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Abstract
In this paper, an experimental and numerical study has been performed on melting process of commercial Iranian paraffin 
wax, with melting temperature of about 60 °C, inside a plate heat exchanger. A 500 × 100 mm plate thermal storage system 
and 22 mm thick phase change material has been designed. Experimental and numerical results are compared with each other 
in three different inlet temperatures of heat transfer fluid (HTF), which are 343, 348, and 353 K, and three different volume 
flow rates, which are 15, 30, are 45 L min−1. The temperature contours of paraffin wax at various time steps are presented to 
investigate the conduction and convection effects of melting process with respect to time. It has been shown that the melting 
rate of paraffin wax is higher at the upper part of the system due to the presence of natural convection. Results showed that 
increasing HTF temperature enhances the amount of heat transfer and reduces the melting time up to 37%. Also, by increas-
ing volume flow rate of HTF, the melting time reduced up to 0.9%.

Keywords Melting process · Natural convection · Paraffin wax · Numerical simulation · Experimental study · Energy 
storage

List of symbols
CP  Specific heat of capacity (J kg−1 K−1)
g⃗  Gravity vector (m s−2)
h  Sensible enthalpy (J kg−1)
H  Total enthalpy (J kg−1)
k  Thermal conductivity (W m−1 K−1)
L  Latent heat (J kg−1)
P  Pressure (N m−2)
S⃗  Source term
t  Time (min)
T  Temperature (K)
V⃗   Velocity vector (m s−1)
W  Width (mm)

Greek letters
β  Volumetric expansion coefficient  (K−1)
λ  Liquid fraction
μ  Viscosity (kg m−1 s−1)

ρ  Density (kg m−3)
σ  Standard deviation

Subscript
ave  Average
Ex  Experimental
h  Hot water
HTF  Heat transfer fluid
i  Independent variable
liq  Liquid
m  Melting
mush  Mushy zone
n  Numerical
o  Initial state
PCM  Phase change material
R  Linear function
ref  Reference value
s  Solid

Introduction

Due to the huge energy demand worldwide, massive 
amounts of pollutants are discharged into the atmosphere on 
a daily basis. In order to reduce pollution, sustainable energy 
sources such as solar or wind energy should be considered. 
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Due to the fluctuations related to these renewable energies, 
thermal storage systems play an important role [1]. The ther-
mal energy storage systems are divided into three main cat-
egories: sensible (solid or liquid state), latent (solid–liquid, 
liquid–vapor), and thermochemical systems. Storing energy 
using a phase change material (PCM) is preferred because it 
stores energy at a constant temperature. Also, it takes advan-
tage of both sensible and latent heat storing methods. More-
over, paraffin wax is economical and available in comparison 
with other PCMs, and also it neither explode nor poisonous.

Entropy generation analysis has a significant value espe-
cially when it comes to optimizing the design and operating 
parameters of the systems [2–5]. The application of PCMs 
has developed in various fields [6, 7]. Many researchers 
studied the thermal performance and the design of heat 
exchangers [8–12], while some others investigated the natu-
ral convection in a cavity. The effects of Rayleigh number, 
inclination angle, Richardson number, and Darcy number 
on the natural convection heat transfer rate have also been 
studied [13–17].

Some papers enhanced convection heat transfer rate by 
adding different types of nanofluids [18–20]. Also, utilizing 
different PCMs in different geometries and with various heat 
exchanger types are studied. Zalba et al. [21] and Agyenim 
[22] reviewed in details various numerical methods in mod-
eling thermal storage systems, including PCMs, and differ-
ent applications of PCM storage systems such as ice storage, 
building applications, and transportation. Regin et al. [23] 
dealt with different latent heat storage systems such as PCM 
capsules assembled as a packed bed. Fan and Khodadadi 
[24] reported all the experimental and numerical studies that 
examined improving thermal conductivity of the PCM used 
in the thermal energy storage systems. Sharma et al. [25] 
have reviewed the use of PCM energy storage method from 
different aspects, such as properties of latent heat storage 
materials, classification of PCMs, different applications, 
and numerical solution methods. Verma et al. [26] exam-
ined applying first and second laws of thermodynamics in 
analytical solutions of thermal storage systems.

