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Abstract

Maintaining persistence thermal efficiency during charging of a Cold Thermal Energy Storage (CTES) system is challenging
process. In this study CTES thermal efficiency has been examined with assimilation of packed bed mechanism in a cylindrical
capsule filled with phase-change material (PCM). A Numerical model is employed with assimilation of energy balance and Heat
Transfer Fluid equations. The Temperature of PCM, total energy stored, solidified mass fraction of the tank, effective mass flow
rate and heat exchange processes are examined under various thermal stress conditions. The variables used are: processing time
frame (0 to 13.5hr), mass fraction (1000kg/hr), Thermal conductivity of the capsule wall (ke = 0.15-2.5W/mK), Thermal
conductivity of material used (ks = 2.22-3.2 W/mK), diameter of the capsules (dc = 7.7-10cm) and length of capsule (I = 1dc to
4dc). Flow rate, Heat Transfer, and diameter are simulated for the complete solidification time of material, energy stored in the
tank and solidified mass fraction during the process. Furthermore, the effect of thermal conductivity of PCM and length of
capsule is simulated with the energy storage and solidified mass fraction of the tank. It is observed that all the examined
parameters affect the latent heat of storage system and enhanced the energy storage performance of proposed system. This
proposed energy storage system will be helpful in conserving heat energy and utilizing as a substitute of electric energy in
challenging environment.

Keywords- Thermal energy storage, Phase change material, Heat transfer, Thermal conductivity.

