosity lowers the volumetric heat transfer
coefficient, hvol , and the charging rate.

Both the charging capacity and the charging time decrease as porosity increases. When
porosity increases from 0.45 to 0.55, the maximum energy storage drops from 37.1 MJ
to 31.9 MJ, while the charging time decreases from 6.5 h to 6 h. Based on Equation (37),
the heat transfer between the air and the PCM depends on the temperature difference
between the inlet and outlet. Since this difference is lower for the bed with high porosity,
accumulative heat storage capacity is also lower for this case.
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The essential performance metrics of the storage system for the three considered bed
porosity cases are estimated and presented in Table 2. According to this table, decreasing
the porosity increases every performance metric. The case with high porosity exhibits a
lower efficiency compared to the other cases since high porosity means fewer capsules,
which implies less PCM to store energy and lower maximum stored energy. Aside from
the prolonged charging time, the data point to low porosity as a promising choice for
improving the performance of the PBLHS system.
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Table 2. Performance metrics of PBLHS system for different bed porosity cases.

Effect Parameter Charging
Time (h)

Peak
Charging
Rate (W)

Charging
Capacity

(MJ)

Average
Charging
Rate (W)

Max. Stored
Energy

(MJ)

Charging
Efficiency

(%)

Porosity
ε = 0.55 5.72 2016 31.475 1528.51 26.657 83.37
ε = 0.5 6.21 2252 34.567 1546.21 28.64 83.82
ε = 0.45 6.62 2420 37.274 1564.03 31.556 84.66

4.3.2. Effect of PCM Capsule Diameter

The influence of the diameter of PCM capsules on the thermal performance of the
PBLHS system is investigated by keeping all other variables in the model as the base case
and changing only the capsule diameter. The diameters of the capsules in the numerical
simulation are dp = 60, 51, and 40 mm, corresponding to 183, 298, and 619 capsules,
respectively in the bed.

The temporal variation of inlet and outlet temperature for the three simulated cases
are presented in Figure 6a. The changes in capsule diameter are seen to have a modest
impact on the outlet temperature. Therefore, the temperature difference between the inlet
and outlet is almost identical in all cases. Figure 6b shows the transient variation of the
average temperature of the PCM together with the liquid fraction in the bed. The smaller
the diameter, the steeper the slope of the average temperature. Similarly, smaller PCM
capsules experience the phase transition earlier. The reduction in the diameter increases
the total number of capsules in the bed as well as the total surface area per unit volume.
Higher surface area to volume reduces the heat transfer resistance between the air and
PCM. In addition to that, smaller capsules have lower thermal resistance between their
centers and their walls. An increase in the heat transfer rate can also be explained by the
volumetric heat transfer coefficient presented in Equation (12). As the diameter becomes
smaller, hvol increases, enhancing convective heat transfer between the air and the PCM
capsules. However, the impact does not seem very significant, since the corresponding
coefficient also depends on Re, which diminishes as the diameter decreases according
to Equation (13).

Figure 6c depicts the charging profiles for a more accurate quantitative and qualitative
assessment of the storage performance. The initial rapid increase in the charging rate to
maximum values with the small capsule diameter exhibits a faster heat transfer rate. The
peak value for the charging rate reduces as the capsule size increases. These peaks form
in the initial stages of the charging process when the top portion of the storage tank is
still cold, and thus the thermal gradients along its height are high. However, when the
outlet temperatures rise over time, the thermal gradients decrease, resulting in a drop in
the charging rates.

The charging capacity rises progressively, the rate of which decreases as the PCM
temperature approaches the inlet temperatures. As depicted in the figure, using small-sized
capsules results in a higher charging rate, thereby reducing the charging time. The energy
levels rise with the increasing charging time during the early stage of the charging process,
and the smaller the capsules, the larger this trend. The heat storage capacity reaches a
maximum at the end of the charging process, and this maximum charge capacity is slightly
higher for smaller capsule diameters.

The important performance metrics are extracted from the simulations for the three
case studies on the effect of the diameter of the capsules and presented in Table 3. Since
the total PCM fraction of the bed is unaffected by the number of capsules in the bed, the
maximum energy that can be stored is identical in all three cases. Using smaller capsules
improves charging rate and capacity while shortening the charging time marginally. As the
diameter of the capsule increases, so does the charging efficiency of the PBLHS. Therefore,
while small-sized capsules are ideal in terms of charging time, they are not favorable in
terms of charging efficiency.
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Table 3. Performance metrics of PBLHS system for different capsule diameter cases.

Effect Parameter Charging
Time (h)

Peak
Charging
Rate (W)

Charging
Capacity

(MJ)

Average
Charging
Rate (MJ)

Max. Stored
Energy

(MJ)

Charging
Efficiency

(%)

Diameter
dp = 60 mm 6.29 2134 33.592 1483.48 28.577 85.07
dp = 51 mm 6.2 2252 34.167 1530.78 28.577 83.64
dp = 40 mm 6.08 2397 34.364 1570 28.577 83.15

4.3.3. Effect of Inlet Velocity

Three inlet velocities, namely 3.5 m/s (low), 5.5 m/s (medium), and 7.5 m/s (high),
are tested to see how they affect the thermal performance of the PBLHS system. Figure 7a
shows the influence of inlet velocity on the air outlet temperature with time. As the inlet
velocity increases, the outlet temperature starts rising early. As a result, a lower temperature
difference between the inlet and outlet of the air is obtained at the high inlet velocity.
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Figure 7. Temporal variation of (a) the inlet and outlet temperatures of the air, (b) the average
temperature of PCM and liquid fraction, and (c) the charging rate and charging capacity for different
inlet velocity cases.

