
Vol.:(0123456789)1 3

Journal of Thermal Analysis and Calorimetry (2020) 141:1753–1768 
https://doi.org/10.1007/s10973-020-09812-7

Comparison of different approaches for thermal performance 
improvement of a phase change energy storage system

Omid Ahmadi1 · Sahand Majidi1   · Pooyan Hashemi Tari1

Received: 28 February 2020 / Accepted: 7 May 2020 / Published online: 22 May 2020 
© Akadémiai Kiadó, Budapest, Hungary 2020

Abstract
Performance improvement of a phase change material (PCM) thermal storage system is numerically investigated. A finite 
volume solver is employed to simulate the melting process of the PCM in different geometrical and boundary conditions. 
The numerical predictions are initially validated against available experimental data. Afterward, four different scenarios are 
investigated to improve the thermal characteristics of the phase change process. These scenarios include insertion of radial 
fins with different radial lengths, insertion of a porous layer on the PCM side of the heat transfer fluid (HTF) tube, dou-
bling the HTF mass flow rate, and also increasing the HTF inlet temperature. The results indicate that all of these scenarios 
expedite the melting process, but at different rates. The insertion of the porous medium is shown to be more effective than 
using of radial fins. Moreover, according to the second-law analysis of the thermal storage system, using the porous layer 
provides a superior exergy efficiency compared to other enhancement scenarios. Overall, the addition of a metallic porous 
layer around the HTF tube is proven to be the most effective as well as the most efficient approach to improve the thermal 
characteristics of the energy storage system.
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List of symbols

Notations
t	� Time (s)
V	� Velocity (m s−1)
P	� Pressure (Pa)
h	� Convection heat transfer coefficient (W m−2 K−1)
T	� Temperature (K)
q	� Heat flux (W m−2)
Cp	� Specific heat (J kg−1 K−1)
g	� Gravitational acceleration (m s−2)
k	� Conduction heat transfer coefficient (W m−1 K−1)
H	� Enthalpy (kJ kg−1)
λ	� Melted fraction
μ	� Viscosity (kg m−1 s−1)
ε	� Porosity
α	� Thermal diffusivity
ν	� Kinematic viscosity (m2 s)
S	� Source term

ex	� Exergy (J)
ρ	� Density (kg m−3)

Subscripts
s	� Steady state
PCM	� Phase change material
sur	� Surface
B	� Bulk
M	� Melted
liquid	� Liquid state
Solid	� Solid state
ref	� Reference

Introduction

An increase in using solar energy as the heat source in home 
industry has led to the design of efficient storage systems. 
The most important role of these systems is to overcome the 
difference between the supply and the demand for energy at 
different times of a day [1]. Phase change materials as stor-
age units can store 5–14 times more energy in comparison 
with other materials like water, stone, etc. [2]. One of the 
great advantages of these materials is that they can release 
stored energy in nearly constant temperature. Therefore, they 
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are great candidates to be utilized as storage unit buildings 
in order to have a more efficient energy consumption and 
improved thermal comfort [3]. PCMs can be incorporated 
in other types of energy storage systems such as metal 
hydride tanks (MHTs) to reduce their dependence on exter-
nal heat sources required for charge and discharge process 
[4]. Another common application of PCMs is in the storage 
process of frozen foods within the containers in which keep-
ing the temperature constant is of crucial importance [5].

PCMs are classified by their phase change behavior into 
four major classes: solid–solid, solid–liquid, liquid–gas, and 
solid–gas. Liquid–gas and solid–gas PCMs are not practi-
cal because of their significant volume change during phase 
change [6]. Solid–solid PCMs are not capable of storing a 
significant amount of energy in comparison with other cases 
[7]. However, these systems do not have leakage issue that 
usually happens in solid–liquid systems [8]. Solid–liquid 
PCMs, on the other hand, do not have significant volume 
change during the phase change process and are capable of 
storing a large amount of energy in relatively low volume, 
and thus, they are more common for use as a storage unit.

