
Alexandria Engineering Journal (2016) 55, 2065–2076
HO ST E D  BY

Alexandria University

Alexandria Engineering Journal

www.elsevier.com/locate/aej
www.sciencedirect.com
ORIGINAL ARTICLE
Response surface method optimization of V-shaped

fin assisted latent heat thermal energy storage

system during discharging process
* Corresponding author. Fax: +98 111 3234205.

E-mail address: ddg_davood@yahoo.com (D.D. Ganji).

Peer review under responsibility of Faculty of Engineering, Alexandria

University.

http://dx.doi.org/10.1016/j.aej.2016.07.004
1110-0168 � 2016 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Sina Lohrasbi, Mofid Gorji Bandpy, D.D. Ganji *
Department of Mechanical Engineering, Babol University of Technology, Babol, Iran
Received 26 April 2016; revised 30 June 2016; accepted 11 July 2016
Available online 27 July 2016
KEYWORDS

Finite Element Method;

LHTESS;

PCM;

RSM;

V-shaped fin
Abstract Latent Heat Thermal Energy Storage Systems (LHTESS) containing Phase Change

Material (PCM) are used to establish balance between energy supply and demand. PCMs have high

latent heat but low thermal conductivity, which affects their heat transfer performance. In this

paper, a novel fin array has been optimized by multi-objective Response Surface Method (RSM)

based on discharging process of PCM, and then this fin configuration is applied on LHTESS,

and comparison between full discharging time by applying this fin array and LHTESS with other

fin structures has been carried out. The employed numerical method in this paper is Standard Galer-

kin Finite Element Method. Adaptive grid refinement is used to solve the equations. Since the

enhancement technique, which has been employed in the present study reduces the employed

PCM mass, maximum energy storage capacity variations have been considered. Therefore phase

change expedition and maximum energy storage capacity have been considered as the objectives

of optimization and the importance of second objective is indicated which is proposed as the novelty

here. Results indicate that considering maximum energy storage capacity as the objective of

optimization procedure leads to efficient shape design of LHTESS. Also employing optimized

V-shaped fin in LHTESS, expedites discharging process considerably in comparison with the

LHTESS without fin.
� 2016 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

LHTESS containing PCMs are used to establish balance
between thermal energy supply and demand. These systems
store thermal energy during melting of PCM, and retrieve this

energy during the solidification process. The amount of energy
storage-retrieval density during phase change is higher in com-
parison with Sensible Heat Thermal Energy Storage System

(SHTESS), which stores and retrieves energy during tempera-
ture change, not phase change [1]. Because of this feature,
LHTESS have been widely used in several applications, such
as solar systems [2], HVAC Systems [3] and Electronic Chip

Cooling [4]. Since the ordinary materials used as PCMs have
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Nomenclature

Cp heat capacity (m2 kg/s2 K)

D2 outer tube diameter (mm)
K thermal conductivity (m kg/s3 K)
L fin length (cm)
Lf latent heat of fusion (m2 s�2)

R1 inner tube radius (mm)
S solid fraction
Ste Stefan number (cp(Tw � Tm)/Lf)

T time (s)
Tm solid-liquid phase change temperature (K)

Tw wall temperature (K)

w fin thickness (mm)
a thermal diffusivity (m2/s)
b fin branch direction (Rad)
q density (kg/m3)

Subscripts
f fusion
m melt

w wall
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the restriction of low thermal conductivity, heat transfer mech-
anisms in LHTESS are weak [1], and as a result, the rate of

melting and solidification processes of PCMs, which are equiv-
alent to charging and discharging processes of LHTESS
respectively, are too low. Generally, heat transfer enhancement

in the past few decades has evolved into an important compo-
nent of heat transfer experimentation and theory. Heat trans-
fer enhancement techniques can be divided into two groups,

active and passive techniques. Where applying rough, treated
and extended surfaces can be expressed as the examples of pas-
sive methods and using surface vibration, fluid vibration and
electrostatic fields can be expressed as the examples of active