1. Introduction

Due to rising energy consumption and the need to mitigate the effects of climate change by using
renewable energy sources, energy storage systems are becoming more and more common in today's
society (Mitali et al., 2022; IPCC, 2022). Thermal energy can be preserved and used in place of electrical
energy with the aid of a Cold Energy Storage (CTES) system (Sidik et al., 2018; Ali et al., 2024). In
particular, the refrigeration system needs to reduce its electrical load and provide cooling during
emergencies. To support any additional cooling loads that might be needed, these systems can be
employed in conjunction with ones that are already in place (Zarei et al., 2022). Sensible heat storage,
latent heat storage, combination storage techniques, and different PCM physical properties control CTES
systems. Installing a new cooling load without altering the current air conditioning system is one of the
most advantageous applications of CTES (Ruddell et al., 2014; Selvnes et al., 2021). Water, on the other
hand, is frequently utilised PCM due to its high latent heat of freezing, low cost, and minimal
environmental harm (Zarajabad and Ahmadi, 2018; Barthwal et al., 2021). Several researchers carry out
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an experimental study to describe the freezing and melting processes for water in spherical elements (Tan
et al., 2009; Chandrasekaran et al., 2015; Adref and Eames, 2022). Spherical encapsulations are better for
simulating heat transfer if a suitable thermal conductivity can be discovered to mimic the natural
convection taking place within the PCMs (Amin et al., 2014). The super-cooling mechanism is caused by
a single nodule containing phase-change material interacting with its crystallisation (EI Omari and
Dumas, 2004). A semi-empirical formula that predicts the mass of ice inside a sphere at any time was
needed for theoretical analysis. This also gives the range of phase change influence, the period of
sustainability, and the crystallisation dynamics. to have a better understanding of how the upper nodule
within two superposed nodules was impacted by the crystallisation of the bottom nodule. There is a
wealth of information on packed bed studies, many of which make use of porous media to forecast flow
behaviour and heat transfer properties in bedding layers (Regin et al., 2009). Rocks, pebbles, non-
spherical metal, concrete, and other materials can be used as bedding layers (Singh et al., 2010). N-
tetradecane was first used as a PCM and in thermal efficiency simulations of a packed bed CTES system
by Wu et al. (2010). One-dimensional flow, the lack of axial conduction or dispersion, constant PCM
properties, the absence of mass transfer, heat loss to the environment, and the absence of temperature
gradients within the solid particles are fundamental model assumptions (Singh et al., 2021). In order to
investigate the impact of various parameters on the performance of encapsulated phase change energy
storage throughout the charging and discharging processes, a number of tests were conducted (Bilir and
Ilken, 2005; Pellicer et al., 2018). Spherical capsules containing water and a PCM nucleation agent were
placed within the thermal storage tank. The heat transfer fluid was an aqueous solution of monoethylene
glycol that cycled throughout the tank and around the capsules. The industrial process of energy storage is
analysed using a two-dimensional model that considers the sub-cooling phenomenon (Kousksou et al.,
2005; Bedecarrats et al., 2009). According to the findings, the vertical posture produces the best outcomes
in the experimental data. Using a packed bed consisting of spherical capsules filled with phase change
materials during the charging and discharging operation, the thermal performance of a latent CTES
system was investigated (Kousksou et al., 2008; Beemkumar et al., 2017). N-tetradecane served as the
PCM, and HTF was a 40% volumetric concentration of aqueous ethylene glycol solution. The addition of
stainless steel, copper and a new PCM-graphite composite material, three strategies were introduced to
enhance heat transfer in a cold storage (Chen et al., 2000; Cabeza et al., 2002; Zarei et al., 2022). These
processes used water/ice as a PCM and observed that the heat flow increased more noticeably with the
PCM-graphite composites and PCM-capsule in cold thermal storage. A high-performance liquid phase
cold storage system and liquid air energy storage has been designed and tested for large-scale use in
supercritical compressed air energy storage systems (Fang et al., 2016; Sathishkumar and Cheralathan,
2023; Sundaram et al., 2023; Guo et al., 2024; Sathishkumar et al., 2024). Materials for thermal energy
storage in solar powered equipments and building applications are tested for both transient and steady-
state thermal performance (Niu et al., 2024; Kumar et al., 2025). An experiment of the liquid air energy
storage systems packed bed cold energy storage is carried out for the evaluation of the combined heating
and power generating capabilities of liquid air energy storage with improved cold storage density (Zarei
et al., 2022; Peng et al., 2023; Wang et al., 2024). For energy storage system applications, a numerical
analysis of the cyclic cold storage performance in a solid-packed bed tank has been tested (Eames and
Adref, 2002, Cardenas-Ramirez et al., 2022; Sharma et al., 2023). Thermodynamic analysis of
adiabatically compressed liquid air has been investigated, and it has been proposed that high temperature
sensible thermal energy storage is an essential component of Carnot batteries. In order to produce energy
consistently and effectively while utilising resources, a packed-bed latent thermal energy storage system
(PLTES) is necessary. It has several potential uses in the improvements in packed-bed design and PCM
encapsulation (Cheng et al., 2018).
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To meet the growing thermal energy demands of high-power devices are required increasing efficiency
and optimal use of renewable energy sources in order to deliver clean, economical energy (Agbakwuru et
al., 2024). The United Nations objective is to ensure that everyone has access to affordable, reliable,
sustainable energy, clean cooking fuels, and electricity (McCollum et al., 2017; He et al., 2022a).
Conventional single-mode cooling techniques are limited in terms of heat dissipation capacity and system
efficiency in order to satisfy the expanding thermal energy management requirements of high-power
electronic devices (McCollum et al., 2017; He et al., 2022b). In order to facilitate cooling, thermal
management, and the integration of renewable energy sources, cold thermal energy storage (CTES)
systems must predict latent heat (Anjum et al., 2026). Phase change materials (PCMs) have attracted a lot
of interest due to advantages on capacity to store and release latent heat during reversible phase
transitions, and have the potential to revolutionize energy management systems (Vasista et al., 2025). Sun
et al. (2025) used thermoelectric cooler as a cold source and numerical simulation to examine the thermal
behavior and optimization of a phase change cold energy storage device. Additionally, Liang et al. (2024)
examine the effects of a PCM-based CES's charging and discharging procedures as well as encapsulation
factors including plate size and fin structure. The varying PCM plate's dimension with a constant volume
the reduced the charging and discharging time was reported. The experimental findings show that the
CES significantly affects the inlet flow rate and PCM plate arrangement on heat transfer performance.
Various researchers (Shi et al., 2017; Jia et al., 2021; Fu, 2026) have studied the thermodynamic and
economic efficiency of a Combined Cooling, Heating, and Power (CCHP) system to maximize the use of
the energy flow, improve system efficiency, and lower the cost of energy storage for distributed
applications of renewable energy. A multi-mode coupled thermal management module that integrates
phase change materials (PCM), a three-dimensional pulsating heat pipe (3D-PHP), and a forced air
cooling module was examined by Gan et al. (2025) and reported the improve thermal reliability and
energy efficiency of the system. This study highlights the module's wide application potential in high heat
flux densities and variable operating conditions.