Khodadadi and Zhang [27] utilized a CFD model to study 
the influence of natural convection during the melting pro-
cess of PCM inside a spherical container. At the beginning 
of the melting process, conduction heat transfer was reported 
to be dominant. Due to the presence of natural convection, 
melting rate in the top part of the sphere is higher than the 
lower part. Results showed that increasing Prandtl number 
reduces melting time. Duan et al. [28] studied numerically 
rectangular enclosures with n-hexadecane as PCM. They 
found that lower temperatures will result in quicker solidi-
fication. Also, they showed that the aspect ratio has little 
effect on solid fraction. Khillarkar et al. [29] used finite ele-
ment method to study natural convection during melting pro-
cess of a PCM in two configurations: an internal tube with 

a square external pipe, and an internal square pipe with an 
external tube. Their results showed better heat transfer rate 
in the top part of the cavity due to the presence of natural 
convection. Assis et al. [30] studied numerically and experi-
mentally the process of melting of a PCM in a spherical 
geometry. They used Fluent 6.0 to perform the numerical 
simulations and examined the influence of changing shell 
diameter from 40 to 80 mm, and wall temperature from 2 
to 20 °C. Results showed that for every shell diameter the 
liquid fraction growth is more rapid when the temperature 
gradient is higher [31]. Tan et al. [32] conducted an experi-
mental and numerical study to investigate the free convec-
tion effects in a spherical capsule PCM during melting 
process. Experimental temperature data and computational 
results near the bottom indicate establishment of an unstable 
melted layer which is responsible for waviness in melted 
region in the lower part of the sphere. On the other hand, the 
comparison between the experimental and numerical data 
in the upper part of the sphere shows the stable nature of 
problem in that part. Medrano et al. [33] used commercial 
paraffin wax as PCM inside five heat exchangers, and studied 
experimentally the heat transfer during melting and solidifi-
cation processes. They compared heat exchangers based on 
average thermal flux for different conditions. Their results 
showed that compact heat exchanger has the highest value 
of average thermal flux.

Seeniraj et al. [34] studied numerically shell and tube 
heat exchanger with external fins. In their study, PCM is 
situated in the shell side and the HTF runs in the tube 
side. They found that thermal performance of the system is 
increased by increasing number of fins. Castell et al. [35] 
used similar geometry to study natural convection of PCM 
experimentally. Results of this study showed that increas-
ing the fin size will result in an increase in the heat transfer 
process. Sari and Kaygusuz [36] studied experimentally 
thermal and heat transfer performance for vertical double 
pipe heat exchanger with lauric acid as PCM during charg-
ing and discharging process. This study focuses on temper-
ature distribution in different directions of heat exchanger, 
and the influence of Reynolds and Stefan number in the 
melting and solidification time. Their experimental results 
demonstrated that the melting and solidification front 
move from the outer wall of the HTF pipe to the inner 
wall of the PCM container. Also, they found that changing 
Reynolds and Stefan numbers influence melting process 
more than solidification. In order to investigate the possi-
bility of heat recovery from the exhaust of a diesel engine, 
the experiments are conducted by Pandiyarajan et al. [37]. 
In this paper, shell and tube heat exchanger with fins is 
integrated in an IC engine to recover heat. They studied 
the engine with and without heat exchanger. Liu et al. [38] 
studied experimentally the thermal and heat transfer char-
acteristics of a vertical energy storage system with stearic 
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acid as PCM during the discharge process. Results show 
that using fins can increase both the conduction and the 
natural convection heat transfer rate in the PCM cham-
ber. Ettouney et al. [39] investigated double pipe energy 
storage system experimentally by placing screens/spheres 
inside paraffin wax. They examined the effects of diameter, 
and the number of spheres inserted in the paraffin wax, as 
well as inlet temperature of the HTF. They presented the 
results based on PCM Nusselt number and Fourier number.

