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Abstract: This work presents an experimental study of thermal energy storage by the use of
PCM. The aim of the study was to establish the influence of the different inlet temperature of heat
transfer fluid (HTF) and the different Reynolds number of HTF on the intensity of the charging
and discharging processes. The PCM used in this study was stearic acid and water was used as
HTF. A copper helical coil mounted in a cylindrical container served as a heat transfer surface.
Keywords: PCM, helical coil

1. INTRODUCTION
Utilization of renewable sources of energy may be
limited by the mismatch between energy supply and
energy demand and the intermittent performance of an
energy source. Therefore, energy storage plays
a crucial role in heat recovery and contributes
considerably in improving the performance of thermal
systems [1, 2]. Thermal storage systems are able to
store and release heat during the charging or
discharging process respectively. There are two main
physical ways for thermal energy storage: a change in
internal energy of a material as sensible heat or latent
heat during phase change process. Sensible heat
systems are promising technologies with low heat
losses and attractive prices. Commonly used materials
for sensible heat storage are fluids, for example: water,
glycol, ethylene or oils. The storage based on latent
heat has much higher thermal capacity as compared to
sensible heat but it is not yet widely commercially
viable. The group of materials specific to latent heat
storage systems has the common name of phase
change materials (PCM’s). PCM’s include organic,
inorganic and eutectic materials. Organic materials are
first of all paraffin compounds. Inorganic materials
include salt hydrates and metallic and eutectics cover
organic-organic, inorganic-inorganic and inorganicorganic compounds [3]. A large number of PCM in
any required melting temperature is available. There
are known numerous problems with organic and

inorganic PCM’s like corrosion, phase segregation or
flammability but the crucial problem is low thermal
conductivity leading to slow charging and discharging
rates. Performance of latent heat thermal energy
storage (LHTES) systems can be enhanced by
applying heat transfer enhancement methods. The
novel concept is the application of nanoparticles in
a PCM base to obtain the so-called nanocomposites [4, 5].
Wu et al. [6] tested an n-tetradecane as a PCM.
The effect of the variations of the phase change
material temperature, heat transfer fluid temperature,
melt fraction and cool release rate with time during the
discharging
process
werewere
determined.
Desgrosseilliers et al. [7] established that the influence
of a lauric acid of the purity reagent grade [98% pure]
compared with practical grade [<80% pure] on the
melting transition was insignificant. The long-term
stability of the melting transition of practical-grade
lauric acid was investigated by thermal cycling of
samples from completely solid through completely
melting and back to the solid phase, nearly 500 times.
Al-Abidi et al. [8] investigated the application of
a triplex tube heat exchanger with a paraffin wax RT
82 in the middle tube to power a liquid-desiccant airconditioning system. They examined the effects of
mass flow rates and heating methods selected on PCM
melting. Three techniques were investigated: heating
the inside of thetube, heating the outside of the tube,
and heating both sides of the tube. The results
indicated that both sides heating achieved complete
PCM melting within a short time and used a lower
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inlet HTF temperature compared with other cases.
Shokouhmand and Kamkari [9] presented an
experimental effort to visualize the temperature field
and melt front evolution during solid–liquid phase
change process. Their study focused on the melting of
a lauric acid in a rectangular thermal storage unit
heated from one side. Silakhori et al. [10] tested
a mixture of palmitic acid and polypyrrole form-stable
PCMs prepared by an in situ polymerization method.
Palmitic acid was used as a thermal energy storage
material and polypyrrole was operated as a supporting
material. Form-stable PCMs were investigated by
scanning electron microscopy and FTIR Fourier
transform infrared spectrometer analysis that
illustrated palmitic acid particles that were wrapped by
polypyrrole particles. X-ray diffractometer was used
for the crystalline phase of mixture composites.
A thermogravimetry analysis and differential scanning
calorimetry were used for investigating the thermal
stability and thermal energy storage properties of
prepared form-stable PCMs. Hosseini et al. [11]
carried out experimental and numerical study to
establish the thermal behavior and heat transfer
characteristics of paraffin RT50 as a PCM during
constrained melting and solidification processes inside
a shell and tube heat exchanger. A series of
experiments were conducted to investigate the effects
of increasing the inlet temperature of HTF on the
charging and discharging processes of the PCM.
Behzadi and Farid [12] presented the thermal
characteristic of propyl stearic and palmitate mixture
and commercial PCM of Rubitherm 21 with a melting
point in the range of 18–25℃ after an exposure to the
storage temperatures of 30 and 55℃. Zhang et al. [13]
prepared eutectic molten salt (50 wt% NaNO3, 50
wt% KNO3) as PCM with a melting temperature of
about 220℃. Oil was used asa HTF . Various heating
and cooling temperatures were employed in the study,
so as to extensively reveal the heat transfer
characteristics during heat storage and retrieval. Diao
et al. [14] investigated a new-type flat micro-heat pipe
thermal storage unit, which uses a moderatetemperature paraffin as a PCM. The basic structure,
working principle, and oil design concept of the
thermal storage unit were discussed. Experiments were
conducted to study the charging and discharging heat
transfer processes of the thermal storage unit under
different inlet temperatures and flow rates for the
cold/hot HTF. Delgado et al. [15] examined
a commercial tank with a helical coil heat transfer
surface and containing a low cost PCM emulsion. The
phase change material emulsion tank presents an
energy density 34% higher than the water tank, which
makes it a promising solution. Cano et al. [16]
presented experimental investigation of four
commercially available PCM’s. The influence of the
heat transfer fluid flow rate on the performance of the