Current study insights into physical dependent characteristics that affect renewable energy storage
systems and could be utilized to store heat energy instead of electric energy in the challenging
environment. This will be achieved through maximizing renewable energy storage capability, efficiency.
This study focused on the simulation of cylindrical encapsulation procedure for analyzing the efficacy of
CTES system with various physical dependent elements and storage system specifications. Examining
parametric variability and how it behaves with multistep performance is intended to increase the thermal
cold thermal energy storage (CTES) system capacity. In challenging conditions, this suggested energy
storage technology could be employed to store heat energy instead of electric energy.

2. Material and Methods

The current study focuses on simulating energy storage systems with different physical dependant factors
and specifications of storage system. The goal is to examine the parametric variability and their behavior
with multistep performance to enhance the capacity of thermal cold energy storage system.

2.1 Mathematical Modeling

The mathematical formulation is carried out by establishing energy balance for the PCM in cylindrical
capsules and the HTF. The Figure 1(a) depicts the schematic diagram of the packed bed system and
demonstrated as the cylindrical tank filled with PCM in cylindrical capsules.

In order to investigate the system following assumptions are taken into account.

1) The tank is vertical, well-insulated, and has a bottom-to-top flow for charging and a top-to-bottom
flow for discharging.
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2) There is longitudinal and viscous flow in the tank, and the flow is laminar and two dimensional.

3) Radial position has no impact on temperature variation because it mostly happens in the axial
direction.

4) The tank has been divided into layers of (n;), each of which has a length (H/n)) that is sufficiently
short to allow for the assumption that the layer is at a single temperature, i.e. the temperature of PCM
and HTF are constant in each layer. The HTF flow is fully developed in axial direction.

5) Sub cooling of ice is neglected.

6) The flat surface area of the capsule is neglected.

a) s b)

@ up?"e wall Vyater/lce

L g
D=095m /

H=142m

HTF in ﬁ

Figure 1. (a) Layout of the storage tank (b) Cross- section of the cylindrical capsule.

The present system consist water in plastic capsules surrounded by coolant; all contained within a
cylindrical tank and cross-section of the cylindrical capsule is shown in Figure 1(b). The tank has been
divided into a number of layers (n;), each layer has a number of capsules (n), which is an integer and has
a height equal the diameter (dc) of a single capsule. The number of layers (n;) in the system is calculated

through total bed height (H) and capsule diameter dc as: n; = di.

For creating error free fractional values of n; an approximate value lower than the actual value can be
used. In the present model the important performance parameters are the amount of total energy stored in
the tank (E;), the solidified mass fraction (My) and complete solidification time (t) of PCM. Symbols,
Greeks letters, subscripts and acronyms used in the study are illustrated in Appendix.

2.2 Charging Process

During the charging process HTF flows over the cylindrical capsules in the packed bed. The PCM in the
cylindrical capsules undergoes sensible cooling of liquid phase, solidification of the ice and sub cooling
of solid phase. Discharge is accomplished by circulating warm coolant through the tank and past the
containers, melting the ice. The energy balance equation for HTF can be written as:

dT
pr- Cpr- Vi = Pt CPr- Ay (Trin — Trour) + Xk Q() (1
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where, ps is the density of HTF (kg/m?), Cps is the specific heat of HTF (J/kgK), V; is the volume of HTF
in each layer (m?), qy is the volume flow rate of HTF (m%/hr), Ty, is the inlet layer HTF temperature
(degC), Tioyt is the outlet layer HTF temperature (degC), Q(t) is the heat transfer to or from the capsule
(W), and n is the number of capsules in the layer.