For solid–liquid storage systems, the heat transfer associ-
ated with the melting process is normally controlled by two 
mechanisms: conduction and natural convection [9]. The 
dominance of each mechanism depends on the place of the 
heat source in the PCM container. If the heat source is at the 
bottom of the container, hot fluid can freely carry heat via 
natural convection; therefore, this mechanism becomes dom-
inant. On the contrary, if the heat source is located on top 
of the PCM system, natural convection flow cannot freely 
happen and conduction becomes the dominant mechanism 
[10]. Moreover, in the early stages of the melting process, 
effect of natural convection is weak and conduction is the 
main mechanism due to low liquid fraction and low Ray-
leigh number [11]. The contribution of these heat transfer 
mechanisms to the phase change process is also affected 
by the thermal boundary conditions of the energy storage 
system [12].

The wide range of materials utilized in solid–liquid 
energy storage systems are categorized as paraffin com-
pounds [13], eutectic [14], and inorganic compounds [15]. 
Poor thermal conductivity is a main issue for many of the 
proposed phase change materials [16]. This drawback 
restricts their utilization for heat removal/storage appli-
cations due to their limited efficiency in thermal energy 
absorption and release [17]. Multiple techniques have been 
proposed by other researchers to compensate the low ther-
mal conductivity problem such as dispersion of highly con-
ductive nanoparticles in the PCM [18], combination of mul-
tiple PCMs in the thermal storage systems [19], fabrication 
of composite PCMs [20], and insertion of metallic fins in 
the storage system [21]. Adding metal fins has been already 
proven to enhance heat transfer in other energy conversion 

and storage systems [22]. Several numerical and experimen-
tal researches have been conducted to study the melting pro-
cess of PCMs using either of these approaches.

Fin placement in the PCM container has been considered 
as a promising approach to improve thermal performance of 
LHTES system. Kozak et al. [23] investigated close-contact 
melting (CCM) process of a PCM in a horizontal annulus-
shaped container using both experimental and numerical 
approaches. They placed radial fins in the annulus. They 
concluded that the CCM process considerably shortens the 
time length of charge and discharge. They also conducted a 
dimensional analysis to develop a theoretical model of the 
melted fraction to predict the phase-change process. In a 
later study [24], they replaced the radial fins with the longi-
tudinal ones and adopted a similar approach to explore the 
phase-change behavior assisted by the new fin configuration.

Tiari and Qiu [25] used numerical approach to study 
the phase change process latent heat energy storage system 
(LHTES) equipped with finned heat pipes. The PCM was a 
eutectic mixture with a relatively high melting temperature. 
They reported that heat pipe arrangement and quantity have 
a substantial effect on the melting rate of the PCM. Jahan-
giri and Ahmadi [26] used a numerical approach to study 
the impact of internal fins in the melting process of a PCM 
inside a circular container. In all their cases, the ratio of the 
heat transfer surface to the PCM volume is considered to 
be constant. They reported that in a constant ratio, using 
internal fins decreases the melting rate in comparison with 
the case without fins. Karami and Kamkari [27] employed 
perforated fins to improve thermal performance of the verti-
cal shell and tube heat storage systems. In their experimental 
study, lauric acid and water were used as the phase change 
material and heat transfer fluid, respectively. They showed 
that the averaged Nusselt number of the heat exchanger 
equipped with perforated fins is considerably higher com-
pared to the case with solid fins.

Nanoparticle dispersion in PCM is another favorite 
approach to improve the thermal conductivity specifically 
in paraffin-based PCM. Ho and Gao [28] investigated the 
melting process in a nanoparticle-embedded LHTES. They 
concluded that natural heat convection in the melted fraction 
is substantially weakened with increasing concentration of 
nanoparticles. Kibria et al. [29] conducted a thorough review 
on changes in thermophysical characteristics of PCM due 
to addition of metal or metal oxide nanoparticles and car-
bon nanotubes. Fan et al. [30] reinvestigated the classical 
problem of phase change in a spherical container with the 
graphite nanoparticles spread in the PCM. They observed 
that introduction of nanoparticles simultaneously increases 
the thermal conductivity of the PCM and its liquid viscos-
ity of the melted parts. The dramatic rise in liquid viscosity 
weakens the natural convection as the dominant heat trans-
fer mechanism. Thus, the desirable increment in thermal 
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conduction is outbalanced by the decrement in natural con-
vection. Bashar and Siddiqui [31] investigated the transient 
behavior of the melting rate of a PCM with nanoparticles, 
used to enhance the melting rate. They conducted experi-
mental research and showed that different heat transfer meth-
ods vary with a melted fraction of PCM and both conduction 
and convection are strongly dependent on time.