Akgün et al. [40] investigated experimentally shell and 
tube heat exchanger with paraffin as PCM during melt-
ing and solidification process. Many experiments are con-
ducted to study the effect of changing temperature and 
volume flow rate of the HTF. Vyshak and Jilani [41] stud-
ied melting time of PCM packed in various containers: 
rectangular, cylindrical, and shells. These containers have 
the same volume and surface area. They found that utiliz-
ing shell shape containers will lower the time of melting. 
In order to enhance the heat transfer rate during charging, 
Adine and Qarnia [42] presented a numerical model of 
shell and tube heat exchanger filled with two PCMs with 
various melting temperature. Their results showed that 
the efficiency of such setup is heavily dependent on the 
mass flow rate of the HTF. By decreasing the flow rate, 
the two PCM configurations have the highest yield, while 
by increasing HTF flow rate, the total efficiency decreases. 
Therefore, multiple PCM units are more efficient for low 
mass flow rate and inlet temperatures of HTF.

The novelties of this paper with respect to aforementioned 
studies are listed as follows:

a. The PCM is heated through heat transfer with HTF 
rather than having constant temperature boundaries,

b. the focus of this study is to evaluate natural convection 
effects during melting of paraffin wax in a plate heat 
exchanger system,

c. the experimental study focuses on the temperature meas-
urements inside the plate thermal storage system in dif-
ferent positions,

d. this paper studies the effects of changing inlet tempera-
ture, and volume flow rate on melting time in a plate 
heat exchanger thermal storage system.

Experimental apparatus and procedure

Experimental apparatus

Flat plate thermal storage system was designed and built in 
engineering workshops of Ferdowsi University of Mashhad, 
and the experiments are operated in the heat transfer labora-
tory of Ferdowsi University of Mashhad in order to study 
the melting process of a thermal storage system. Figures 1 
and 2 show a picture, and the schematic of the experimental 
setup, respectively. The storage unit consists of a 500 mm 
high plate heat exchanger made of 2.0 mm thick stainless 
steel 304. The distance between plates is 22 mm (width of 
the PCM section). The PCM is filled in rectangular enclo-
sures, and each PCM chamber has a drainage tube for disas-
sembling purposes. Hot water, which is the HTF, flows in 
the central part of the heat storage system which is 600 mm 

Fig. 1  Integrated storage sys-
tem. 1. TFA-1048 thermometer; 
2. inlet HTF port; 3. flat plate 
thermal storage system; 4. data 
logger; 5. personal laptop; 6. 
thermostat; 7. PCM drain tube; 
8. outlet HTF port; 9. high- and 
low-temperature tanks; 10. 
high- and low-temperature 
liquid flow meter; 11. contactor 
unit; 12. three phase outlet; 13. 
differential pressure gauge; 14. 
liquid circulating pump ¾ H. P
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high and 10 mm wide. In this setup, the PCM is heated while 
water flows through HTF chamber between the PCM cham-
bers and is linked to the HTF sink and source, at one outlet/
inlet pipes. The storage unit is integrated into a heating loop 
with a maximum flow rate of 45 L min−1. It is worth noting 
that the design of the PCM chamber permits alterations to 
the amount of PCM used (the width of the PCM).

In the PCM chamber, temperature is measured at twelve 
different locations which are depicted in Fig. 3. Tempera-
ture of the HTF is set to be 343, 348, and 353 K in different 
experiments.

Heat storage material

Material properties for the PCM, which is the commercial 
paraffin wax, have been shown in Table 1. Melting point 
and latent heat of the PCM were obtained using Differential 
Scanning Calorimetry (DSC), Setaram type, model DSC 
131, made in France. These measurements were carried in 
the heat transfer laboratory of the Chemical Engineering 
Department of Iran University of Science & Technology. 
The thermal conductivity was obtained using ASTM D5334-
08, made in USA, in the laboratory of heat treatment of 
Materials Engineering Department of University of Technol-
ogy in Iraq. The density and viscosity were obtained using 
DXF, made in England, in the heat transfer laboratory of the 
chemical Engineering department of AmirKabir University 
of Technology.

Error analysis of temperature measurements

To examine the reliability of the experiments, an uncertainty 
analysis must be performed. If R is a linear function of i 
independent variables, each of which is distributed with a 
standard deviation �i , then the standard deviation of R is 
given by [43].