Neglecting the first term of the equation because it is too small, so the above energy equation can be
written as:

pt. Cpr Ay (Thin — Trour) = — Xizq Q1) (2)

n.Q(t).3600 3)

= Ttout = Tfin + m;.Cpr

The energy balance equations for HTF are summarized in different steps:

2.2.1 Sensible Cooling of the Liquid PCM (First Stage)

To evaluate the PCM temperature records during sensible cooling of the liquid PCM, it is assumed that
the temperature of the liquid PCM is homogeneous, and the internal energy variation in the PCM is equal
to the heat transfer rate from the capsule. The energy balance formation in a cylindrical capsule is
illustrated in Figure 2, and sensible heat cooling flow process is governed as:

Ppcm- Cppcm-Vpcm-de% =—-Q(® 4

Q(t).3600.At

= Tpcmnew = lpcmold — Ppem-CPpem-Vp Q)
Heat transfer between PCM and HTF during sensible heat cooling process is calculated by
_ Tpcm_Tfin
Q) = pemtin (©)
1
where, Rf = s (7
1 re
Renv = 2k 1 In (r_,) ®)

where, ppcm is the density of PCM (kg/m®), Cppem is the Specific heat of PCM (J/kgK), Ve is the
Volume of PCM in a single capsule (m?), Tycp is the temperature of PCM inside the capsule (°C), Q(t) is
the rate of heat transfer between PCM and HTF (W), Ty, is the HTF temperature at the inlet to the layer
(°C), R¢ is the thermal resistance for convective exchange between the envelope and the fluid (K/W),
Reny 18 the thermal resistance of the envelope of the capsule (K/W), h is the heat transfer coefficient
between the capsule and HTF (W/m? K), s, is the external surface area of the capsule (m?), k. is the
thermal conductivity of the envelope of the capsule (W/m K), r;j is the inner radius of the capsule (m), re
is the external radius of the capsule (m).
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Figure 2. Energy balance system in a cylindrical capsule.

2.2.2 Latent Heat Exchange During Phase Change Process (Second Stage)
When PCM attains the solidification temperature i.e Ty = 0°C, solidification process will be started. Heat

transfer between PCM and HTF during solidification process is calculated as:
Ts—Tfin

QO = ki )
1 ri
Re = 77710 () (10)

where, R, is the thermal resistance of the solid PCM (K/W), r.. is the radius of the solidified ice during
freezing and it is calculated by using the heat balance relation (Equation (10)).
2m.re. L ppcms.LF.drC = —Q(t)dt (11)

These calculations are repeated till r = 0.

For heat transfer coefficient is calculated assuming that the main mode of heat transfer is natural

convection:
2

1
Nu=| 0.60 + —2387Ra® _ (12)

0.559 % 27
[1+( Pr ) ]
— gBP%Cpf(Tpcm_Tfin)lc3
ke

_ Nykg
h = Nuke (14)

Ra

(13)

where, N, is Nusselt number Ra is Rayleigh number, Pr is Prandtl number, k¢is the Thermal conductivity
of HTF, g is Gravitational acceleration (m/s?), pr is the density of HTF (kg/m?), Cps is the specific heat of
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HTF (J/kgK), 1.. is the characteristic length of the capsule (m), pis the dynamic viscosity of HTF (kg/m.s),
K¢ is the thermal conductivity of HTF (W/mK).

The amount of energy stored during sensible cooling is calculated by:
Es = mpcm,l- Cppcm- (Tpcm,new - Tpcm,i)- n (15)

where, Tyem new 18 the Temperature of PCM at new time step (°C) and Tpem,iis initial PCM’s temperature,
n is the number of capsules in each layer.