Utilization of porous metal foams in LHTES system has 
become a popular method to circumvent the low conductiv-
ity problem of PCMs. Khedher and Nasrallah [32] inves-
tigated thermal performance of PCM in a porous medium 
with different porosities. They concluded that using PCM 
in porous bricks improves heat conduction and thus overall 
thermal performance of the energy storage system. Decreas-
ing the porosity, in spite of expediting charge and discharge 
process, reduces the latent heat stored during the charge 
process. This is due to the decreased PCM density of the 
porous medium. Sardari et al. [33] investigated the discharge 
mechanism of PCM in the presence of metallic foam in order 
to enhance the heat transfer efficiency. Their results showed 

that by using metallic foam, the time of the solidification 
process decreases by 45%. They reported that by using a 
porous medium during the solidification process, the output 
temperature of HTF becomes more uniform in comparison 
with the case with no porous material. Mohammadnejad 
and Hossainipour [34] numerically investigated the effect 
of a porous medium on the melting process of a PCM in 
high-temperature situations. Their investigation is associated 
with the cases at which the storage system of a solar plant is 
working with a high-temperature fluid. They reported that 
for a storage system with a porous medium, storage time 
decreases substantially.

In addition to studies focused on the effect of each indi-
vidual technique, there have also been several investigations 
carried out to compare the efficiency of those techniques or 
to assess the effect of their combination. Zhixiong Li et al. 
[35] studied the effect of using porous medium and adding 
nanoparticles to HTF for reducing the melting and the solidi-
fication time of a PCM in a heat exchanger. They concluded 
that using a porous medium has a significantly higher effect 
on the melting and the solidification process compared to 
the case with nanoparticles. Mousavi et al. [36] conducted 
a numerical approach to investigate the effect of nanopar-
ticles and fins on the thermal performance of a cylindrical 
container. They reported that fins are more effective in the 
melting process in comparison with nanoparticles. Moreo-
ver, they reported that the highest improvement in the melt-
ing process happens with the simultaneous use of fins and 
nanoparticles. Kamkari and Groulx [37] assessed the influ-
ence of different inclination angles on the thermal response 
of an LHTES with embedded fins. They observed that the 
melting process is accelerated with reducing the inclination 
angle due to the formation of liquid structures in the melted 
region of the PCM. Tiari and Mahdavi [38] studied the phase 
change process of high-temperature PCMs in combination 

Table 1   Thermophysical properties of Polyfine [45]

Melting 
temperature/°C

Specific 
gravity

Specific heat/
kJ kg−1 K−1

Thermal 
conductivity/W m−1 K−1

Kinematic 
viscosity/
m2 s−1

Latent heat/
kJ kg−1

Thermal 
diffusivity/
m−2 s

Thermal 
expansion 
coefficient/K−1

55 0.92 2.89 Solid state 
0.24

Liquid state 
0.18

5.5 × 10–6 180 7.985 × 10–8 0.001

Overview of chamberClose view of inlet area

Inlet 
fluid

Copper 
tube

Heat 
transfer

fluid

Phase change material

22.50

0.00 45.00 90.00

67.50

[mm]
[mm]10.0005.0000.000

2.500 7.500

Fig. 1   Schematic of PCM container

Fig. 2   View of the generated 
grid
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with metal foams and heat pipes. Their results indicated that 
the charge and discharge process of the PCM embedded in 
the metal foam is affected by the foam porosity and the heat 
pipe arrangement.

Heyhat et al. [39] investigated the application of PCMs in 
thermal management of batteries. The previously mentioned 
enhancement approaches, namely nanoparticle addition, fin 
placement, and metal foam insertion, were individually 
examined for their effects on thermal behavior of the battery 
cooling systems. The porous PCM was concluded to be more 
efficient in heat removal compared to the other approaches.

