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During charging and discharging processes, the heat transfer behavior of the encapsulated ice thermal
energy storage (TES) system changes during downstream case and this should be taken into account since
the temperature of heat transfer fluid (HTF) and especially the heat transfer coefficient varies consider-
ably around each capsule. This requires a careful study of the problem with variable heat transfer coef-
ficient to contribute to the state-of-the-art. This has been the primary motivation behind the present
study. Here, we first develop a new heat transfer coefficient correlation by simulating a series of 120
numerical experiments for different capsule diameters, mass flow rates and temperatures of HTF and sec-
ond undertake a comprehensive numerical analysis using the temperature based fixed grid solution with
control volume approach for studying the heat transfer behavior of an encapsulated ice TES system.
Thirdly, we validate the present numerical model and the new correlation with some experimental data
obtained from the literature, and hence a good agreement is obtained between the model results and
experimental data. The results indicate that the heat transfer coefficient varies greatly during down-
stream and highly affects the heat transfer taking place during the process. So, the solutions with con-
stant heat transfer coefficient appear to be unreliable for analysis and system optimization. The results
also show that the solidification process is chiefly governed by the magnitude of Stefan number, capsule
diameter and capsule row number.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal energy storage (TES) can not only play a significant role
in shifting cooling loads in buildings by reducing demand for elec-
trical power for air conditioning or cooling system during times of
peak power usage, but energy costs can also be reduced by shifting
the cooling load to off-peak hours when cheaper electricity is avail-
able. Reduction of this energy costs can be saved in several ways,
compared to conventional chillers. First, at nighttime chiller oper-
ation takes advantage of lower temperatures relative to daytime
values, which also reduce chiller lift. Second, the base-load power
plants that operate at night typically have higher electricity gener-
ation efficiencies than the plants brought on-line to meet peak
electricity demand. Furthermore, electricity transmission and dis-
tribution losses typically are higher during peak demand periods
than during the night.

TES systems may take place either as a static process, in which
heat transfer takes place via a solid surface, or a dynamic process,
in which the heat transfer medium and storage medium are in di-
ll rights reserved.
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rect contact. External and internal melt ice-on-coil and encapsu-
lated ice storage systems belong to the group of static process.
Ice slurry and ice-harvesting storage systems are of dynamic pro-
cesses. In the case of a static process ice storage system, as the stor-
age is charged, a layer of ice builds on the heat transfer surface. The
layer essentially increases the resistance to heat transfer, which
causes the evaporating temperature to fall and results in a reduced
coefficient of performance for the chiller. This problem may be
avoided in dynamic process ice storage systems because the ice
is periodically or continually removed and there is no ice layer
on the surface for a long time. Out of all the static TES systems,
the encapsulated ice storage systems appear to be more effective
and simpler because of providing the larger heat transfer area
per unit storage volume, resulting in higher and faster heat transfer
rate. The phenomenon of the phase change that takes place inside
the PCM capsules of the latent TES system in TES applications is the
primary interest of the present research work.

In the literature many researchers e.g., [1–13] have undertaken
various studies to investigate such latent TES systems. Tao [1] pre-
sented a numerical method for the solidification problem inside
both cylindrical and spherical containers. In his model, the heat
capacity and thermal conductivity of solid region and heat transfer
coefficient are assumed to be constant. Shih and Chou [2]
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Nomenclature

c, cp specific heat, J/kg K
C0 c* q, heat capacity, J/m3.K
C C0/(cl ql)
Csl cs/cl

D capsule outer diameter, m
Fo af t/D2, Fourier number
h enthalpy, J/kg
H dimensionless enthalpy
HTF heat transfer fluid
k thermal conductivity, W/m.K
K k/kl, dimensionless thermal conductivity
Ksl ks/kl
_m mass flow rate, kg/s

Nu Nusselt number
PCM phase change material
Pef Ref Prf, fluid Peclet number
Prf mf/af, fluid Prandtl number
q0 heat transfer rate, W
q q0/(al. DH D), dimensionless heat transfer rate
Q0 total stored energy, J
Q Q0/(DH D3), dimensionless total stored energy
r radial coordinate, m
R r/D, dimensionless radial direction
Ri dimensionless inner radius
Ref q.u.D/l, fluid Reynolds number
S0 source term
S S0/ql cl (Tm � Tin), dimensionless source term
Ste qs.cs(Tm � Tin)/DH, Stefan number

t time, s
tw

ðD�DiÞ
2D dimensionless wall thickness of capsules

T temperature, �C
TES thermal energy storage
X x/D, dimensionless axial direction