The amount of energy stored during phase change process is calculated by:
El = ppems- T (1% = 1¢?).LLe.n (16)

where, Ej is the energy stored in the tank due to solidification process (MJ), ppcm,s 18 the density of solid

PCM (kg/m3), rj is the inner radius of the capsule (m), r. is the inner radius of the solid PCM (m), Lg is
the latent heat of fusion of PCM (J/kg), n is the number of capsule in each layer.

Total amount cold energy stored in the tank is calculated by:
E¢ = 27'(Es + Ep) 7)

where, n; is the number of the layers in the tank.

The amount of solidified ice in the layer is calculated by:
mg, | = ppems. T (rf —r2).Ln (18)

The amount of the solidified mass fraction of the tank is calculated by:
mg,l

M = Zp, T (19)

where, m; is the total mass of PCM in the tank(kg), n;is the number of the layers in the tank.

3. Results and Discussion

The performance of the system with various influencing parameters such as: mass flow rate of HTF (mf),
diameter of the capsules (dc), thermal conductivity of capsule wall material and thermal conductivity of
the PCM and length of capsule during charging process has been investigated. The effect of mass flow
rate of HTF is examined along with temperature of PCM, total energy stored in the tank, solidified mass
fraction of the tank, time frame (t = 0 to 13.5 hr), mass fraction (mf = 1000 kg/hr), ke = 0.15-2.5 W/m K,
ks = 2.22-3.2 W/m K, diameter of the capsules (dc = 7.7-10cm), and length of the capsule (1 = 1-4 time
dc). These procedures are iterated for each cycle of calculation tye, = t,q + At, till complete
solidification has been attained (r, = 0). This time instant t,,,,, is called complete solidification time for
the given set of parameters. Due to the tiny capsule diameter and predominant axial heat transmission, a
1D axial approximation was used, assuming low radial temperature gradients, even though the physical
process is intrinsically 2D. Since their impact on the total thermal response is thought to be negligible
under the current operating conditions, sub-cooling and variable surface area effects were disregarded in
order to simplify the model. The procedure for heat transfer coefficient calculation is repeated for all
possible sets of system parameters, the details of the used constants and variable parameters are
summarized in Tables 1, 2 and 3. The findings of the numerical simulation for thermal behavior of the
packed bed during the charging process have been summarized.
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3.1 Thermal Performance of the Bed

Figure 3 illustrates the temperature variations of PCM for fixed values of mass flow rate of HTF and
other system parameters. The temperature has decreased to the freezing point (0°C) up to five layers of
the bed in about 20 minutes of charging due to the heat transfer between PCM and HTF. After half an
hour of charging of PCM, the temperature has reached the freezing temperature up to ten layers of the bed
and the entire bed has attained the freezing temperature before 1 hour of charging.

;5‘ G | Tt —— =0
g 5 == t=15min
o —&— t=20min
T 4
s i t=30'min
®= 3
] —+—t=1hr
E 2
—0—t=6hr

K]

1 t=135hr

o HEEE e ee e :

0 5 10 15 20

Number of layers

Figure 3. Temperature of PCM along the height of the tank as a function of time.

Figure 4 illustrates the total energy stored in the tank as a function of time. It can be observed from the
figure that the energy stored increases with time up to about 13.33 hours of charging; beyond this the
value is nearly asymptotic. It is observed that the rate of increase of energy storage is nearly constant
because a considerably long time is taken for latent heat release and the entire tank (all capsules) are in
the process of freezing during most of the time. Figure 5 shows variation of solidified mass fraction of
the tank with time. It can be seen from the curve that the solid fraction of the tank increases with time up
to 13.33 hours of charging which indicate that the entire mass of PCM get frozen.

180 3e=7.7 cmke=0.15 W/mK, ks=2.22 W/mK, mi=1000 kg/hr, l-dc
160
140
120

100

g

Energy stored In the tank (MJ)
3

20

[} 5 10 15 20
Time (hr)

Figure 4. Total energy stored in the tank.
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Figure 5. Total solidified mass fraction of the tank.