In the present study, performance enhancement of a ther-
mal storage system using different scenarios including radial 
fin placement, insertion of a porous medium, increase in 

HTF mass flow rate, and increase in inlet temperature of the 
HTF is investigated. The geometry of the system is similar 
to that used by Bashar and Siddiqui [31]. In addition, the 
experimental data provided by Bashar and Siddiqui [31] 
are used to validate present numerical simulation. After-
ward, the simulation is performed for each scenario, and the 
results are compared in order to investigate the possibilities 
to improve thermal characteristics of the phase change pro-
cess. Moreover, a second-law analysis is conducted for all 
of the cases to compare their exergy efficiency.

Governing equations

Enthalpy-porosity approach, first introduced by Brent et al. 
[40], is used to model the phase change process. In this 
approach, the melting front consisting of a solid–liquid 
interface is assumed to be a porous medium with its poros-
ity factor ranging from 0 to 1 for the solid and liquid region, 
respectively. Using the enthalpy-porosity approach, the gov-
erning equations are given as:

Continuity equation:

Momentum equation:

Energy equation:

where V is the velocity vector, t is the time, P is the pres-
sure, μ is the dynamic viscosity, ρ is the density, and g is 
the gravitational acceleration. Si is a source term added to 
Eq. (2) to account for the porous zone effects and is defined 
as follows:

where λ is the liquid fraction, ε is a small number in order 
to avoid dividing by zero, and C is the mushy zone con-
stant usually set between 104 and 108. In Eq. (3), H, k, and 
T represent enthalpy, thermal conduction coefficient, and 
temperature, respectively. H is the sum of sensible heat and 
latent heat and is calculated as:

(1)
𝜕𝜌

𝜕t
+ ∇(𝜌 ⋅ ��⃗V) = 0

(2)
𝜌
𝜕��⃗V

𝜕t
+ 𝜌��⃗V ⋅

(
∇��⃗V

)
= −∇P + 𝜇∇2��⃗V + 𝛽𝜌�⃗g

(
T − Tref

)
+ Si − SP

(3)𝜀
𝜕

𝜕t
(𝜌H) + ∇ ⋅

(
𝜌��⃗VH

)
= ∇ ⋅

(
k

Cp

∇h

)
+ SL

(4)Si =
(1 − �)2

�3 + �
CV
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T
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Fig. 5   Comparison of melting front position obtained via numerical 
simulation with the available experimental data at different simula-
tion times
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Fig. 6   Schematic of the computational domain for the case with a 
external fins and b porous medium
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where Href represents the enthalpy in reference temperature 
Tref and Cp is the specific heat. In this approach, the liquid 
fraction is calculated using the following equations:

The SP source term in Eq. (2) was computed according to 
Ergun equation [41]. Ergun equation is a semiempirical 
equation which can be calculated in various Reynolds num-
ber. This source term is defined as:

where � and Dp in this equations show the void fraction 
and mean particle diameter, respectively. Also SL in Eq. (3) 
was calculated using the following relations [42]:

The mathematical model described above is implemented 
in OpenFOAM software which is employed as the compu-
tational framework to perform numerical simulation.

Numerical Procedure

The set of governing equations are discretized and solved 
using the finite volume methodology. This methodology 
is based on the spatial integration of governing equations 
on each of the computational cells [43]. The mathemati-
cal procedure required to obtain the discretized equations is 
briefly described as follows: First, the conserved form of the 
Navier–Stokes and energy equations is considered:

(6)� =
ΔH

L

(7)𝜆 =

⎧
⎪⎨⎪⎩

0 ifT ≤ Ts
1 ifT ≥ Tl
T−Ts

Tl−Ts
ifTl > T > Ts

(8)SP = C + �

(9)� =
3.5

D2
p

(1 − �)

�3

(10)C =
150

D2
p

(1 − �)2

�3

(11)SL = 𝜀
𝜕𝜌𝜆L

𝜕t
+ ∇ ⋅ (𝜌��⃗V𝜆L)

In the above equation, U is the vector of conserved variables, 
Fi represents the flux vector, and S is the source term. The 
equations are spatially integrated over each of the compu-
tational cells:

where � represents volume of each computational cell. Vol-
ume integrals of flux divergence terms are replaced by their 
corresponding surface integrals using the divergence theo-
rem. These surface integrals are computed on face bounda-
ries of the computational cells, as shown in Eq. (14):

In the above equation, A and ni represent the cell face area 
and face normal vector. The integral terms are discretely 
estimated using finite difference or finite element tech-
niques to obtain the set of algebraic equations as presented 
in Eq. (15):

The set of algebraic equations are solved at the end of each 
iteration to obtain spatial distribution of the physical vari-
ables over the entire computational domain. Semi-implicit 
pressure-linked equations (SIMPLE) algorithm [44] is used 
to provide a coupling between pressure and velocity fields.