shell and tube heat exchanger was established. Korti
and Tlemsani [17] carried out experimental study with
three types of paraffin as PCM. The temperatures of
PCM and heat transfer fluid, solid fraction and thermal
effectiveness were analyzed. The effects of inlet
temperature, flow rate and the type of PCM used on
the time for charging and discharging heat were
discussed. The copper helical coil was used as a heat
transfer surface. Motahar and Khodabandeh [18]
studied the melting and solidification behavior of
PCM using a heat pipe. The experiments were
performed using a constant temperature thermal
reservoir to provide constant temperatures above and
below the melting point for heating and cooling. As
PCM, n-octadecane (CH3 (CH2)16CH3) was used
with the melting point of 28°C. Wang et al. [19]
studied experimentally a vertical shell-and-tube
LHTES unit with an erythritol as storage media and air
as HTF. The thermophysical properties of erythritol,
such as melting temperature, melting enthalpy,
thermal conductivity, and viscosity, were obtained. It
was established that during charging, the molten PCM
first occupies the top region and then spreads from top
to bottom. During discharging, the PCM initially
solidifies from the bottom region, and then the solid–
liquid interface progresses uniformly from the inner
tube to the outer shell, where natural convection plays
a dominant role in the heat transfer at the liquid
region. Moreover, the inlet temperature and the mass
flow rate of HTF during charging process were
determined. D’avignon and Kummert [20] carried out
an experimental study to assess the performance of
LHTES in various operating conditions. A horizontal
PCM tank contained stacks of slab-like PCM capsules
between which HTF could circulate. The
commercially available capsules were instrumented so
the PCM behavior could be measured in addition to
that of the PCM tank as a whole. Numerous melting
and solidification cycles were completed with
different inlet fluid temperatures, flow rates and load
profiles for which at least three repetitions were made.
The PCM contained in the capsules is a heterogeneous
salt hydrate named S27.
Agarwal and Sarviya [21] examined a shell and
tube LHTES unit for a solar dryer. Paraffin wax was
used as PCM. The heat transfer characteristics of the
LHTES werewere evaluated during the charging and
discharging process using air as HTF. Experiments
were conducted to study the effects of the flow rate
and temperature of HTF on the charging and
discharging process. The temperature distributions
along the radial and longitudinal directions were
obtained at different time during the charging process
to analyze the heat transfer phenomenon in the LHTE
system. Tayssir et al. [22] examined experimentally
a tube-in-tank LHTE system with paraffin wax as
PCM. Experiments were performed for different inlet
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temperatures and for different volume flow rates of
HTF. A copper helical coil was used as the heat
transfer surface. Zondag et al. [23] studied a lab scale
shell-and-tube LHTE unit filled with PCM.. Moreover
Moreover,
the experimental results were compared with
a numerical model. When comparing
omparing two PCMs used
in the study (RT70 and MgCl2·6H2O), it was found
that the RT70 had stable performance while the salt
hydrate showed a reduced melting enthalpy which was
ascribed to phase separation. It was established that
natural convection in the PCM significantly influences
the local temperature distribution in the storage vessel,
which could not be predicted
dicted well by the model, since
the model assumes only conductive heat transport in
the PCM. Neumann et al. [24]] conducted thermal
cycling stability tests of D-mannitol
mannitol and its effect on
melting enthalpy. Short-term
term cycling tests were carried
out in a differential scanning calorimeter in
combination with air and nitrogen/vacuum as the
atmosphere. The results
esults show that melting enthalpy
decreases in contact with oxygen, it decreases less in
vacuum and stays almost constant in nitrogen
atmosphere over the performed cycles. Moreover
Moreover,
melting enthalpy decreases by about 9 % during 500
cycles. Kabeel et al. [25] investigated the influence of
different PCM’ss on the performance of conventional
solar still. In addition, economical studies for all the
selected PCMs were performed. Kabbara et al. [[26]
studied experimentally heat transfer in a coil
coil-in-tank
heat exchanger with dodecanoic acid as PCM
PCM. The
influence
nfluence of HTF inlet temperature and flow rate was
investigated in particular. It was found that during the
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initial
al periods of charging conduction was the main
mode of heat transfer, while natural convection played
an important role once significant melting had
ha
occurred in the tank.
The aim of the present paper is an experimental
investigation of the influence of the inlet temperature
of heat transfer fluid (HTF) and the Reynolds number
of HTF on the intensity of the charging and
discharging process for a helical coil-in-cylindrical
cylindrical
tank LHTE system using stearic acid as a PCM.