Greek symbols
a thermal diffusivity, m2/s
dhm dTm/(Tm � Tin)
DH latent heat of PCM, J/m3

h (T � Tm)/(Tm � Tin), dimensionless temperature
l dynamic viscosity, N s/m
q density, kg/m3

s af t/D2, dimensionless time
m kinematic viscosity, m2/s

Subscripts
f transfer fluid
i initial condition
inf outside of the thermal storage tank
in inlet
l liquid PCM
m mushy phase
s solid PCM or inner surface
w container wall or surface
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developed an iterative method for solidification process in spheri-
cal capsules. Chen and Yue [3] developed a 1-D porous medium
model to estimate the thermal characteristics of ice-water cool
storage in packed capsules for air conditioning. Comparisons of this
theory with experimental data of temperature profiles of PCM
(water) and coolant (ethyl alcohol) for various porosities, flow
rates and different inlet coolant temperatures showed somewhat
good agreement. Eames and Adref [4] studied experimentally the
characteristics of heat transfer for water contained in spherical ele-
ments in both charging and discharging processes and described a
novel method to measure interface position during solidification.
Ismail and Henriquez [5] applied a finite-difference approximation
and moving grid approach to solidification problem inside spheri-
cal container. Ismail et al. [6] presented some numerical results on
the heat transfer during solidification process of water inside a
spherical nodule. In their study, the effect of the size and material
of container and flow parameters on solidification time and solid-
ification rate were discussed. Bilir and Ilken [7] investigated
numerically the inward solidification problem of a phase change
material encapsulated in a cylindrical/spherical container with a
third kind of boundary condition and ended up with a correlation
which express the dimensionless total solidification time in terms
of Stefan number, Biot number and superheat parameter. Rosen
et al. [8] presented a thermodynamic performance model for an
encapsulated ice thermal energy storage system using energy
and exergy analyses. Their results indicated that energy analysis
leads to misleadingly optimistic statement of TES efficiency and
that exergy analysis is required for better analysis, design, optimi-
zation, and performance improvement. The heat transfer charac-
teristics of the phase change process inside a horizontal
cylindrical capsule for paraffin wax as PCM were investigated
numerically and experimentally by Ref. [9]. Their results indicated
that the melting process is chiefly governed by the magnitude of
the Stefan number.
Encapsulated containers are subject to super cooling effect, i.e.,
cooling of the liquid water inside the container below its freezing
point prior to the ice formation. Supercooling may occur only in
fully discharged containers and result in a reduced rate of heat
transfer at the beginning of the charging process. Supercooling
may be significantly reduced by the addition of nucleating agents.
Bedecarrats et al. [10] realized a model taking into account the
supercooling phenomenon and were investigated experimentally
and numerically the process of energy storage in a tank randomly
filled with PCM encapsulated in spherical capsules. Kousksou et al.
[11] presented the influences of the position of the storage tank
and the flow pattern inside the tank included spherical capsules
by using two dimensional porous-medium approach. Chen et al.
[12] studied experimentally the nucleation probability of super-
cooled water inside capsules and investigated the effect of differ-
ent macrofactors on the nucleation behavior of capsules. In
another work about cold storage in an encapsulated system, Chen
et al. [13] presented the thermal behavior of TES system during
charging process with varying inlet coolant temperature and cool-
ant flow rate. The study by Cho and Choi [14] include the thermal
characteristics of paraffin wax in a spherical capsule during freez-
ing and melting processes. They found out that the average heat
transfer coefficient around capsules were affected by the inlet
and initial temperature and Reynolds number more during the
melting process than the freezing process due to a natural-convec-
tion effect during the melting process.

To the best of the authors’ knowledge, in the open literature the
use of an average heat transfer coefficient for heat transfer analysis
(either analytical or numerical) in the encapsulated ice TES sys-
tems is a common approach. In most instances the model results
deviate drastically compared to experimental data/findings. This
has been a primary motive behind the present work to develop a
new heat transfer coefficient correlation by simulating a series of
120 numerical experiments for different capsule diameters, mass



Fig. 1. Schematic view of physical model and mathematical model.
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flow rates and temperatures of heat transfer fluid and study the
heat transfer in an encapsulated ice TES system as shown in
Fig. 1 and the heat transfer behavior in downstream, and compare
the model results with some experimental data.