The temporal variations of the average temperature of PCM and the liquid fraction
are demonstrated in Figure 7b. It can be seen that the charging duration becomes longer
with a decrease in inlet velocity. The charging time is increased by 24% and 35% when the
flow rate is reduced from 7.5 to 5.5 m/s and from 5.5 to 3.5 m/s, respectively. This occurs
due to the slower rate of energy extraction from air to PCM in the bed. Similarly, a longer
phase change transition period is seen with the lowest flow rate. This indicates that the
higher the inlet velocity, the faster the phase change process.

The influence of inlet velocity on the charging rate and charging capacity is illustrated
in Figure 7c. As can be seen, a high flow inlet velocity results in faster and enhanced
convective heat transfer between air and PCM due to the increase in hvol . The peak
charging rate is seen to decrease with a decrease in the inlet velocity due to a drop in the
rate of heat extraction. Reducing the flow velocity from high to medium decreases the heat
transfer, such that the peak value is obtained later within 20 min of charging. As a result,
the energy storage process is completed over a longer period compared to when using high
flow velocity.

The results reveal that the smaller the inlet velocities, the greater the temperature
difference between the inlet and outlet of the tank. This rise in the temperature differ-
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ence is expected to lead to a higher instantaneous charging capacity. However, based
on Equation (37), this capacity diminishes due to the low mass flow rate. The total accu-
mulated energy for the inlet velocity of 7.5, 5.5, and 3.5 m/s is 33.9, 34.5, and 35.2 MJ,
respectively, indicating that the velocity has a negligible effect on the charging capacity.

Table 4 summarizes the effect of different inlet velocities on the performance metrics
of the PBLHS system. Low inlet velocity reduces the charging rate while increasing the
charging time and charging capacity. Since the maximum stored energy remains unchanged,
the charging efficiency decreases as the charging capacity increases. High inlet velocity
exhibits higher charging efficiency due to the shorter charging time and greater charging
rate. As a result, given the appropriate limits, it is recommended that the PBLHS system be
operated with high inlet velocities.

Table 4. Performance metrics of PBLHS system for different inlet velocity cases.

Effect Parameter Charging
Time (h)

Peak
Charging
Rate (W)

Charging
Capacity

(MJ)

Average
Charging
Rate (W)

Max. Stored
Energy

(MJ)

Charging
Efficiency

(%)

Inlet velocity
u = 7.5 m/s 6.22 2252 34.167 1525.86 28.577 83.64
u = 5.5 m/s 7.74 1767 34.818 1249.57 28.577 82.07
u = 3.5 m/s 10.77 1278 35.176 907.25 28.577 81.24

4.3.4. Effect of Bed Height-to-Diameter Aspect Ratio

Another important parameter affecting the performance in PBLHS is the height-to-
diameter aspect ratio of the bed. It is possible to alter this aspect ratio of a packed bed
to maintain a fixed volume. In this case, the maximum energy storage capacity remains
almost the same. Charging is carried out with three different sizes in terms of the bed
height-to-diameter aspect ratios, namely H/D = 1 (low), 1.9 (medium), and 3.5 (high), to
evaluate the effect of this ratio on the charging characteristics.

The effect of the dimensions of the PBLHS system on the outlet temperature is depicted
in Figure 8a. It is evident from the figure that the rate of rise in the air outlet temperature is
highest for H/D = 3.5 and lowest for H/D = 1. Therefore, the difference between the inlet
and outlet temperatures is highest for H/D = 1 and lowest for H/D = 3.5. Correspondingly,
Figure 8b shows the evolution of the average temperature and liquid fraction of the PCM
during the charging period. The average temperature of the PCM rises earlier when the
aspect ratio is high. A delayed phase transition is seen for a low aspect ratio due to poor
distribution of air throughout the bed. This phenomenon is illustrated in Figure 9 by using
the temperature contour at the charging time, t = 4 h, for the high and low aspect ratio
cases. At a low aspect ratio, the air flows up the bed without any significant heat exchange
with the inner volume near the tank sides compared to the one with a higher aspect ratio.
Therefore, the rate of increase in the PCM temperature for the low aspect ratio is less than
that with a high aspect ratio. This results in a longer charging time due to the larger thermal
gradient between the inlet and outlet of the bed.

To fully comprehend and quantify the charging processes for these three cases, the
instantaneous charging rates, as well as accumulated charging capacities are computed and
given in Figure 8c. For the high aspect ratio, the peak value is higher due to an efficient
heat transfer between the air and PCM. Therefore, this case needs a lower energy input
compared to the other two cases to fully charge the bed and, subsequently, speed up
the process. In the low aspect ratio case, the larger temperature difference between inlet
and outlet causes higher instantaneous charging capacity magnitudes, leading to higher
charging capacity at the end of the process.