Grid independence and validation

The present study aims to investigate the impact of different 
thermal improvement factors on the melting process and the 
transient behavior of an LHTES system. For this purpose, at 
the initial stage, the system presented by Bashar et al. [45] 
is used to provide a numerical model of the LHTES system. 
It does not include any additional porous material or fin and 
thus is used as the reference system to validate the modeling 
procedure. Afterward, those additional factors are included 
to assess their effects.

For this system, Polyfine is set as the PCM and air as 
the HTF. Thermophysical properties of Polyfine are shown 
in Table 1. Schematic diagram of the PCM container is 
displayed in Fig. 1. The PCM container has dimensions of 
100 × 100 × 12 mm. As it is shown, air enters the PCM con-
tainer with the flow rate of 40 L min−1 and the temperature 
of 150 °C. HTF tube is made of copper and has inner and 

(12)
�U

�t
+

�Fi

�xi
= S

(13)∫�

�U

�t
d� + ∫ �

�Fi

�xi
d� = ∫�

Sd�

(14)∫�

�U

�t
d� + ∫ �

Fi ⋅ nidA = ∫�

Sd�

(15)
∑ ΔU

Δt
Δ� +

∑
Fi ⋅ niΔA =

∑
SΔ�

Fig. 7   Temperature distribution contour for a base case, b fins with 
0.5r length, c fins with r length, d porous media, e maximum HTF 
inlet temperature, and f maximum HTF flow rate for (1) 400, (2) 800, 
and (3) 1200 s

◂
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outer diameters of 4.76 and 5.115 mm, respectively. Reyn-
olds number of HTF flow is calculated as follows:

Since the Reynolds number is above the transition thresh-
old, the k–ε RNG turbulent model is used to account for the 
turbulence characteristics of the HTF flow. A view of the 
mesh grid generated for this simulation is shown in Fig. 2. 
The entire numerical domain is covered by a structured grid 
to ensure the quality of the numerical results. Furthermore, 
the mushy zone constant was set to be 105.

To investigate grid independence, three sets of grids with 
different mesh sizes were generated. Results obtained using 
these grids are presented in Fig. 3a, b. It should be noted that 
the initial temperature was set 1 °C below Polyfine melting 
point to decrease the run time. Figure 3a shows the liquid 
fraction of the PCM versus time, while Fig. 3b indicates 
the temperature variation at a vertical location which is 
10 mm above the HTF tube in the middle plane of the PCM 
container. According to these figures, grid independence is 
obtained for the mesh with 748,000 cells and a time step of 
0.01 s. Thus, the mentioned mesh size and its correspond-
ing time step will be used to conduct numerical simulations. 
The initial temperature of PCM was set to be 300.15 K, and 
all walls of PCM container except top wall were considered 
isolated. The top wall was assumed to be at 300.15 K, and 
this was done because in the experimental study, this part 
of the container was in the vicinity of open air, and thus, it 
had constant temperature.

To validate the performance of our numerical solver, the 
temperature variations predicted by our numerical results are 
compared with those obtained by Bashar et al. [45]. Their 
experimental data are collected from the thermocouples 
located in different vertical positions in the middle section 
of the PCM container. The temperature is represented in the 
form of a non-dimensional parameter, defined as:

where T is the thermocouple temperature, Tm is the melting 
temperature, and Ts is the surface temperature. Ts is calcu-
lated by averaging the data obtained from 5 thermocouples 
located evenly on the surface of the HTF tube [31]. Fig-
ure 4 shows the comparison between the results obtained 
from the numerical simulations and those obtained from the 
experimental study at different vertical locations above the 
tube. The comparison reveals a good agreement between 

(16)Re =
�ud

�
≈ 11,200

(17)� =
T − Tm

Ts − Tm

results both in trend and magnitude. Accordingly, it can be 
observed that for all positions, the temperature rises with 
respect to time until it reaches the melting temperature after 
which it shows an asymptotic behavior. The time, at which 
the temperature reaches the melting value, increases with 
increasing the vertical distance of the measuring point from 
the HTF tube. Figure 5 displays the melting front variations 
with respect to time obtained from the numerical mod-
eling and the experiments. The comparison reveals that the 
numerical values matched well with those associated with 
the experiments.