3.2 Effect of Mass Flow Rate of Heat Transfer Fluid

Figure 6 and Figure 7 depicts the effect of mass flow rate of HTF on stored cold energy and solidified
mass fraction in the tank. The mass flow rate of HTF is varied from 1000 to 2500 kg/hr, while other
parameters are kept the same. It is obvious that as a result of increase in flow rate, convective heat
transfer coefficient are higher which result in higher values of energy stored as well as higher solidified
mass fraction in a given interval of time.

Figure 8 shows the effect of mass flow rate on complete solidification time of PCM. It shows that the
time taken for complete solidification of PCM decreases with an increase of mass flow rate of HTF
because a higher mass flow rate results in higher velocity and hence higher heat transfer coefficient
leading to lower complete solidification time.

de=0.077 m, ke=0.15W/mK, ks=2.22 W/mK, I=dc
180

160
140
120
100

=—4— mf=1000 kg/hr

Energy stored in the tank (M.J)

80 —8— mf=1500 kg/hr
60 mf=2000kg/hr
40 —< mf=2500 kg/hr
20
0
0 15 20

5 Timeqn) 1°

Figure 6. Effect of mass flow rate of HTF on the energy stored in the tank.
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Figure 7. Effect of mass flow rate of HTF on the solidified Mass fraction in the tank.
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Figure 8. Effect of flow rate of HTF on complete solidification time of PCM at various capsule diameters.

3.3 Effect of Diameter of Capsules

Diameter of capsules has an impact on energy stored capacity is shown in Figure 9 for fixed values of
other parameters. The diameter of the capsules (dc) is varied from 7.7 to 10 cm. It has been observed that
energy stored in the bed increases with an increase in diameter of the capsule because of an increase in
heat transfer coefficient when diameter of capsule is increased.

Figure 10 shows the effect of diameter of the capsules on the total solidification time of PCM for
different values of mass flow rate of HTF. It can be seen that an increase in the diameter leads to decrease
in the complete solidification time. Because increase in diameter is responsible for increase of thermal
resistance of the envelope but decrease of thermal resistance for convective exchange between the
envelope and the fluid due to increase in exposed area and heat transfer coefficient in the exterior of the
cylindrical capsule. So heat transfer rate increases because of the dominant convective resistance.

421 | Vol. 5, No. 2, 2026



Deolal et al.: Thermodynamically Simulating Cold Thermal Energy Storage (CTES)...
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Figure 9. Effect of diameter of the capsules on energy stored in the tank.
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Figure 10. Effect of diameter of the capsules on complete solidification time of PCM.

3.4 Effect of the Thermal Conductivity of the Material of the Capsule Wall

The effect of thermal conductivity of the material of the capsule on the energy stored and solidified mass
fraction of PCM is shown in Figure 11 and Figure 12 respectively. It can be seen that higher thermal
conductivity leads to faster energy storage and solidification because heat transfer rate is increased when
the thermal conductivity of capsule wall material is enhanced. It can also be observed that the effect of
thermal conductivity almost vanished down beyond a value of around 2.5 W/mK. Figure 13 depicts the
effect of thermal conductivity of capsule wall material on the total solidification time of PCM for
different values of ‘mf’. In general, the complete solidification time is seen to decrease with an increase
of thermal conductivity, the percentage decrease is high in the lower range of values of thermal
conductivity (between 0.15 to 1.0 W/mK) whereas the decrease is negligibly small if the thermal
conductivity is changed beyond a value of around 2.0 W/m K.
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Figure 11. Effect of capsule’s material wall on the energy storage in the tank.
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Figure 12. Effect of capsule’s wall material on the solidified mass fraction of the tank.
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Figure 13. Effect of capsule’s material wall on complete solidification time of PCM
at various values of mass flow rate of HTF.
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3.5 Effect of Thermal Conductivity of PCM

The effect of thermal conductivity of PCM on the energy stored and the solidified mass fraction of the
packed-bed has been shown in Figure 14 and Figure 15 respectively. The rate of heat transfer to PCM
can be substantially enhanced by enhancing the thermal conductivity of PCM. It has been observed that
an increase in thermal conductivity results in the enhancement of both the stored energy and solidified
mass fraction.
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Figure 14. Effect of thermal conductivity of PCM on the energy storage of the tank.
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Figure 15. Effect of thermal conductivity of PCM on the solidified mass fraction of the tank.