Fig. 2  Schematic diagram of 
storage system
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Fig. 3  Thermocouple positions in the storage system (all dimensions 
in mm)



Melting process of paraffin wax inside plate heat exchanger: experimental and numerical study  

1 3

The K-type thermocouple calibrated by Quality Measure-
ment and Control Center in Iraq, the BTM-4208SD data log-
ger was calibrated in Meyar Seze Barter researching institute 
in the Islamic Republic of Iran.

The uncertainties of experimental measurement devices 
are summarized in Table 2. The maximum uncertainty in 
this study was 4% for all cases.

Experimental procedure and test conditions

Before starting the experiments, the commercial paraffin 
wax was melted so that the thermal storage system could be 
filled. Several runs were conducted to calibrate the system.

In the charging process, water was heated to preset tem-
peratures by three heaters each of which has 3 kW output. 
Moreover, the desired hot water temperature is selected and 
controlled by a manually operated thermostat. Then, the 
water is circulated in the heating loop by hot water pump. 
During charging, the heated water flowed through flat plate 
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heat exchanger where heat was transferred to and stored in 
the PCM. When all the paraffin is melted, all three heaters 
and the hot water circulating pump are switched off to end 
the charging process. Data logger records temperature dur-
ing this process every 2 min.

In this experiment, the initial temperature of the thermal 
storage system is To = 292.7 K and the side surface of the 
plates are insulated. The system has been insulated com-
pletely using 5 cm of glass wool to minimize heat losses.

Numerical model

A numerical model is used for the calculation of heat trans-
fer in thermal energy storage system with PCM, and natural 
convection in the liquid phase. The numerical model of heat 
storage system studied in this survey is illustrated in Fig. 4. It 
is assumed that the boundary impacts at the end walls within 
the third dimension (z-direction) have a negligible impact on 
the problem, thus, a 2D model is used in simulations. The sym-
metry of the storage system allows for further simplification 
so only a half of the flat plate thermal energy storage system is 
considered. The resulting simulation domain shown in Fig. 4 
consists of a fluid zone of HTF and a liquid zone for the PCM. 
The top and bottom boundaries are assumed adiabatic.

Table 1  Thermo physical properties of paraffin wax and HTF

Unit Value

PCM description
 Density kg m−3 850
 Latent heat J kg−1 141,340
 Liquidus temperature K 333
 Solidus temperature K 328
 Specific heat J kg−1 K−1 5625.88
 Thermal conductivity W m−1 K−1 0.43
 Thermal expansion 1 K−1 0.0005
 Viscosity kg m−1 s−1 0.00733

HTF description
 Charging inlet temperature K 343, 348, 353
 Density kg m−3 998.2
 Discharging inlet temperature K 293, 298, 303
 Flow rate L min−1 45, 30, 15
 Specific heat J kg−1 K−1 4180
 Thermal conductivity W m−1 K−1 0.58

Table 2  Equipment used with 
their accuracy and uncertainty

Equipment Measurement section Accuracy Maximum 
uncertainty (in 
experiment)/°C

TFA1048 digital thermometer Temperature of HTF ± 0.15 to ∓ 0.25 °C 0.25
K-type thermocouple Temperature of PCM ± 0.5 °C 0.15
BTM-4208SD data logger Temperature recorder ± (0.4% + 0.5 °C) 0.3
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Fig. 4  Storage unit numerical model and boundary conditions (all 
dimensions in mm)
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Governing equations

Navier–Stokes equations, alongside the energy equation, and 
mass conservation equation are used. Also, the Boussinesq 
approximation is employed for momentum equations. These 
governing equations are solved with the enthalpy–porosity 
technique which is presented by Voller and Prakash [44], 
which permits the utilization of a single set of conservation 
equations for two-phase issues with the presentation of an 
extra variable, the fluid stage fraction. Furthermore, follow-
ing physical assumptions are made in the model:

a. The effect of the depth of the plate heat storage system 
(the z-direction perpendicular to plate) on wall boundary 
layer is negligible.

b. The flow within the liquid phase of the PCM is incom-
pressible and the liquid phase of the PCM is assumed to 
be a Newtonian fluid.

c. Flow regime within the liquid phase of the PCM is 
assumed to be laminar.

d. Radiation and viscous dissipation are dismissed and heat 
losses from the system to environment are negligible.

e. The flow of HTF is turbulent.