Results and discussion

After performance validation of the numerical solver, several 
scenarios are examined to study their effects on the ther-
mal performance of the storage system. In the first scenario, 
radial fins are placed around the HTF tube in equal tangen-
tial distances (Fig. 6a). The length of the fins in radial direc-
tion is set to be 0.5 r and r, where r is the HTF tube radius. 
It should be noted that the number of the fins in this study 
is set to be four. In the second scenario, a porous layer with 
a thickness of 0.5 r is included within the system, which is 
surrounding the HTF tube (Fig. 6b). Porous medium in this 
study was considered to be made of aluminum as a highly 
conductive material with a uniform porosity of 0.8. In the 
first two scenarios, HTF inlet temperature and flow rate 
are set to be 150 °C and 40 L min−1, respectively. In the 
third and fourth scenarios, the inlet flow rate and inlet tem-
perature of the HTF are set to be 80 L min−1 and 180 °C, 
respectively, while the other HTF inlet parameters remain 
intact. All of these cases are compared to a base case where 
the HTF enters the storage system with a mass flow rate 
of 40 L min−1 and an inlet temperature of 150 °C, in the 
absence of the fins and the porous medium.

Figure 7 shows the contours of temperature distribution 
for all of the mentioned cases at three different time points. It 
can be seen that when melting front reaches a certain place, 
at those areas that are below the melting front, tempera-
ture distribution become rather uniform. Also, a negative 
slope can be seen in the melting front from the inlet to the 
outlet along the HTF tube. This happens for two reasons. 
Firstly, the HTF temperature decreases gradually from the 
inlet to the outlet of the tube. Secondly, in non-uniform 
areas within the internal flow, convection heat transfer coef-
ficient decreases along the tube, and thus, heat transfer rate 
decreases. Besides, a thin film of temperature distribution 
can be observed near the melting front in the solid part of the 
PCM. This film is formed by temperature diffusion resulted 
from the mechanism of conduction heat transfer.

It is interesting to note that for all the cases, the melt-
ing front progression below the HTF tube is much slower 

Fig. 8   3D Melting front for a base case, b fins with 0.5r length, c fins 
with r length, d porous media, e maximum HTF inlet temperature, 
and f maximum HTF flow rate for (1) 400 s, (2) 800 s, and (3) 1200 s
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compared to the areas above the tube due to heat transfer 
mechanism. This is due to the fact that at the areas above 
the HTF tube, both natural convection and thermal conduc-
tion contribute to the initiation and continuation of the melt-
ing process. On the other hand, thermal conduction is the 
sole heat transfer mechanism in the lower areas. Therefore, 
progression velocity of the interface is visibly lower in the 
smaller areas compared to zones above the tube. Moreover, 
the results indicate a uniform temperature distribution in the 
molten region. This is mainly due to the presence of natural 
convention in these parts where the PCM thermodynamic 
state is changed to liquid. In contrast, there exists a thin 
hot temperature film in the solid region next to the phase 
interface. Herein, heat conduction is the main heat transfer 
mechanism, inducing a temperature gradient in the vicinity 
of the melting front.

Three-dimensional melting front is presented at differ-
ent time stages for different geometrical and inlet condi-
tions. Comparison between Figs. 7 and 8 demonstrates that 
the front orientation matches the isotherm line segregating 
the melted and un-melted regions. Moreover, all the above-
mentioned scenarios seem to accelerate the melting process 
compared to the base case (i.e., Fig. 8d). The relative impact 
of all the methods, used to enhance the phase change rate, 
will be compared later in this section.

It is worth mentioning that the insertion of the porosity 
leads to a more uniform orientation of the melting front in 
different axial positions. This is attributed to the fact that 
the heat conduction is strengthened in both radial and axial 
directions within the metallic porous region. This strength-
ened heat conduction leads to a more uniform redistribution 
of the HTF heat flux at the PCM side and along the axis 
direction. The uniformity of the distribution of the radial 
heat flux is an important parameter in the phase change ini-
tiation stage, since it is a decisive issue in the consequential 
evolution and orientation of the melting front.