3.6 Effect of Length of Capsule

Effect of length of capsules on energy stored rate and solidified mass fraction are shown in Figure 16 and
Figure 17 respectively for fixed values of other parameters. The length of the capsules is varied from 1dc
to 4.dc (diameter of capsule is 7.7cm). Energy stored rate and solidified mass fraction rate is higher for
larger length of capsule because of an increase in heat transfer rate.

This analysis reveals the simulated effects of HTF flow rate, capsule wall material, and diameter on PCM

solidification time, tank energy, and mass fraction of solidified matter. Additionally, the impact of the
PCM's thermal conductivity and capsule length on the tank's mass fraction that is solidified and energy
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storage is explored. It is determined that the properties of the capsule wall material as well as the thermal
conductivities of the PCM, dc, and / are among the factors that have a significant impact on the latent heat
storage and hence affect the system's performance. This process showed that, despite the reduction in
length of capsule there is high in the lower range values of thermal conductivity and the higher thermal
conductivity of capsule material results in a reduction of the PCM's total solidification time. The effect of
capsule length on complete PCM solidification time at various values of HTF mass flow rate signifies that
the complete solidification time decreases with the increase of length of the capsule, due to increase in
exposed area heat transfer rate increases so complete solidification time decreases as length of the capsule
is taken from 1dc to 4dc.
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Figure 16. Effect of length of the capsules on energy stored in the tank.

de="7.7 em, ke=0.15 WimK , ks=2.22 W/mK
= 1
3 09
]
5 08
E 07
E ;
8 06 —o—I=de
£ 03 ——1=2d
2 04 7 i
g 03 I=3dc
2
= 0.2 = |=4dc
= 01
@ 0
0 5 10 15
Time (hr)

Figure 17. Effect of length of capsule on the solidified mass fraction of the tank.

3.7 Validation with Literature

In order to validate the numerical model comparison was done with the similar studies carried out on the
PCM based CTES. According to Cheng et al. (2018) the 24-stage CTES unit with a phase change
temperature difference has shown the best thermal performance due to reducing charging time by 15.1%
when compared to a single-stage unit, while the quantity and quality of cold charges are nearly identical.
The melting properties of PCM inside a CTES tank with interior fins installed are investigated
computationally and experimentally by Lee et al. (2023), who also create a 3D mesh system to validate
the computational model. The melting of PCM in a finned cold thermal energy storage tank is
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investigated; the melting process can be greatly influenced by the geometric structures of the fins. To
shorten the melt time, increasing fin height works better than increasing fin number. The mean power
with the new stratified fin design is 156.3% greater than the power without fins. Bejarano et al. (2018)
investigated computationally efficient modelling of PCM-based cold-energy storage systems and
proposed that the efficient model should be combined with the refrigeration cycle model in terms of
computational cost and accuracy. Relative errors remain below 3% even when the processing effort is
reduced by up to 99%. Long-term energy management solutions will be addressed using the proposed
paradigm.