2. Modeling

As illustrated in Fig. 1a, the thermal energy storage system con-
sists of a cylindrical tank of height H and diameter of Dinf and
spherical capsules containing PCM which is in it. In this study, only
charging process is studied and thermal behavior of TES system is
investigated numerically. In the charging process, the cold heat
transfer fluid flows on capsules and the PCM in capsules solidify to-
ward the center with time. The following assumptions are consid-
ered in numerical model:

� The PCM is homogenous and isentropic.
� The tank is completely insulated.
� The temperature in the tank dominantly changes only along

axial direction with time.
� The heat transfer mechanism inside container is only dominated

by conduction in radial direction.
� The heat flux is isotropic on the whole PCM capsule area.
� The effect of natural convection in tank neglects.
� The thermophysical properties of container wall and HTF are

independent of temperature, but the properties of PCM are con-
sidered different in the solid and liquid phases. The pure water is
taken as the PCM in the parametric study.

Since the numerical analysis of such a three-dimensional and
time dependent system is difficult to be modeled, it is sufficient
to simplify system is using symmetry surfaces and the system that
include four quarter spherical capsules and heat transfer fluid
around them, as shown Fig. 1b. A three-dimensional view consid-
ered in the numerical study for an encapsulated ice system is also
shown in Fig. 1(b). Assuming that the heat loss from the system is
negligible, the heat transfer equation of the heat transfer fluid can
be expressed as

eqf cf
oT f

ot
þ qf cf u

oT f

ox
¼ o

ox
e kf

oT f

ox

� �
þ q0

capsule=VCV ð1Þ

where q0
capsule represents the heat transfer from capsules to HTF. As

seen Fig. 1b, the fluid around four quarter capsules is taken as con-
trol volume. The reason is that the discretization of Eq. (1) is easy
and the assumption of constant surface temperature and tempera-
ture distribution with only radial direction will have realized due to
assumption of the dimensional heat conduction inside capsules. The
heat transfer between the HTF and PCM inside capsules can be
determined using the following analogy:

q0
capsule ¼

Ts;i � T f;i

Rt;cond þ Rt;conv
ð2Þ

where Rt, cond and Rt,conv represent thermal conduction and convec-
tion resistance, respectively. After rearranging the terms, it can be
written as

q0
capsule ¼ ðTs;i � T f;iÞ

� 1
h:pD2 þ

1
2pk

1
Di
� 1

D

� �
ð3Þ

Rewriting Eq. (1) in the dimensionless form,

e:Cf
ohf

oFo
þ Cf Ref � Prf

ohf

oX
¼ al
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o

oX
e � K f

ohf
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� �
þ

q000capsule

D � kfðTm � T inÞ
ð4Þ

The dimensionless heat transfer can then be written as

qcapsule ¼ p: hs;i � hf ;i
� �� 1

Nuf
þ K f

Kw

tw

1� 2tw

� �
ð5Þ

Note that the relation between qcapsule and q0
capsule is qcapsule ¼

q0
capsule=D � kfðTm � T inÞ. In this study, heat transfer coefficient, Nuf,

is obtained from the CFD analysis. The details on numerical analysis
are given in the next section.

In order to link in related to heat transfer between capsules and
HTF using qcapsule, the heat transfer equation for the PCM capsules
is required for solution. The heat transfer equation in the spherical
capsules is described by a temperature transforming method using
fixed grid numerical model [14,15]. In this method, it is assumed
that phase change process occurs over a range of phase change
temperature from Tm � dTm to Tm + dTm, but it can also be success-
fully used to simulate solidification process occurring at a single
temperature by taking a small range of phase change temperature,
2dTm. For the case where water is used as PCM, there is a quick
transition from solid to liquid, and in this regard the value of
dimensionless semi range phase-change temperature, dhm, is taken
as 0.001.

The dimensionless heat transfer equation for the PCM in the
capsules is written as
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where

C ¼ CðhÞ ¼

Csl h < �dhm Solid

1
2 ð1þ CslÞ þ Csl

2Stedhm
�dhm 6 h 6 dhm Mushy

1 h > dhm Liquid

8>><
>>:
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S ¼ SðhÞ ¼

Csldhm h < �dhm Solid

1
2 dhmð1þ CslÞ þ Csl
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Csldhm þ Csl
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K ¼ KðhÞ ¼

Ksl h < �dhm Solid

Ksl þ ð1�KslÞðhþdhmÞ
2dhm

�dhm 6 h 6 dhm Mushy

1 h > dhm Liquid
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>>:
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The initial and boundary conditions are the written as follows:

� Initial condition (Fo = 0):

At 0 6 R 6 Ri ! h ¼ hI ð10Þ

� Boundary conditions (Fo > 0):
At R ¼ 0! oh
oR
¼ 0 ð11Þ

At R ¼ Ri ! �K
oh
oR

� �
R¼Ri

¼ q00capsule ð12Þ

In case of studying of solidification process inside capsule,
there are four stages for phase change process of water in-
side capsule [e.g., 12,13]. The first stage, called the sensible
heat extraction process, is the process from initial stage to
the subcooling state before water nucleation occurs. The sec-
ond stage, called the dendritic ice formulation process, is the
process from the form of nucleation to finishing of dendritic
ice formulation. Other two stages are the processes of latent
heat transfer and sensible heat transfer of solid, respectively.
Since the interval of second stage relatively is very short as
a time and modeling of this stage is difficult, in this study,
the growth of ice crystal is not taken into account and the
first two stages are combined into one, called sensible heat
extraction process of liquid water.

Actually, the one dimensional conduction equation is written
for the PCM inside a capsule, and the effect of natural convection
that takes place inside the encapsulated liquid PCM is taken into
account using an effective thermal conductivity given by [16].
The effective thermal conductivity is defined as

Keffective ¼
Nu

Nucond
ð13Þ

where Keffective denotes the ratio of total heat transfer rate to heat
transfer rate by conduction.

The current literature indicates that a limited number of studies
are about the natural convection number inside the encapsulated
PCM. Here, the Nusselt number correlated experimentally by
Ettouney et al. [17] for the capsule during melting and solidifica-
tion is used in the present study.

The temperature distribution inside the solution domain is
calculated by solving the heat transfer equations defined
through Eqs. (4)–(9). The solution procedure used for solving
these energy equations is a control-volume approach as de-
scribed by e.g., [18]. On the other hand, the thermal conductiv-
ity, K, is calculated by a harmonic mean method at the control
surface, and the thermal conductivity for any control surface,
Kn, results in

Kn ¼ 1
1� fn

KP

�
þ fn

KN
ð14Þ

where the interpolation factor, fn, is defined as

fn ¼
1
Rn
� 1

RN

�
1
RP
� 1

RN
ð15Þ

where P and N denote control volume nodes and n denotes control
surface.

Here, the semi implicit solver, [19], is used for solving the dis-
cretization equations of heat transfer equations. Using this solver,
the CPU time is reduced a great amount for a single iteration and
this solver requires the less storage than the other solvers such
as Gauss–Seidel iteration method. Since the energy equation for
the PCM is a non-linear heat conduction equation, iterations are
needed during each time step. For a given time step, convergence
is declared at the k + 1th iteration when hkþ1

i;j � hk
i;j

��� ��� 6 10�6. The
numerical results are then verified by testing the resulting predic-
tions for independence of the grid size, time-step and other param-
eters. The grid size used for the solution was 200 (radial) for each
capsule with a time step Dt = 0.1 s. Furthermore, the overall energy
balance is checked during the calculation process to verify the
numerical results. At a time step, the change heat storage in PCM
and container wall must be equal to the total energy supplied by
the heat transfer fluid as follows,
Z s

0
Pef � Cf � ðhb;out þ 1Þ � ds ¼

XN

k¼1

Z Ri

R¼0
4p � R � ðH � HiÞ � dR ð16Þ

where H = C � T + S stands for total enthalpy at the control volume.
The left side of the Eq. 16 represents the thermal energy supplied by
the heat transfer fluid and the right side of equation represents the
thermal stored energy in the encapsulated PCM. In calculation pro-
cedure, the numerical deviation between two sides of Eq. 16 is ta-
ken less than 1%.

3. Calculation of heat transfer coefficient around spherical
capsules

As mentioned before, the heat transfer coefficient changes along
flow since the fluid flow around capsules is not hydrodynamically
and thermally developed. However, the changes in the heat trans-
fer coefficient along flow line were not taken into account in the
previous studies, and the use of an average heat transfer coefficient
was common for analyzing the encapsulated TES. In this section,
we study the variation of heat transfer coefficient. A schematic
view of the physical model is shown in Fig. 1a. Due to the difficul-
ties of modeling and analyzing of whole thermal energy storage
system shown in Fig. 1a, the model is rather simplified as Fig. 1b
by considering flows around capsules and taking symmetry planes.
The heat transfer fluid flows four quarter spherical capsules which
are kept at constant temperature of 273.15 K for each segment. The
side walls are taken symmetric planes on account of natural of
physical phenomenon. At the inlet, fluid with constant mass flow
rate _m and temperature Tin enters the TES system at a constant
speed of u0. The flow is assumed to be developing and steady. Here,
ethylalcohol is taken as HTF in order to compare the results ob-
tained from numerical analysis with the experimental data per-
formed by Chen and Yue [3]. In the calculation of the heat
transfer coefficient, the density, thermal conductivity and dynamic
viscosity of the HTF are taken linear and second order polynomial
depending on temperature. The thermophysical properties of HTF
are given as Table 1. The primitive volume mesh for the FLUENT
computational fluid dynamics program used to obtain solutions