Figure 9 shows velocity contour of all simulated cases in 
three different times. Comparing Figs. 8 and 9 reveals that 
velocity magnitude has nonzero values in the melted areas 
of the domain. At t = 400 s, a velocity gradient is observed in 
the section above the tube. The temperature rise in opposite 
direction to that of the HTF stream. This is expected due to 
slower development of the melted region close to the outlet 
of the tube. Case d is an exception in which the melting front 
experiences a more uniform development. Velocity mag-
nitude in the melted region below the tube is clearly lower 
compared to that above the tube. This is associated with the 
free convection mechanism which induces velocity in the 
melted region above the tube.

To have a better understanding of the relative efficiency 
of the different investigated methods in accelerating the 
phase change process, the melting rates associated with 
each method with respect to time are presented in Fig. 10. 
Accordingly, insertion of the metallic porous layer seems to 
be the most effective method to expedite the melting process. 
As discussed earlier, using the porous medium results in the 
improvement of the radial conductivity, while the medium 
collaborates in the thermal convection. The results also indi-
cate that insertion of the fins improves the performance of 
the system more than changing the inlet conditions. Since a 
limited heat conduction in the radial direction is also present 
in the fin-equipped geometry, phase change occurrence is 
accelerated in this case, but at a lower degree compared to 
the test cases with the base geometry. As expected, farther 
extension of the fins in the radial direction leads to better 
thermal performance of the energy storage unit.

To provide a more precise assessment of thermal attri-
butions of the storage system with different enhancement 
approaches, non-dimensional temperature variations are 
plotted versus time at different vertical positions (see 
Fig. 11). In this figure, non-dimensional temperature pro-
file was calculated using Eq. (17). The vertical positions of 
the measurements were chosen according to Bashar et al.’s 
[45] experiments, which were 1, 2.5, 5, and 10 mm above 
the HTF tube in the middle plane of the PCM container. The 
rate of increase in temperature profiles strongly depends on 
the vertical distance of the measuring point from the heat 
source. At the positions closer to the heat source, tempera-
ture reaches melting points faster than those farther from it. 
Besides, according to Fig. 10, parts of PCM in solid state 
gain energy from areas closer to the heat source. Some 
amount of this energy is used to increase the PCM tem-
perature, and the rest is transferred to other parts with lower 
temperature.

Once the temperature reaches the melting point, phase 
change process begins. Thus, as the time passes, natural con-
vection becomes the dominant heat transfer mechanisms in 
larger portions of the numerical domain, occupied by the 
melted PCM. This process results in more homogenous tem-
perature distribution in the entire domain and even in areas 
far from the heat source. In addition, when the melting front 
passes a certain vertical position, the rate of temperature 
increment decreases significantly until a steady temperature 
is reached at that point. This means that the rate of gain-
ing and transferring energy in that position are in balance. 
As anticipated, the highest increase rate of the temperature 
belongs to the case with the porous medium, followed by 
the case with the fins.

Figure 12 shows convection heat transfer coefficient with 
respect to the melted fraction. Convection heat transfer coef-
ficient is calculated as follows:

Fig. 9   Velocity contour for a base case, b fins with 0.5r length, c fins 
with r length, d porous media, e maximum HTF inlet temperature, 
and f maximum HTF flow rate for (1) 400, (2) 800, and (3) 1200 s

◂
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As shown in this figure, in early stage of the melting pro-
cess, by increasing liquid fraction, heat transfer coefficient 
increases, but as the melting process continues and the 
melted fraction increases, heat transfer coefficient tends to 
a constant number. This happens because with increasing 
liquid fraction, thermal resistance between the heat source 
and the melting front increases. Therefore, at sufficiently 
high melted fractions of the PCM, the melting front is far 
enough from the heat source to be unaffected by it. Conse-
quently, the convection heat transfer coefficient tends to a 
constant value in high values of the melted fraction. The 
experimental data obtained by Bashar et al. [45] are also 
included in the figure for the sake of comparison. It can be 
observed that there is a good agreement between the numeri-
cally predicted values obtained from the case with original 
configuration and inlet conditions and the corresponding 
experimental results.