methods. Much of these efforts, have been focused on micro-
scale and nanoscale studies [5]. The enhancement methods that
have been applied to LHTESS in order to overcome the

restriction of low thermal conductivity of PCMs include using
PCM dispersed with high conductivity particles [6–9], applying
electric or magnetic field [10–18], surface waviness [19], finned

tubes [20–26], insertion of a metal matrix into the PCM [28]
and micro-encapsulation of the PCM [29]. Xuan and Lee [6]
have experimentally investigated the effect of nanoparticle dis-
persion on heat transfer enhancement of nanofluids. The hot-

wire apparatus has been employed in order to measure the
thermal conductivity of nanofuids. They have reported that
the value of nanofuid thermal conductivity increases signifi-

cantly with the increase in ultra-fine particle volume fraction,
for example for Cu/water, the thermal conductivity ratio of
the nanofuid to that of the base liquid varies from 1.24 to

1.78 when the ultra-fine particle volume fraction varies from
2.5% to 7.5%. Dhaidan et al. [7] studied melting phenomenon
of Nano-Enhanced PCM (NEPCM) experimentally and

numerically in a square container. They reported that heat
transfer rate increases by adding nanoparticles because of the
thermal conductivity enhancement. They reported a 9% reduc-
tion in full melting time by adding 5% CuO as nanoparticle to

n-octadecane as PCM. Hosseinizadeh et al. [8] numerically
investigated melting phenomenon in NEPCM in a spherical
container. They used RT27 as PCM and Copper as nanopar-

ticles and reported that since adding nanoparticles either
enhances thermal conductivity or decreases latent heat, it
enhances melting rate. Fan et al. [9] investigated solidification

process of NEPCM in semi-finite region by similarity solution
technique. They experimentally measured NEPCM properties
and applied them in the similarity solution procedure. Their

results indicate that by adding one percent Graphene as
nanoparticles to Dodecanal as PCM, the solidification rate
increases up to 34%. In the recent years, investigation of the

effect of electric and magnetic field on hydrodynamics has been
attractive topic [10–17]. Also the effect of electric and magnetic
field on solid-liquid phase change phenomenon has been stud-

ied. Nakhla et al. [18] experimentally investigated solid extrac-
tion electrohydrodynamics on the performance of LHTESS
during melting process. They have reported that by applying

a (�8 kV) voltage potential across the storage module, the time
needed for melting of 7 mm thickness of the PCM reduces up
to 40%. Another enhancement method applied to LHTESS
for increasing the melting and solidification rate is changing

the geometry in order to increase the heat transfer area.
Kousksou et al. [19] studied the effect of surface waviness on
melting rate of PCM in rectangular cavity. They reported that

varying the number of undulations, doesn’t have a significant
effect on melting rate but increasing the amplitude of the wavy
surface, has a remarkable effect on melting rate. The other

enhancement method applied to these systems is to immerse
high thermal conductivity fin into PCM containers. The reason
of fin employment desirability as an enhancement technique of
LHTESS is due to the simplicity, ease in fabrication and low

cost of construction [20]. Immersing fin into the LHTESS
increases thermal penetration depth, but it should be noticed
that by implementing fin into LHTESS, it occupies a consider-

able part of the storage tank volume and as a result the PCM
mass decreases and the maximum energy storage capacity
decreases subsequently [21,22]. Therefore, in fin design during

solidification process, either expedition of the process or max-
imum energy storage capacity has to be considered. Lamberg
and Siren [23] provided an analytical model based on a

quasi-linear, transient, thin-fin equation in order to predict
solid–liquid interface location and temperature distribution
of the fin in a melting process in a semi-infinite PCM storage.
They have reported that this model is not suitable for the solid-

ification process because in solidification process, the predom-
inant heat transfer is conduction. Ismaeil et al. [24] numerically
and experimentally investigated the effect of adding fins to

LHTESS in solidification phenomenon. They reported that
the increase in fin thickness doesn’t have considerable effect
on solidification rate, but the increase in fin length increases

the rate of the process significantly, but the change in the value
of energy storage capacity by adding fins to the system has not
been mentioned. Kamkari and Shokouhmand [25] experimen-

tally investigated the effect of adding fins to the cavity contain-



Figure 1 Three-dimensional view of V-shaped fin assisted

LHTESS.