As mentioned earlier, enthalpy-porosity method [44, 45] 
is used. As a result of above assumptions, and the aforemen-
tioned technique, the governing equations of this problem can 
be expressed as follows:

Continuity equation [44]:

Momentum equation [44]:

where V⃗  , t, ρ, P, μ, β, T, Tref, and S⃗ are the velocity vector, 
time, density, pressure, viscosity, volumetric expansion coef-
ficient, temperature, reference temperature, and the Darcy’s 
law damping terms (as source term) in the fluid region, 
respectively.

In Eq. (3), S⃗ which are added to the momentum equation 
due to phase change effects. It is defined as [44]:

The coefficient Amush is mushy zone constant. This con-
stant is a large number, usually within the range of  104–107. 
In the current study, this coefficient is assumed constant and 
is set to be  105.

Energy equation [44]:

(2)∇ ⋅ V⃗ = 0

(3)

𝜕V⃗

𝜕t
+ V⃗ ⋅ ∇V⃗ =

1

𝜌

(
−∇P + 𝜇∇2V⃗ + 𝜌g⃗𝛽

(
T − Tref

))
+ S⃗

(4)S⃗ =
(1 − 𝜆)2

𝜆3
AmushV⃗

The enthalpy of the material is computed as the sum of 
the sensible enthalpy, h, and the latent heat, ΔH [44]:

where

The latent heat content can be written in terms of the latent 
heat of the material, L [44]:

where ΔH may vary from zero (solid) to L (liquid). There-
fore, liquid fraction can be defined as [44]:

Numerical procedure and verification

The computational study was performed using commercial 
software. The SIMPLE algorithm [46] within a 2D code 
[47] was utilized for solving the governing equations. The 
second-order upwind scheme was used to calculate fluxes 
through cell faces for the momentum and energy equations, 
whereas the PRESTO scheme was adopted for the pres-
sure correction equation. The HTF is considered turbulent, 
unsteady, and incompressible, thus (k–ε) model is used to 
solving this flow regime. The under-relaxation factors for 
pressure, momentum, and energy are 0.3, 0.7, and 1, respec-
tively. The flow regime inside the PCM chamber is laminar. 
Also, the same under-relaxation factors are used in this zone, 
and this coefficient for PCM liquid fraction is set to be 0.9.

By solving the governing equations at each time step, 
liquid fraction has been updated using Eq. (9). The con-
vergence was checked at each time step, with the conver-
gence criterion set to be 10−12 for all variables. The mesh 
size and the time step were selected after careful testing, and 
the independence of the results from them are checked. The 
verifications of cell size and time step for this problem are 
recorded in Tables 3 and 4, respectively.

From these tables, it is apparent that the PCM total melt-
ing time with the medium grid is less than the fine gird and 
the coarse grid, so the medium grid is chosen. Also, the 
total melting time for PCM with 0.1 s time step is smaller in 
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.
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comparison with other time steps, so 0.1 s was used. As an 
example, the results of liquid fraction independency curves 
from the cell number and time step is shown in Fig. 5a, b.

Validation of the simulation model

To clarify repeatability of temperature during heat transfer 
process of the studied heat storage system, each experiment 
is repeated three times. Figure 6 shows experimental results 
of Paraffin wax temperature for three repetitions at the posi-
tion of the number 8 thermocouple. A good repeatability 
can be seen.

Figure 7a–d compares the numerical and experimental 
results, where Tex represents the temperature measured in 
the experiment and Tn displays numerical results. The com-
parison is made in four different positions which are position 
no. 5 (at y = 300 mm, and x = 4.4 mm from the left wall), 
position no.7 (y = 300 mm, and x = 13.2 mm from the left 
wall), position no.9 (y = 100 mm, and x = 4.4 mm from the 

left wall), and position no.11 (y = 100 mm, and x = 13.2 mm 
from the left wall) to validate the numerical results. As can 
be seen in Fig. 7, good agreements between numerical and 
experimental results are observed. The maximum error is 
3%.