2. EXPERIMENTAL STAND
The experimental
xperimental setup used in the study consists
of a test container, an inlet and outlet temperature
measurement system and a heating or cooling loop
equipped with a thermostat, a circular pump and set of
control valves. Figure 1 shows the view and Fig. 2 the
scheme of the experimental stand. A well
ell insulated
test container consists of a cylindrical vessel produced
from acrylic glass with 200 mm OD and 500 mm
length. As a HTF is used water which is prepared in
a thermostat. K-type thermocouples are
re used to
measure the inlet and outlet temperature of HTF.
HTF
Commercially available cooper tubes with 12 mm OD
and 1 mm wall thickness were used to fabricate the
helical coil. The diameter and pitch coil of the tested
helical coil are 122 mm, and the coil length is
i 450
mm. The volume of latent heat thermal energy storage
was 15 l. Fig. 3 shows the view of the tested LHTE
system with insulation.

Fig. 1. View of the experimental stand; 1 – thermostat; 2 – circulator pump; 3,4 – set of valves; 5 – flowmeter;
6, 7 – thermocouples; 8 – temperature recorder; 9, 10 – LHTE filled with PCM, 11, 12 – tap water system
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Fig. 2. Schematic diagram of the experimental apparatus; 1 – test container; 2 – helical coil; 3 – flowmeter; 4 – circulator
pump; 5 – thermostat; 6 – tap water; 7 – thermocouples; 8 – set of valves; 9 – insulation

where the absolute measurement errors of the diameter
∆$ and length ∆( of the helical coil are 0.00001
m and 0.001 m, respectively. The experimental limit
of error for the heat transfer surface area is ± 0.1%.
The uncertainty of the heat flux was estimated by
the mean-square method:
∆

3. DATA REDUCTION
Heat flux is calculated as:
,

(1)

where the heat transfer rate iss calculated using the
measured volume flow rate
and the measured
temperatures at the inlet and outlet of the helical
coil:
∙