Figure 2 Two dimensional solution domain.
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ing PCM during melting process. Their results indicated that
by adding one and three fins to the system, melting rate
increases 18% and 37% respectively. But energy storage

capacity variation by adding fins to the system did not have
been mentioned in this work either. Al-Abidi et al. [26] numer-
ically investigated heat transfer enhancement of a triplex tube

heat exchanger during melting process by applying internal
and external fin to the system. They reported that by using this
technique, melting time reduces up to 34.7%. Lorenzini et al.

[27] focused on geometric optimization of Y-shaped fins. They
have indicated that the global thermal resistance of Y-shaped
assembly of fins can be minimized by geometric optimization.
They defined a parameter, which is a criterion to introduce

Y-shaped fin cross section. If the value of this parameter is
low, the first branch of optimized Y-shaped fin will be equal
to zero; therefore, Y-shaped fin becomes V-shaped. In present

study, fin thickness is selected in a range that the value of this
parameter is in the desired range; therefore, fin configuration
in present work is V-shaped. Tiari et al. [28] numerically inves-

tigated finned heat pipe assisted LHTESS during charging
process. They have reported that ignoring natural convection
heat transfer in melting leads to approximately 30% error.

The insertion of a metal matrix into the PCM has been used
in several works in order to enhance heat transfer during
charging and discharging of PCM. Trelles and Duffy [29]
numerically investigated a porous LHTESS for thermoelectric

cooling, in which the PCM was in a porous aluminum matrix.
They reported that the metal matrix in the PCM greatly
improves performance. PCM microencapsulation is another

method of heat transfer enhancement of LHTESS. By encap-
sulating PCM in a solid material of small diameter to be sus-
pended in a liquid, partially melting and solidifying slurries

and heat transfer enhancement can be achieved [30].
In this paper, solidification process has been simulated by

Standard Galerkin Finite Element Method. Adaptive grid

refinement strategy is used in the solution procedure of the
equations. An Innovative fin configuration has been optimized
by Response Surface Method and then been employed in order
to enhance LHTESS performance during discharging process.

Optimized configuration of fin has been obtained by investi-
gating the interaction between solidification expedition and
maximum energy storage capacity as the two objectives of

optimization procedure. Unlike the previous studies, energy
storage capacity is investigated in LHTESS, and also it has
been indicated that considering this parameter as one of the

objectives of optimization, leads to more efficient optimization
and proper results. This is proposed as the novelty here. In the
last section of this paper, this optimized fin configuration is
applied to LHTESS to compare the results with the LHTESS

with simple longitudinal fin and without fin.

2. Problem statement

2.1. Geometry and boundary conditions

The main geometry of the present study is a V-shaped fin
assisted LHTESS, which has been illustrated in Fig. 1. The
space between Heat Transfer Fluid (HTF) and storage tank

shell, is filled with water as PCM, which is solidified during
discharging process of LHTESS. The V-shaped fin is
connected to the internal pipe containing HTF in order to
enhance thermal penetration depth into the PCM.

This paper deals with two steps in the investigation of
LHTESS performance enhancement. First, two dimensional
simulation, by Finite Element Method and optimization by

Response Surface Method is carried out in order to find the
optimum longitudinal V-shaped fin configuration. In this step,
the solution domain, which can be observed in Fig. 2, is a hor-
izontal plane. The purpose of applying fin in this system was to

increase penetration depth into the PCM. In the second step,
this optimized V-shaped fin configuration will be applied in
LHTESS and will be compared with the other common fin

structures during discharging process of LHTESS, such as
radial fin, simple longitudinal fin and also LHTESS without
fin, to indicate the efficiency of V-shaped fin array in compar-

ison with the other cases, and also indicating the efficiency of



Table 1 Geometry parameters of V-shaped fins.