Table 1
Thermophysical properties of HTF, capsule wall and PCM

Material Temperature or phase q (kg m�3) cp (J kg�1 K�1) k (W m�1 K�1) a (m2 s�1) l (Pa s) DH (J m�3)

HTF (ethyl alcohol) �10 �C 838.594 2252.917 1.053*10�7 0.0030 –
�15 �C 842.940 2208.537 0.199 1.069*10�7 0.0034 –
�20 �C 847.286 2148.665 1.093*10�7 0.0038 –

HTF (ethylene glycol 40%) �5 �C 1068.28 3384 0.389 1.08*10�7 7.18*10�3 –
�10 �C 1069.63 3367 0.383 1.06*10�7 9.06*10�3 –
�15 �C 1070.87 3351 0.377 1.05*10�7 11.74*10�3 –

Capsule wall (polyethylene) 940 1900 0.35 1.96*10�7 – –
PCM (n-tetradecane) Liquid 765 2100 0.211 1.31*10�7 – 175.2*106

Solid 803 1800 0.273 – –
PCM (water) Liquid 999.8 4217 0.561 1.33*10�7 – 333.5*106

Solid 916.8 2040 2.2 – –
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was constructed with the aid of the GAMBIT program. Along the
entire system, 20 separate zones for each capsule zone and addi-
tional two zones for inlet and outlet, in order to specify uniform
velocity for inlet and outflow for outlet, are formed as illustrated
in Fig. 1b. For each simulation, nearly 650,000 tetrahedral cells
are used.

For the HTF, the following are the basic conservation equations
of continuity, momentum and energy:

o

oxi
ðquiÞ ¼ 0;

o

oxi
ðquiujÞ

¼ � oP
oxi
þ osij

oxj
þ qgi þ Si; and

o

oxi
ðquihÞ ¼

o

oxi
k

oT
oxi

� �

where q is density, ui is the velocity component in the i direction, p is
the static pressure, xi is a cartesian coordinate, sij is the stress tensor,
gi is the gravitation acceleration in the i direction, k is thermal con-
ductivity, T is temperature, and t is time. In this study the viscous
heating term is not taken into accounts since it is negligibly small.

The numerical solution is done using the Fluent 6.0 software.
The governing equations for flow and heat transfer in internal flow
Table 2
The numerical obtained experimental parameters and the heat transfer coefficient values

Mass flowrate, kg/s Inlet temp., K Heat transfer coefficients [W/m2 K]

Capsule 1 Capsule 2 Capsule 3

0.003 268.15 59.65 36.20 32.19
0.003 265.65 89.12 54.23 48.22
0.003 263.15 118.32 72.18 64.17
0.003 260.65 147.24 90.03 80.00
0.003 258.15 175.85 107.74 95.70
0.003 253.15 232.04 142.64 126.56
0.005 268.15 76.18 50.59 45.92
0.005 265.65 113.75 75.64 68.70
0.005 263.15 150.97 100.48 91.31
0.005 260.65 142.44 125.09 113.73
0.005 258.15 224.21 149.44 135.92
0.005 253.15 295.68 197.25 179.47
0.0075 268.15 89.83 63.95 58.95
0.0075 265.65 134.16 95.56 88.16
0.0075 263.15 178.09 126.89 117.13
0.0075 260.65 230.23 164.07 151.55
0.0075 258.15 264.77 188.64 174.29
0.0075 253.15 349.38 248.83 230.05
0.01 268.15 99.53 74.08 68.99
0.01 265.65 148.65 110.64 103.13
0.01 263.15 197.33 146.87 137.01
0.01 260.65 245.56 182.74 170.57
0.01 258.15 293.32 218.23 203.79
0.01 253.15 387.29 287.87 269.01
0.05 268.15 151.28 134.39 131.98
0.05 265.65 226.06 200.31 196.64
0.05 263.15 300.22 265.36 260.48
0.05 260.65 373.74 329.60 323.46
0.05 258.15 446.62 393.02 385.66
0.05 253.15 590.39 517.57 507.63
around spherical capsules are solved with the control–volume
method introduced by Patankar [18]. The SIMPLEC algorithm of-
fered by Doormal and Raithby [20] is used to resolve the coupling
between velocity and pressure.