Results and discussion

Figure 8 displays the comparison of average temperature of 
the paraffin wax during melting process for different inlet 
HTF temperatures. In order to display the effect of HTF inlet 
temperature, the mean value of measured temperatures in 
the twelve thermocouples is plotted against time. It shows 
that by increasing the HTF inlet temperature, the total melt-
ing time reduces. Also, the results show that when the inlet 
temperature of HTF increases, the rate of heat transfer grows 
proportionally since the temperature difference is the driving 
force of heat transfer.

Figure 9 displays the influence of the inlet water tem-
perature on liquid fraction of paraffin wax. Moreover, it also 

Table 3  Cell numbers verification for accurate results of flat plate 
thermal storage dimensions

Mesh Melting time/min Error/%

145,000 82.5 1.2
289,870 81.47 0.646
580,000 82.0 –

Table 4  Cell numbers verification for accurate results of flat plate 
thermal storage dimensions

Time step Melting time/min Error/%

0.05 81.5 –
0.1 81.47 0.368
0.2 86 5.26
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confirms that as a result of increasing heat transfer due to 
a raise in inlet temperature, the melting time reduces. The 
time of complete melting of the paraffin wax is shown versus 
the inlet HTF temperature in Fig. 10. It can be noted that the 
total melting time decreases when the inlet water tempera-
ture rises. The reason for this is having a higher temperature 
gradient at the HTF side.

Figure 11 displays the influence of the volume flow rate 
on the melting time. As can be seen, increasing volume 
flow rate does not reduce the melting time to such an extent. 
It shows that under our testing conditions, the convective 
thermal resistance of the HTF is less than the PCM ther-
mal resistance; hence, the thermal resistance of the PCM is 
dominant phenomena.
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Figure 12 shows the measured temperatures of paraffin 
wax for Th = 353 K versus time. Although the results’ values 
for other inlet temperatures are different, the same trend has 

been observed. This figure shows the temperature distribu-
tion in the horizontal direction in the thermal storage system 
at different vertical positions. It shows that the melting front 
first appeared close to the HTF wall and progresses with dif-
ferent rates, depends on the vertical position, to the right side 
of the thermal storage system. During this progress, due to 
the presence of buoyancy forces which resulted from density 
gradients, temperatures at the top are higher than the bottom 
part of the system.

Furthermore, observing temperature contours (Fig. 13) 
inside paraffin wax at various times with different inlet tem-
peratures can lead to following conclusions:

It displays solid zone and molten zone. In the solid zone, 
conduction is dominant. After melting occurs, this zone 
receives heat from the melted part by convection at the 
interface of the solid and liquid phase. When most of the 
PCM is melted, the dominant heat transfer mechanism in 
the molten part becomes natural convection. The simula-
tion of the melting process ended when all of the paraffin 
wax has been melted. The time necessary for the charging 
process was about 81.47 min for HTF inlet temperature of 
353 K, 99.48 min for 348 K, and 129.4 min for 343 K. In 
the solid phase of the temperature contours, the temperature 
gradients are parallel to the heat flow and plate walls in the 
vertical direction (Fig. 13a). Next, the paraffin wax starts 
to melt and natural convection is appeared in the melting 
phase (Fig. 13b). This grows the liquid phase in the upper 
part of thermal storage system as shown by the temperature 
contour. At the final stage, all the paraffin wax has been 
melted (Fig. 13d). The melting process starts from the top 
and grows to the bottom part of the heat exchanger, thus the 
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temperature profile is inclined. It should be noted that in the 
bottom part of the thermal storage system, the solid phase 
turns into the liquid phase very slowly. Finally, a stratified 
temperature distribution appeared.

Conclusions

According to the experimental and numerical results of the 
present study, the following conclusions are arrived:

• Heat transfer from the hot water to the paraffin wax (solid 
zone) is initially by conduction, and after the onset of 
melting, the heat is transferred from the melting zone to 
the solid zone by natural convection.

• It has been observed that the liquid phase has grown 
steadily, penetrating from the HTF wall into the PCM 
chamber at different rates in various vertical positions.

• The liquefaction initiated at the upper region of the plate 
thermal storage system due to natural convection.

• The present results display that by increasing the inlet 
temperature of HTF, the melting time is reduced up to 
37%.

• The present results show that by increasing the volume 
flow rate of the HTF, the melting time is reduced slightly, 
up to 0.9%.

• Numerical results show a thermal stratification in the 
storage system.
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