Parameter Range

b [1p/16, 4p/16]
L [2.5, 4 cm]

w [0.5, 1.2 mm]

Table 2 The physical properties of water as PCM and

aluminum fin.

Property PCM Fin

q(kg/m3) 997 2700

Cp(j/kg K) 4181 902

k(w/m K) 0.6 200

Lf(j/kg) 335,000 –
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considering maximum energy storage capacity as one of the
objectives of RSM optimization procedure.

The boundary condition, for the internal wall, containing
HTF, is assumed constant and equal to 240 K and the other
walls are assumed adiabatic. Initial temperature of the domain

is assumed equal to 285 K.
In Table 1, geometry parameters and their ranges, which

have been used in optimization procedure are listed.

Physical properties of PCM and fin are listed in Table 2.

2.2. Governing equations

General governing equations of solidification process can be

expressed as below:
Continuity equation:

@ui
@xi

¼ 0 ð1Þ

Momentum equation:

@ui
@t

þ uj
@ui
@xj

¼ 1

q
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� �

ð2Þ

Energy equation:
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Solid fraction equation:

S ¼ 1 T < Tm � T0

S ¼ 0 T > Tm þ T0

S ¼ ðTm þ T0=2� TÞ
T0

Tm � T0 < T < Tm þ T0

ð4Þ

Ettouney et al. [31] investigated the phase change process of
Paraffin/Wax in vertical PCM double-pipe container. They
have indicated that in solidification process, conduction heat

transfer is the predominant heat transfer mechanism but in
melting process, natural convection is predominant. Therefore,
in solidification simulation, natural convection heat transfer

can be ignored. Stritih et al. [32] investigated the conduction-
dominated solidification process of PCM by analytical
methods and compared the obtained results with experimental
results to study the error of ignoring natural convection heat
transfer mechanism in solidification. They reported good

agreement between experimental and numerical results
obtained by ignoring natural convection heat transfer in solid-
ification process. They also showed that natural convection in

solidification, has the power ten times lower than in melting. In
the present work, the numerical investigation of solidification
process is based on conduction-dominated assumption. There-

fore, in solidification simulation, velocity variables and the
natural convection heat transfer can be ignored and the gov-
erning equations of conduction-dominated solidification pro-
cess can be presented as follows:

Energy equation in PCM region:

qCp

dT

dt
¼ rðkrTÞ þ Lf

dS

dt
ð5Þ

Energy equation in the fin region:

qCp

dT

dt
¼ rðkrTÞ ð6Þ

Solid fraction equation is the same as presented before.

Total energy released during discharging process, which is
sum of latent and sensible heat, is calculated using the follow-
ing equation:

Etotal ¼ q
Z

cpTþ ð1� sÞLf

� �
dV ð7Þ
3. Numerical method and validation

Standard Galerkin Finite Element Method with cubic interpo-

lation over triangles is implemented to solve the present phase
change problem. Nodal values are placed on the corners and
sides of the mesh cells. The Galerkin equations are formed

by symbolic analysis, which substitutes definitions, segregates
dependencies on variables, applies integration by parts, inte-
grates over cells, and ultimately differentiates the resulting sys-

tem with respect to system variables to form the coupling
matrix. The equations are solved simultaneously by an itera-
tive method. For nonlinear systems Newton-Raphson iteration
process with back-tracking is used. For time dependent prob-

lems, such as solidification problem, an implicit Backward Dif-
ference Method for integration in time is used. Variables are
approximated by quadratic polynomials in time, and the time

step is controlled to keep the cubic term smaller than the
required value of error. The residual Galerkin integral over a
patch of cells surrounding each mesh node is minimized by

the Finite Element Equations. Then the residuals in each cell
independently are analyzed as a measure of compliance, and
subdivide each cell in which the required error tolerance is

exceeded. Any cell, thus splits can be re-merged whenever
the cell error drops two of the splitting tolerance.