∙

,

(2)

where and
are density and the specific heat of the
HTF, respectively.
Reynolds number
is estimated
ated using the
formula:
∙
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where is the inside diameter of the helical coil and
the velocity w of the HTF is calculated as:
∙
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The uncertainty of the heat transfer surface area
was estimated by mean-square method
∆
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where the absolute measurement errors of the volume
flow rate ∆ , density ∆ , specific heat ∆ ,
temperature difference 1∆ and heating surface area

Fig. 3. View of the tested LHTE system
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∆ are 1.7 ⋅ 10−7 m3/s, 0.001 kg/m3, 10 J/(kgK), 0.2 K
and 0.1 m2, respectively. Hence,, the maximum overall
experimental limits of error for the heat flux extended
from ±14% for the maximum heat flux up to ± 19%
19
for the minimum heat flux.

4. RESULTS AND DISCUSSION
4.1. Charging process
Figure 4 shows the impact of the inlet temperature
of HTF on the heat flux versus time during the
charging process of the tested LHTE system. The
obtained results indicate that heat transfer intensity
(heat flux) increases considerably with an increase of
the inlet temperature of HTF from 75ºC to 85ººC.
However, as it is seen in Fig. 4, the heat flux decreases
about 4 times, from 80 W/m2 to 20 W/m2 for t1=85ºC
=85
after 1 min of the charging process. For the inlet
temperature of HTF of 75ºC the decrease of the a heat
flux is of an order of magnitude. The reason
son of this
dramatic drop of the heat flux is a substantial
difference of the thermal conductivity solid and liquid
phase of stearic acid. Almost independent on inlet
temperature of HTF already
lready after 1 min of the
charging process liquid layer appears around the
helical and deteriorates heat transfer compared
pared to the
solid phase during the start stage.
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Fig. 4. Heat flux vs. time for different inlet temperatures during charging process

Fig. 5. Heat flux versus time forr different Reynolds numbers at t1=85ºC during charging process

Figure 5 shows the influence of Reynolds number
of HTF on the intensity of heat transfer (heat flux) as
a function of time during the charging process
process. As it
was expected, an increase of the Reynolds number of
HTF results in a heat flux increase. Again,
independent of the value of the Reynolds number,
a dramatic drop of heat flux after 1 minute of the
charging process is observed.
Figure 6 shows the photographs of the state of the
tested PCM (stearic acid) in the cylindrical vessel. The
patina can be seen on the copper helical coil almost 2
h after the beginning of the melting process.
4.2. Discharging process
Figure 7 presents the photographs of solidification
stages of stearic acid against time. As it can be seen in
Fig. 7a, a thick solid layer of PCM appeared around
the helical coil already after 1 hour.
As an example, Fig. 8 shows the influence of the
Reynolds number of HTF on the intensity of heat
transfer (heat flux) as a function of time during the
discharging process for the inlet temperature of HTF
equal to 8.5ºC and for three inlet temperature
temperatures of HTF
during the charging process. As it is seen in Fig. 8, the

Fig. 6. Photographs of melting process with inlet
temperature of HTF of 85℃, a) melted stearic acid
after 60 min, b) melted stearic acid after 115 min
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influence of the inlet temperature of HTF during the
charging process is negligible regarding the intensity
of the heat transfer during discharging process. To
some extent, the data confirm the repeatability
ity of the
charging-discharging
discharging process and the stability of the
thermal process.

Nomenclature
Symbols
A
cp
d
Q̇
q̇
Re
t1
t2
V̇
w
ρ
υ

–
–
–
–
–
–
–
–
–
–
–
–

heat transfer area, m2
specific heat, J/kgK
diameter of copper tube, m
heat transfer rate, W
heat flux, W/m2
Reynolds number
HTF inlet temperature, ℃
HTF outlet temperature, ℃
volume flow rate, m3/s
velocity, m/s
density, kg/ m3
viscosity, m2/s
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