As illustrated in Fig. 12, the fins are more effective in 
increasing the convection coefficient than using the porous 
medium. It might be attributed to the fact that using porous 
medium causes a relative weakening in the natural heat 
convection compared to the fin equipped case. However, as 
mentioned earlier, the overall heat transfer from the HTF 
tube improves for the cases with the porous medium due to 
a stronger heat conduction in the area surrounding the HTF 
tube. Both of these cases demonstrate higher heat transfer 
coefficients in comparison with the cases using the original 
configuration.

Now that the heat transfer characteristics and melting 
properties of the thermal system are investigated, the thermal 
performance of the system is analyzed from a second-law 
perspective. Figure 13a, b shows PCM exergy and exergy 
storage efficiency, respectively. Input exergy [46] and stored 
exergy [47] are calculated as follows:

where Cp,PCM and Cp,HTF indicate specific heat of the PCM 
and the HTF, respectively. Also, THTF,in and THTF,out represent 
inlet and outlet temperatures of the HTF, respectively. In 
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addition T0 , Tm , and Tinit indicate environment temperature, 
melting temperature, and initial temperature of the PCM, 
respectively. Equation (19) consists of two parts, which rep-
resent exergy in solid and liquid states. It should be noted 
that the most significant term in this equation is the exergy 
of melting process, which has a higher order in comparison 
with other terms. Thus, in the places where melting process 
is not occurred, the overall exergy is negligible. Further-
more, exergy storage efficiency is calculated using the fol-
lowing relation:

According to Fig. 13, using the external fins or the porous 
medium around HTF tube substantially increases the stored 

exergy and the exergy efficiency. Insertion of the porous 
layer leads to the highest exergy efficiency among all the 
adopted thermal improvement approaches. This is due to the 
fact that using metallic porous medium, the average PCM 
temperature and its melted fraction are generally higher. This 
in turn leads to an increase in the exergy efficiency since the 

(22)� =
EXPCM

EXInput
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exergy stored due to the melting process increases in the 
geometry equipped with metallic porous layer. Overall, it 
can be inferred that insertion of the porous layer around the 
HTF tube is a highly effective as well as a very efficient way 
to improve the thermal performance of the energy storage 
system.

It is interesting to note that increasing the HTF tempera-
ture and mass flow rate leads to lower exergy efficiency even 
compared to the base case (see Fig. 13b). This occurs despite 

the fact that the stored exergy of these cases is at higher lev-
els compared to that of the reference case (Fig. 13a). This is 
a sign of high destruction rate of the incoming exergy to the 
PCM container due to heat transfer from the HTF tube. In 
other words, altering the inlet boundaries while keeping the 
geometry intact, is not a cost-effective method for expedition 
of the melting process because of the high exergy destruc-
tion rate occurring in this approach.
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Conclusions

This study focused on the performance of four enhancement 
scenarios applicable to a phase change thermal storage unit. 
A finite volume approach was adopted to conduct a numeri-
cal investigation of the melting process and the transient 
behavior of the storage system under different geometrical 

and boundary conditions. The numerical predictions of the 
utilized finite volume solver agreed well with the available 
experimental data. Four different methods including inser-
tion of radial fins, insertion of a porous layer around the 
HTF tube, and increasing the HTF inlet temperature and 
flow rate were examined to study their effects on the thermal 
performance of the system. The following conclusions were 
drawn in this research:

1.	 Insertion of the porous medium is proven to be the most 
effective approach in expedition of the phase change 
process. This was due to the improvement in the heat 
conduction mechanism while preserving the natural con-
vection mechanism in the melted fraction of PCM.

2.	 Using the radial fins was a more effective way to improve 
the overall thermal performance of the system compared 
to increasing the inlet temperature and the mass flow rate 
of the HTF.

3.	 From the viewpoint of the second-law analysis, using 
the porous metallic layer is the most efficient approach 
to improve the thermal behavior of the system. This is 
due to its minimum exergy destruction compared to the 
other approaches.

4.	 Altering the HTF inlet temperature or its mass flow rate 
is not a suitable approach to accelerate the phase change 
rate due to its lower exergy efficiency even compared to 
the base case of this study.
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