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A B S T R A C T   

The latent heat storage using phase change materials (PCM) has relative advantages compared to other thermal 
energy storage methods, according to numerous studies in the literature. The design of the heat exchanger are 
very important for performances of latent heat storage systems. Although there are studies using PCM in different 
design heat exchangers in recent years, they are quite limited. In this study, a design different from the literature 
has been used to create an alternative to latent energy storage (LHS) systems by passing different diameter 
minichannel through a cylindrical enclosure. The thermal effect of the PCM on both the charge and discharge 
process have been studied at different inlet temperatures of the HTF. Moreover, different flow rates of HTF and 
different minichannel diameters have been studied only for the charge process. According to the experimental 
results, as the inlet temperature has been raised from 60◦C to 65◦C, 70◦C, 75◦C, 80◦C, start of the melting time 
has decreased by 51.22%,62.99%, 64.46%, 73.28%, respectively. As the minichannel diameter has been 
decreased from 1.9mm to 1.5mm and from 1.5mm to 1.21mm, the liquid fraction has decreased by 10.6 and 
50.5%, respectively, for 75◦C HTF inlet temperature conditions. Additionally, the results has showed that the 
effect of HTF flow rate on thermal energy storage (TES) can be negligible. It was concluded that the optimal shell- 
tube radius ratio could be up to about 25 in the LHTES systems studied. It is a very important result for engi
neering systems using PCM for energy storage in heat exchangers.   

1. Introduction 

The increase in energy demand, environmental pollution, and energy 
crisis concerns during in the last years, have deemed it necessary to store 
the maximum amount of energy produced and benefit from the stored 
energy to the maximum extent. One of the most practical and ways of 
protecting the available energy and improving its usage is thermal en
ergy storage (TES). Using TES systems for the discrepancy between the 
energy demand and supply is an appropriate method. It is advantageous 
to use phase change materials (PCMs) that are used in latent heat storage 
units as heat storage mediums as they have high energy storage density 
and isothermal phase transition (small temperature fluctuation) [1]. 
Latent TES systems that use PCMs can store 5-14 times more energy 
compared to other storage materials used at the same volume [2]. In 
recent years, many studies have been conducted on using PCMs in latent 
heat storage units for the practices such as heating and cooling buildings 
[3,4]; solar energy [5,6]; hot water [7] and; electronic cooling [8,9]. As 

a result of the advances energy storage can be achieved at microscale. 
The decrease in size requires an increase in the yields of storing heat 
energy and using the stored energy. The effects of the energy storage 
properties in macro-scale systems on smaller-scale systems must be 
studied. When TES systems are used with PCMs in heat exchangers, the 
heat can be transferred to the PCM with a heat transfer fluid (HTF) and 
can be stored for future use. The selection of the PCMs for such appli
cations depends on the working temperature of the system. When the 
studies in literature were examined, it was observed that melted salts 
were used to recover waste heat in high working temperatures, while 
paraffin was used to recover waste heat in low temperatures used for 
heating homes. Cunha and Eames examined different PCMs at specific 
temperatures and determined that it was appropriate to use salt hydrates 
and organic compounds for temperatures below 100◦C, inorganic salt 
hydrates for those between 130◦C and 1250◦C and potassium and so
dium for temperatures of 170◦C [10]. Latent heat storage depends on the 
performance of the systems, the thermophysical properties of the PCM 
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Table 1 
Summary of the studies in the literature.  

References Study Type PCM Phase Change 
Process 

Direction of 
the Heat 
Exchanger 

Parameters Important Results 

[18] Numerical Eutectic mixture of lauric and 
stearic acids 

Melting- 
Solidification 

Vertical Lauric and stearic acids 
mixture ratio, HTF inlet 
temperature, mass flow rate 

• The mixture encapsulated in the 
annulus of two concentric pipes had 
good thermal and heat transfer 
properties during the melting and 
solidification processes. 
• The melting process was shortened 
with the increase in the inlet 
temperature and mass flow rate. 

[19] Experimental Paraffin wax Melting- 
Solidification 

Horizontal Effects of HTF working 
conditions (HTF inlet 
temperature, mass flow rate), 
exterior pipe diameter, pipe 
length 

• Heat transfer rate decreased with 
decreasing inlet temperature and 
mass flow 

[15] Experimental Paraffin wax Melting- 
Solidification 

Vertical Inlet temperature, Mass Flow 
Rate 

• An increase in the inlet temperature 
of the HTF decreased the melting 
process. 
• In order the decreased the energy 
consumption, lower values of mass 
flow rate for the HTF are advised. 