4. Results and discussion

The first objective of this study is to investigate the variation of
the heat transfer coefficient around the spherical capsules with flow
line in downstream. For this purpose, a three-dimensional model as
shown in Fig. 1b was created for four different capsule diameter
(D = 40, 60, 70 and 80 mm) with the same wall thickness of 1 mm.
Here we focus on heat transfer coefficient around capsules, so the
surface temperature of capsules is taken as constant as a result of
the heat transfer fluid around capsules. After forming the models,
a series of 120 numerical experiments were performed to calculate
the heat transfer coefficient for different capsule diameter, mass
flow rate, and inlet temperature of HTF and especially for different
capsule layers as summarized in Tables 2 and 3. Although all data-
sets are available, the numerical results for capsule diameters of
for a capsule outer diameter value of 40 mm at various capsule rows

Capsule 4 Capsule 5 Capsule 10 Capsule 15 Capsule 20

28.81 26.33 16.49 10.49 7.56
43.14 39.42 24.69 15.71 11.32
57.38 52.43 32.84 20.89 15.05
71.52 65.33 40.92 26.03 18.75
85.51 78.11 48.92 31.12 22.41

113.00 103.17 64.61 41.09 29.58
41.96 39.07 26.76 18.59 14.66
62.78 58.46 40.07 27.84 21.96
83.45 77.72 53.28 37.04 29.22

103.94 96.80 66.39 46.17 36.43
124.22 115.68 79.37 55.21 43.58
164.00 152.70 104.82 72.95 57.59

54.67 51.59 37.82 28.04 23.50
81.77 77.18 60.30 41.98 35.20

108.68 102.58 75.26 55.84 46.84
140.65 132.76 97.44 72.32 60.69
161.74 152.67 112.06 83.18 69.78
213.54 201.55 147.96 109.87 92.23

64.62 61.50 47.17 36.52 31.76
96.63 91.97 70.59 54.67 47.57

128.41 122.22 93.83 72.69 62.61
159.90 152.20 116.87 90.57 78.90
191.07 181.88 139.66 108.27 94.19
252.27 240.13 184.36 142.96 124.54
128.91 126.55 115.48 105.60 98.75
192.14 188.65 172.19 157.64 147.98
254.54 249.94 228.26 209.11 196.10
316.14 310.41 283.63 259.93 244.59
376.89 370.11 338.24 310.09 292.27
495.96 487.04 445.13 408.28 384.99



Table 3
The numerical obtained experimental parameters and the heat transfer coefficient values for a capsule outer diameter value of 80 mm at various capsule rows

Mass flowrate, kg/s Inlet temp., K Heat Transfer Coefficients [W/m2 K]

Capsule 1 Capsule 2 Capsule 3 Capsule 4 Capsule 5 Capsule 10 Capsule 15 Capsule 20