4. Conclusions

It might be difficult to keep a CTES system thermally functional during the charging process, but the
packed bed mechanism in cylinder capsules filled with PCM is tested for the thermal effectiveness during
the charging process of the system. HTF equations and the energy balance are assimilated into a
numerical model. The CTES system using packed bed containing cylindrical capsules filled with water as
PCM has been numerically simulated to predict the thermal behavior of the system. Parameters that affect
strongly the performance of the latent heat storage system include the mass flow rate of heat transfer
fluid, thermal conductivities of phase change material and capsule material, diameter and length of the
capsule. The time rate of increase of energy storage and the solidified mass fraction increase with an
increase of mass flow rate, increase in thermal conductivity of PCM and capsule material and an increase
in the diameter and length of the capsules. The complete solidification time decreases with an increase in
mass flow rate of heat transfer fluid, thermal conductivity of PCM, thermal conductivity of capsule
envelope material, capsule diameter and length to diameter ratio of the capsule. PCM capsules with larger
equivalent diameter freeze faster than those with smaller diameter because of the enhancement in heat
transfer rate. An increase in thermal conductivity of capsule material results in reduction of complete
solidification time, the percentage reduction is high in the lower range of values of thermal conductivities.
Both the energy stored as well as solidified mass fraction increase with an increase of thermal
conductivity of PCM. This also results in the reduction of complete solidification time. An increase in
length to diameter ratio of capsule results in reduction in complete solidification time, but it has weaker
dependence in the process of complete solidification time, comparing with other studied parameters. In
the context of the futuristic approach, researchers can make use of these results such as complete
solidification time to determine the charging time on the basis of simulated values of system and
operating parameters or can select suitable values of these parameters to obtain a certain desirable
solidification or charging time for their system. Further it can be seen that there is substantial effect of
these analyzed parameters on the solidification time.

Appendix

Table 1. Fixed parameters of the system.

No. Description Parameter Value

1. Height of the tank (m) H 1.42

2. Diameter of the tank (m) D 0.95

3. Void fraction of the tank e 0.4

4. Inlet coolant temperature (°C) Thin -6

S. Density of the coolant (kg/m3) of 1000

6. Dynamic viscosity of the coolant (kg/s.m) u 1.422*1073
7. Thermal expansion of the coolant (1/K) B -6.805*10°
8. Density of the PCM (kg/m?*) Prem 1000

9. Specific heat of the coolant (J/kg.K) Cpf 4218
10. Specific heat of the PCM (J/kg.K) Cppcm 4218
11. Initial temperature of the PCM (°C) Tpcm 6
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Table 2. Nomenclatures used in the study.

Cpy Specific heat of HTF, (J/kg K)
dc Diameter of the capsule, (m)
h Heat transfer coefficient, (W/m’K)
k. Thermal conductivity of the capsule wall, (W/m K)
ke Thermal conductivity of HTF, ( W/m K)
k Thermal conductivity of PCM, ( Wm/K )
Ls Latent heat of fusion of PCM, (J/kg )
ms Mass flow rate of HTF, (kg /hr)
mt Total mass of PCM in the tank, (kg)
n Number of capsules in a layer
nl Number of layers in the tank
Nu Nusselt number, dimensionless
Pr Prandtl number, dimensionless
Q(t) Heat transfer to or from the capsule, (W)
qu Volume flow rate of HTF, (m?/ hr)
Ra Rayleigh number, dimensionless
Reny Resistance of the capsule’s wall, (K/W)
Ry Resistance due to convective heat transfer, (K/W)
R, Resistance of the solidified ice, (K/W)
T, External radius of the capsule, (m)
Sc Surface area of the capsule, (m?)
Toem Temperature of PCM, (°C)
T Melting temperature of PCM, (°C)
Tin Inlet temperature of HTF, (°C)
Trout Outlet temperature of HTF, (°C)
Ve Volume of HTF in each layer, (m®)
Voem Volume of PCM inside the capsule, (m®)
l Length of the capsule, (m)
GREEK LETTERS
p Density, (kg/ m®)
£ Void fraction, dimensionless
B Thermal expansion coefficient, (K™)
u Dynamic viscosity, (kg s' m™)
SUBSCRIPTS
pcm Phase change material
f Working fluid
b Bed
s Solid
l Liquid
ACRONYMS
PCM Phase change material
HTF Heat transfer fluid
CTES Cold thermal energy storage

Table 3. Variable parameters of the system.

No. Description Parameter Value
1. Mass flow rate of HTF (kg/hr.) mf 1000-2500
2. Diameter of the capsule (cm) dc 7.7-10
3. Thermal conductivity of capsule wall(W/m K) k. 0.15-2.5
4. Thermal conductivity of PCM (W/m K) ks 2.22-3.2
S. Length of the capsule(cm) / 1dc-4.dc
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