In Adaptive Grid Refinement Method, when the initial
mesh generation is carried out, code estimates the error and

refines mesh in order to achieve the desired accuracy. In
unsteady problems, this procedure also has to be applied to
the initial values of the variables in order to refine the mesh

where rapid change in variables occurs. In solid-liquid phase
change problem, the position of phase change front, where
the gradients are so high, is unknown; therefore, employing

Adaptive Grid Refinement in these problems seems the most
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Figure 3 Adaptive grid refinement in three time steps.

Figure 4 Calculated solid-liquid phase change fronts in present

study and experimental results obtained by Ismaeil et al. [24] at

various times.
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reasonable, hence in present work, this method is used to sim-

ulate the phase-change procedure as illustrated in Fig. 3.
Comparison between the solid-liquid phase change front, at

various time steps during solidification process, obtained by

present code based on Galerkin Finite Element Method and
experimental results obtained by Ismaeil et al. [24] indicates
good agreement, which validates the present code as illustrated

in Fig. 4. Moreover it proves that ignoring natural convection
in numerical simulation of solidification phenomenon leads to
results close to reality.

4. Response surface method optimization

In present work, the optimization procedure of V-shaped fin
configuration has been carried out by employing CFD analysis

and Response Surface Method (RSM). RSM consisted of
mathematical methods, and it is applicable for the problems
in which several variables, control the system response. The

main procedure in this approach is to characterize the response
based on suitable experiments [33]. In this research, fin config-
uration optimization is carried out based on 40 experiments,

for 3 geometry parameters and 2 responses during solid-
liquid phase change.



Figure 5 Full solidification time and total energy storage capacity response surfaces for geometry parameters (w [mm], L [cm] and b (�p/
16) [Rad]).
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5. Results and discussion

5.1. Optimization of V-shaped fin configuration

In this section, first the V-shaped fin array will be optimized
using RSM during solidification process in fin-assisted
LHTESS. Geometry parameters, which will be studied during
optimization process are b, L and w, where b is the angle

between the branches and axes, L is the fin length and w is
the fin thickness, as illustrated in Fig. 5. Range of changes in
these parameters is [1p/16, 4p/16] for b, [2.5, 4 cm] for L,
[0.5, 1.2 mm] for w. The responses in the optimization proce-
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Figure 6 Temperature and solid fraction contours in three different time steps during solidification process in the optimized V-shaped fin

array which is b = 2.33p/16, L = 3.8 mm, w = 0.4 mm.
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dure are full solidification time and maximum energy storage
capacity, where the time response is desired to be minimized,

and energy storage capacity is desired to be maximized, in
order to expedite the phase change process without lowering
the maximum energy storage capacity too much. To study

the maximum energy storage capacity quantitatively, this
parameter is defined as the sum of sensible and latent heat over
the entire domain at the beginning of the process for
solidification.

As illustrated in the surface related to full solidification
time, in Fig. 5, the effect of branches direction and length on
phase change acceleration is significant but the effect of fin

thickness is insignificant. The reasons for the significance of
branches direction effect, are that when the branches are too



Figure 7 Three dimensional view of LHTESS with optimized V-shaped fin (a), with simple longitudinal fin (b), with radial fin (c) and

without fin (d).
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close to the axes, for the PCM in the space between each
V-shaped branches, thermal resistance decreases considerably,
but for the space between the four V-shaped fins, thermal resis-

tance will be so high that the PCM mass in this space solidifies
too slow, which slows down the full solidification rate. There-
fore, it is important to find the optimized branch direction to
achieve uniform PCM mass distribution.

As can be observed in Fig. 5, increasing in the value of fin
thickness, increase heat transfer area, and therefore expedites
phase change process slightly. On the other hand, with the

increase in fin thickness, the employed amount of PCM will
be less and as a result, maximum energy storage capacity will
decrease. Since maximum energy storage decrement because of

fin thickness augmentation, is more significant than phase
change acceleration, it is desired to employ fin systems with
the minimum value of thickness.