0.003 268.15 20.20 11.35 9.58 8.30 7.32 4.00 2.19 1.33
0.003 265.65 30.27 17.06 14.37 12.44 10.97 5.98 3.27 1.98
0.003 263.15 40.30 22.77 19.14 16.55 14.59 7.95 4.34 2.63
0.003 260.65 50.29 28.47 23.89 20.64 18.18 9.89 5.40 3.26
0.003 258.15 60.23 34.15 28.61 24.69 21.74 11.80 6.44 3.89
0.003 253.15 79.88 45.39 37.91 32.66 28.72 15.55 8.47 5.10
0.005 268.15 26.92 16.18 14.05 12.52 11.29 6.89 4.21 2.92
0.005 265.65 40.23 24.27 21.06 18.75 16.90 10.31 6.30 4.37
0.005 263.15 53.45 32.33 28.04 24.94 22.48 13.70 8.37 5.81
0.005 260.65 66.54 40.36 34.97 31.09 28.02 17.07 10.42 7.23
0.005 258.15 79.51 48.33 41.85 37.18 33.51 20.41 12.46 8.64
0.005 253.15 105.01 64.05 55.39 49.15 44.28 26.94 16.44 11.40
0.0075 268.15 33.17 21.30 18.82 17.09 15.66 10.28 6.76 5.07
0.0075 265.65 49.54 31.88 28.18 25.59 23.44 15.39 10.12 7.59
0.0075 263.15 65.76 42.39 37.48 34.02 31.17 20.47 13.46 10.09
0.0075 260.65 81.81 52.83 46.71 42.38 38.83 25.51 16.78 12.58
0.0075 258.15 97.68 63.16 55.86 50.66 46.42 30.50 20.06 15.04
0.0075 253.15 128.84 83.50 73.83 66.90 61.29 40.28 26.50 19.87
0.01 268.15 37.90 25.61 22.85 21.04 19.48 13.43 9.26 7.29
0.01 265.65 56.60 38.29 34.19 31.47 29.14 20.11 13.87 10.92
0.01 263.15 75.12 50.87 45.46 41.83 38.74 26.74 18.45 14.53
0.01 260.65 93.45 63.33 56.63 52.09 48.25 33.32 23.00 18.12
0.01 258.15 111.58 75.66 67.69 62.24 57.66 39.83 27.50 21.67
0.01 253.15 147.15 99.88 89.42 82.16 76.11 52.60 36.34 28.64
0.05 268.15 65.19 55.26 51.96 50.26 48.75 42.11 36.26 33.30
0.05 265.65 97.28 82.32 77.44 74.94 72.71 62.88 54.18 49.88
0.05 263.15 129.05 109.05 102.60 99.33 96.39 83.44 71.92 66.34
0.05 260.65 160.51 135.43 127.45 123.44 119.81 103.76 89.48 82.73
0.05 258.15 191.66 161.50 152.01 147.26 142.95 123.85 106.82 98.90
0.05 253.15 253.04 212.63 200.22 194.01 188.35 163.20 140.78 130.64
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40 mm and 80 mm only, in order to avoid duplicity, are tabulated in
Tables 2 and 3. As can be seen from these tables, the heat transfer
coefficient decreases dramatically with downstream. Furthermore,
as the capsules diameter and inlet temperature (or temperature dif-
ference, Tm � Tin, decreases) increase and the mass flow rate de-
creases, the heat transfer coefficient decreases.
Fig. 2. Velocity vectors a
The velocity vectors along centerline are plotted in Fig. 2. The
plot of velocity vectors shows clearly that flow characteristics
around each capsule is different from another ones since the flow
is developing. The heat transfer fluid comes in with uniform veloc-
ity to system and centerline velocity increases with downstream,
like internal flow in channel. This situation is one argument of that
round the capsules.



Fig. 4. Comparison between the present correlation and the experimental data
from Ref. [3] and the literature correlation from Ref. [22].
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the heat transfer coefficient will change with downstream as
shown in Tables 2 and 3.

The key aspect of the present paper is to use a considerably high
number of numerical datasets (e.g., 120) were used to correlate the
heat transfer coefficient using the non linear regression method
through SPSS 10. The heat transfer coefficient is the developed as

NuX ¼ 0:726:ðRe � PrÞ0:360 T
TS

� ��20:094

:X
�450:656

Re�Pr ð17Þ

In this correlation, the correlation coefficient is obtained to be
R2 = 0.950. All the numerical experiment data and correlation
curves plotted to show how much the present correlation agrees
with the experimental data in Fig. 3. As shown in this figure, the
correlation overlaps almost all numerical experiments data be-
tween two correlation curves which for Pe = 500 and Pe = 15,000.
Since the power of axial direction is a function of the Peclet number,
two correlation curves for different two Peclet numbers, which are
lower and upper limit values for the numerical experiment data, are
drawn in this figure. In addition to a high correlation coefficient, we
go one step ahead and validate this correlation with some experi-
mental data available in the literature [e.g., 3,21,22]. Chen and
Yue [3] proposed a correlation based on experimental data and
numerical results for heat transfer coefficient around spherical cap-
sules. Note that Kunii and Suzuki [21] obtained the time-averaged
internal heat transfer coefficients by matching the experimental
measurements and theoretical results in temperature profile of
coolant. Wakao et al. [22] corrected and correlated the published
heat transfer data determined earlier studies for axial fluid thermal
dispersion coefficients. The corrected data in the range of Reynolds
number from 15 to 8500 are correlated by the analogous form of
mass correlation. Fig. 4 shows the comparison of the heat transfer
coefficient for the present our correlation and other studies [3,22].
It can be seen in this figure that agreement between these results
is quite satisfactory. Having demonstrated the validity of the pres-
ent correlation through comparisons with available correlation,
the physical validity of the mathematical model should be made
by comparison of predictions with experimental data. Cho and Choi
[14] determined the temperature variations inside and on the sur-
face of a spherical capsule filled with n-tetradecane located along
centerline of the storage tank. In order to validate the numerical
model with the experimental data from [14], the numerical code
is tested for same geometrical and operational parameters and
same PCM, HTF and container material; n-tetradecane, 40% aqueous
solution of ethylene glycol and polyethylene, respectively; as given
Fig. 3. Comparisons of the present heat transfer correlations with the numerical
experiments data.
in Table 1. So, the comparison between numerical results and
experimentally available data from [14] is given in Fig. 5. Although
the present numerical model does not consider the sensible storage
in the container wall, because of using electrical analogy in the
numerical model, and does not include the supercooling phenome-
non, there is still good agreement between the present numerical
results and the experimental data employed. A sharp decrease in
Fig. 5. Comparison between the numerical model and the experimental study. (a)
for 1st layer, (b) for 7th layer.