Increasing the aspect ratio from H/D = 1 to H/D = 1.9 reduces the charging capacity by
10.6% and the charging time by 3.3%. Similarly, increasing the aspect ratio from H/D = 1.9
to H/D = 3.5 reduces the charging capacity by 11% and charging time by 11.5%. Therefore,
there is a clear advantage in terms of charging time with a higher aspect ratio.
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The essential performance indicators for the three different bed height-to-diameter
aspect ratio cases are extracted and presented in Table 5. While the bed volume remains
constant, the maximum stored energy for each case study varies slightly due to changes in
the size of the tank and distributors. For the high aspect ratio case, while the peak charging
rate is higher, the average charging rate is lower. The smaller the aspect ratio, the higher
the charging capacity, resulting in lower charging efficiency. Overall, due to the shorter
charging time and more effective thermal dispersion, the high aspect ratio exhibits the best
charging efficiency.
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Table 5. Performance metrics of PBLHS system for different bed height-to-diameter aspect ratio cases.

Effect Parameter Charging
Time (h)

Peak
Charging
Rate (W)

Charging
Capacity

(MJ)

Average
Charging
Rate (W)

Max. Stored
Energy

(MJ)

Charging
Efficiency

(%)

Bed height-
to-diameter
aspect ratio

H/D = 3.5 5.6 2522 30.505 1513.14 29.791 97.66
H/D = 1.9 6.21 2252 34.267 1532.79 28.577 83.64
H/D = 1 6.49 2100 37.75 1615.73 27.456 72.73

5. Conclusions

This study is a numerical thermal investigation of a PBLHS system loaded with
encapsulated PCM. Based on the LTNE approach, a robust mathematical model is built
to analyze the effect of porosity, capsule diameter, inlet velocity, and height-to-diameter
aspect ratio on the key performance indicators of PBLHS. The following conclusions are
drawn based on the extensive measurements and numerical modeling:

1. The charging rate, charging capacity, charging time, and charging efficiency increase
for the bed with low porosity since there is more PCM to store the heat.

2. Decreasing the capsule diameter has both negative and positive effects on the bed
performance. The lower the capsule diameter, the higher the surface-to-volume ratio
and the lower the Re. This results in only a slight change in the charging efficiency.

3. The energy storage rate increases with increasing the inlet velocity, while the energy
capacity remains rather constant and unaffected.

4. Faster heat transfer and higher peak energy are achieved by increasing the flow rate.
Consequently, maximum energy storage is possible in a shorter period, resulting in
higher charging efficiency.

5. Heat exchange becomes more effective with increasing the height-to-diameter aspect
ratios due to greater dispersion of the air layers throughout the tank.

6. In general, the charging efficiencies of all the tested PBLHS systems decrease as the
charging time increases.

7. Charging time is shorter for a bed with high porosity, low capsule diameter, high inlet
velocity, and high height-to-diameter aspect ratio.
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These findings can be applied to multi-criteria optimization in order to direct the
planning and construction of individualized storage units of appropriate size. These
results suggest that by making minor adjustments to the packed bed arrangement without
changing the PCM, it is possible to improve the efficiency of the storage process.

Despite recent developments in the field, additional pilot plants should be constructed
to evaluate PCM in conjunction with solar-powered thermal industrial processes. In partic-
ular, thermal processes operate under changing conditions over time, necessitating further
research into the development of tailor-made and specific-purpose charging mechanisms.
In future work, the performance of cascaded latent heat storage systems can be studied by
employing two or more PCMs with varying melting points within the same storage tank.
Alternatively, other low-cost PCMs can be investigated for medium-to-high-temperature
applications to see their effect on the PBLHS performance.
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Nomenclature

C inertial coefficient(1/m)
cp specific heat (J/kgK)
D tank diameter (m)
dp capsule diameter (m)
H tank height (m)
h heat transfer coefficient (W/m2K)
hfs latent heat of fusion (J/kg)
k thermal conductivity (W/mK)
K permeability (m2)
m mass (kg)
.

m mass flow rate (kg/s)
Nu Nusselt number
P pressure (Pa)
P power (W)
Pr Prandtl number
Q energy (J)
r radius (m)
Ra Rayleigh number
Re Reynolds number
t time (s)
T temperature (K)
u velocity (m/s)
V volume (m3)
Subscripts
amb ambient
dist distributor
eff effective
f fluid
in inlet
liq liquid phase
m melting
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p particle
r radial direction
s solid
sol solid phase
st steel
vol volumetric
w wall
z axial direction
Superscripts
max maximum
Greek symbols
ε porosity
λ phase change function
α thermal diffusivity (m2/s)
β thermal expansion (1/K)
ν kinematic viscosity (m2/s)
ρ density (kg/m3)
η efficiency
µ dynamic viscosity (kg/ms)
φ melt fraction
Abbreviations
PBLHS packed-bed latent heat storage
PCM phase change material
HTF heat transfer fluid
TES thermal energy storage
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