In Fig. 5, the effect of fin length on solidification rate and
maximum energy storage capacity is illustrated. Increasing in
fin length, increases thermal penetration depth into the
PCM, and because of low thermal conductivity of PCM,
immersing a high thermal conductivity fin system into PCM,
results in significant enhancement in solidification rate.
Although increasing fin length, results in maximum energy

storage capacity decrement, but since the solidification rate
enhancement is much more significant, the interaction between
these two parameters makes the optimized value of fin length
approximately equal to its maximum value.

In Fig. 6, Temperature and solid fraction contour plots for
the optimized V-shaped fin configuration, which is
b= 2.33p/16, L = 3.8 mm, w = 0.4 mm, are illustrated in

three different time steps during solidification process, which
are 200, 2000 and 4000 s. In these figures, it is desired to
achieve more uniform temperature and mass distribution over

the domain. From Fig. 6, it can be observed that applying
V-shaped fin with optimized configuration in LHTESS, fulfills
these purposes during discharging process.

Also, by comparing the value of solidified PCM in the same
time steps between LHTESS with snowflake shaped fin and
other fin configurations, it can be observed that, besides the
uniform solidification process of snowflake shaped fin assisted
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Figure 8 Temperature (left side) and solid fraction (right side) contour plots for LHTESS with simple longitudinal fin.
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LHTESS, the fastest solidification is achieved by employing
this structure.

In the following sections, by comparing these contour plots
with LHTESS with simple longitudinal and radial fin arrays,
with the same PCM mass, the efficiency of V-shaped fin array

as an enhancement technique for LHTESS will be investigated.
5.2. Comparison between the optimized case and other common
cases

In this section, comparison between performance of optimized

V-shaped fin assisted LHTESS and LHTESS with simple lon-
gitudinal fin, with radial fin and without fin will be carried out.
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Figure 9 Temperature (left side) and solid fraction (right side) contour plots for LHTESS with radial fin.
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The schematic of these cases is illustrated in Fig. 7. In these fig-
ures, the space between the inner and outer tube is filled with

PCM and the abovementioned fin configurations are attached
to the inner tube in order to enhance thermal penetration
depth into the PCM. In all of these cases, the volume of
employed fin and PCM mass is kept constant-equal to the case

of optimized V-shaped fin- to compare solidification rate at the
same value of maximum energy storage capacity.
In Figs. 8 and 9, temperature and solid fraction contour
plots for LHTESS with simple longitudinal and radial fin are

illustrated in three time steps during discharging process.
According to Figs. 8 and 9, it can be observed that the value

of solid fraction increment rate of the optimized V-shaped fin
assisted LHTESS, as illustrated in Fig. 6 is significantly

higher in comparison with the other cases at the same value of
PCM mass and maximum energy storage capacity. Also the



Figure 10 Liquid fraction over the domain.

Table 3 Comparison between full solidification time and

acceleration rate of LHTESS with simple longitudinal fin, with

radial fin and with the optimized V-shaped fin with respect to

LHTESS without fin.

Method Full

solidification

time (s)

Acceleration

enhancement (n-times

faster)

LHTESS without fin 33,272 –

LHTESS with

simple longitudinal

9131 3.64

LHTESS radial fin 8483 3.92

LHTESS optimized

V-shaped fin

5888 5.65
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temperature distribution of V-shaped fin assisted LHTESS is

more uniform in comparison with the case of longitudinal and
radial fins.

It should be noted that adding simple longitudinal or radial

fins to LHTESS enhances conductive heat transfer, but by
increasing the number of fins, natural convection heat transfer
will be suppressed, because there will not be enough space for
the vortexes to grow. In the solidification investigation, as men-

tioned before, natural convection heat transfer mechanism is
negligible, but in melting process, which is equivalent to charg-
ing process of LHTESS, natural convection plays significant

rule; therefore, immersing longitudinal or radial fin system with
large number of fins, can have destructive effects during charg-
ing process, although it expedites discharging process.