Fig. 6. Effect of Reynolds number and Stefan number on the time for complete
solidification. (a) for 1st layer, (b) for 7th layer.

Fig. 7. Variation of heat transfer rate with Fourier number for different Reynolds
numbers and capsule row numbers.

Fig. 8. Variation of heat transfer rate with Fourier number for different Reynolds
numbers and Stefan numbers.

Fig. 9. Variation of total energy stored with Fourier number for different Reynolds
numbers and Stefan numbers.
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the centre temperature becomes more apparent as the nature of
numerical analysis which reflects a similar situation as given in Is-
mail’s works [5,6]. This situation occurs at the end of solidification
process taken place.

The variation of the local heat transfer coefficient with down-
stream is very important as shown in Tables 2 and 3 and should
take into account accordingly. The published literature confirms
that the heat transfer coefficient was taken as constant on thermal
analysis of the similar TES systems in the past all studies. Fig. 6
shows clearly why x-dependent heat transfer coefficient is so
important. While Fig. 6a shows the variation of time for a complete
solidification of each capsule for different Reynolds number and
Stefan number at the first layer (or the first capsule), Fig 6b shows
at seventh layers. While the solidification time is not sensitive to
the change of Reynolds number for the first capsule, it becomes
very sensitive and dependent in the seventh capsule. So, the effect
of inlet HTF temperature or Stefan number on the solidification
time is very sensitive for two cases. Though solidification time
seems to not change with capsule diameter, it should be noted that
this term is dimensionless time. But, it is an interesting result that
the dimensionless solidification time does not change with capsule
diameter.

The time dependent heat transfer rate on the different capsule
layer for the case of Re = 20 and Re = 60 is shown in Fig. 7. As ex-
pected, the low Reynolds number makes more influence to the var-
iation of the heat transfer rate with downstream than the higher
Reynolds number. Namely the heat transfer rate does not change
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with downstream for high Reynolds number. As a matter of fact,
increasing Reynolds number increases the heat transfer rate.

Furthermore, the effect of Reynolds number and Stefan number
on the heat transfer rate for a 60 mm of capsule diameter is illus-
trated in Fig. 8 as a representative case. The heat transfer rate in-
creases as Reynolds number increases and inlet temperature of
HTF decreases. But, the effect of Stefan number is more significant
than that of Reynolds number.

Fig. 9 shows the total thermal heat stored as a function of time
for different Reynolds numbers and Stefan number and a 60 mm of
capsule diameter. The higher Reynolds number and Stefan number,
the smaller total charging time. It should be noted that total stored
heat increases with Stefan number at the end of charging process,
since total sensible stored heat increases with the Stefan number.

5. Conclusions

In this study we have developed a new heat transfer coefficient
correlation, using 120 datasets, with considering the change with
downstream around a spherical capsule in a cold TES system and
validated it with some experimental data available in the litera-
ture, resulting in considerably good agreement. In addition, a
numerical analysis is carried out using a temperature based fixed
grid solution with control volume approach for investigating the
heat transfer behavior of an encapsulated ice TES system. The re-
sults show: (i) The effect of varying heat transfer coefficient on
the heat transfer is crucial and must be considered for analysis.
(ii) The heat transfer rate increases as Reynolds number increases
and inlet temperature of HTF decreases. (iii) The solidification pro-
cess is primarily governed by the magnitude of Stefan number,
capsule diameter and capsule row number.
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