Therefore first of all it should be mentioned that the main
motivation of choosing V-shaped fin in this paper is that it
has the capability of increasing thermal penetration depth into

the PCM and achieving uniform mass distribution, also the
space between the branches is not too low to suppress vortexes
motion in natural convection heat transfer phenomenon dur-
ing charging process, unlike the case of LHTESS with radial

or simple longitudinal fins.
It should be mentioned that, in order to investigate heat

transfer in radial fin assisted LHTESS, simulation has to be

carried out in (r, z) coordinates, because of the axisymmetric
geometry, unlike the cases of longitudinal fin systems, calcula-
tions cannot be carried out in (r, h) coordinates.

In Fig. 10, liquid fraction variations over the domain dur-
ing solidification process are illustrated. In this figure, the slope
of solidification diagrams, represents the discharging rate, and
the end of the diagrams represents the full discharging time of

each case. From this figure, it can be inferred that since the
solidification rate of PCM by adding fin of any kind to
LHTESS is significantly higher than the case of LHTESS with-

out fin, this enhancement technique is an efficient method in
solid-liquid phase change acceleration. Among the investigated
fin configurations, the optimized V-shaped fin has the highest

solidification rate, radial and simple longitudinal fin has
almost the same rate. The main difference between solid
fraction variations behavior of LHTESS with radial fin and

with simple longitudinal fin, is the lower solidification rate of
radial finned system at the beginning of the process. This is
because in present study, the number of radial fins in the sys-

tem is small, and as it has been mentioned in Tiari et al. work
[26], the efficiency of radial fins will be highest when more
number of fins are employed, because this decreases thermal

resistance, and leads to high enhancement rate in conduction
dominated mechanism, including discharging process. But as
mentioned before, more number of fins lead to natural convec-

tion suppression during charging process. In Table 3, the
amount of solidification rate enhancement in indicated.

6. Conclusions

In present study, innovative fin configuration has been opti-
mized by Response Surface Method during discharging pro-
cess of LHTESS and then this optimized fin array has been

employed in LHTESS as a performance enhancement tech-
nique. The optimized fin structure has been obtained by inves-
tigating the interaction between solidification expedition and

maximum energy storage capacity as the two objectives of
optimization procedure, unlike the previous studies, where
the parameter of maximum energy storage capacity hasn’t

been considered in the study of LHTESS performance. Then
this optimized fin configuration is compared with the other
cases to indicate its efficiency. It was found that:

� With the increase in fin thickness, heat transfer area
increases and solidification expedition is achieved. But since
the increase in fin thickness, increases cross-sectional area

and results in less amount of PCM mass, it lowers maxi-
mum energy storage capacity, therefore because this expedi-
tion is not significant in comparison with the disadvantage

of energy storage capacity reduction, the optimized value
for fin thickness is the lowest value in the considered range.

� With the increase in fin length, although maximum energy

storage capacity decreases, the enhancement in phase-
change acceleration because of thermal penetration depth
augmentation is so high that the disadvantage of energy
storage capacity reduction can be neglected. Therefore the

optimized value of fin length is approximately equal to
the maximum value in the considered range.

� Fin branches direction, has significant effect on solidifica-

tion rate; therefore, in the optimization process it is tried
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to find the best direction, which is determined in a way that

uniform mass distribution be achieved.
� Applying V-shaped fin array with optimized configuration
is an efficient enhancement technique for LHTESS and

results in uniform solidification and expedites the process.
� Applying optimized V-shaped, simple longitudinal and
radial fins to LHTESS indicates 5.65, 3.64, and 3.92 times
faster solidification process in comparison with LHTESS

without fin.
� Considering maximum energy storage capacity as an objec-
tive of optimization procedure, leads to reasonable results.

It can be claimed that neglecting this parameter in the
design of LHTESS doesn’t lead to acceptable results.

� Longitudinal fin configuration with simple or V-shaped fin

structure is more efficient in the enhancement of discharg-
ing process in LHTESS in comparison with radial fin
structure.

� The significant difference between the enhancement of dis-

charging acceleration of LHTESS without fin and with
fin, indicates the efficiency of fin, as an enhancement tech-
nique of LHTESS.
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