[20] Experimental Not specified Melting Vertical Shell and Tube Diameter, 
HTF flow rate and 
temperature 

• The charge period decreased to 68% 
according to the diameter. 
• Flow rate did not have a significant 
effect on storage. 
• The HTF temperature showed 
significant effect on the charge 
process. 

[21] Numerical n-Eicosane Melting Vertical Ratio of inner diameter to 
outer diameter, HTF inlet 
temperature 

• The highest productivity of heat 
exchanger was achieved when the 
ratio of the inner diameter to the 
outer diameter was 4. 
• The increase in the HTF inlet 
temperature decreased the 
solidification mass ratio and activity, 
while it increased the NTU value. 

[22] Numerical 
-Experimental 

Paraffin wax Melting Vertical- 
Horizontal 

İnclination positions • PMC storage inclination angle has 
an important effect on PCM 
temperature distribution, PCM 
melting time. 

[23] Numerical Pure inorganic salt composite of 
inorganic salt/EG 

Melting- 
Solidification 

Horizontal Fins, PCM types, HTF types • With the usage of fins, the melting- 
solidification times were shortened by 
at least 14%. 
• With the usage of composite PCM 
materials, this time could be 
shortened by at least 20%. 
• While the HTF type affects the 
solidification time by at least 10% on 
the fin surface, its effect was not 
observed on the finless surface. 

[24] Numerical Not specified Melting Horizontal HTF inlet temperature, mass 
flow rate and conductive fin 
height 

• Higher HTF (water) inlet 
temperature, mass flow rate and fin 
height ensured a higher PCM heat 
charge rate and shorter total charging 
time.       
•

[25] Experimental K2CO3(51)-49Na2CO3(PCM1), 
Li2CO3(20)-60Na2CO3-20K2CO3 
(PCM2), Li2CO3(32)-35K2CO3- 
33Na2CO3(PCM3) 

Melting Horizontal HTF inlet temperature, PCM 
type, body tube length 

• The melting times of PCM1, PCM2 
and PCM3 were found to decrease 
with the increase in the HTF inlet 
temperature. 
• The decrease in melting time was 
the highest in PCM1 and lowest in 
PCM3. 

[26] Numerical RT50 Melting Horizontal Downward movement of 
inner tube, HTF inlet 
temperature, mass flow rate 

• The downward movement of the 
inner tube decreased the melting 
time. 
• The increase in the HTF inlet 
temperature accelerated the melting 
time, while the increase of the mass 
flow rate had no effect.  
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and the design of the heat exchanger [11]. Heat exchange occurs within 
the PCM in two ways: conduction and convection. During the heat 
charging process, the heat transfer within the solid PCM only occurs 
through conduction, however when the PCM starts melting the heat 
transfer occurs between solid and fluid PCM through natural convection 
[12]. Joybari et al. investigated simultaneous charging and discharging 
of latent heat thermal energy storage numerically in a triplex tube heat 
exchanger. They used RT-31 as PCM and cooling fluids. The effect of 
natural convection on storage or charging was investigated. The effect of 
natural convection was found to be very small using the Ɛ-NTU method. 
However, in this study, it was determined that the effect of natural 
convection was significant. It was stated that the upward melted PCM 
motion had a great effect on the process. No simultaneous charge/di
scharge dominance was determined. The best results were achieved with 
the conditions of interior adiabatic/exterior cooler and interior cool
er/exterior heater [13]. 

There are many designs and applications regarding the usage of 
PCMs in heat exchangers. These applications give ideas about the pa
rameters that should be applied to experimental setup. Heat exchangers 
should be designed to ensure faster charging and discharging by 
providing a higher effective heat transfer area. Cylindrical PCM enclo
sures are categorized into three types: the pipe model (HTF is in the 
cylinder), the cylinder model (HTF is out of the cylinder) and the shell 
and tube model (includes a lot of parallel tubes). Due to the advantages 
of easy design creation and minimum heat loss, approximately 70% of 
the researched TES systems consist of the shell and tube model [14]. 

Akgün et al., investigated the storage performance of the melting/ 
solidification effect by using paraffin as PCM in the shell and tube heat 
exchanger. The main experimental parameters were the inlet tempera
ture of the HTF and Reynolds number. They determined that increasing 
inlet temperature caused a decrease in the total melting time and the 
significance of Reynolds number was low [15]. In a TES system with a 
cylindrical enclosure, 0.204 kg n-eicosane was used PCM, 57◦C HTF was 
passed through and melting was completed after 50 minutes. Some 
empty space was left in the upper section of enclosure for melting and 
solidification [16]. Kibria et al. computationally and experimentally 
investigated the heat transfer between PCM and HTF with different sizes 

and working conditions of the shell and tube system in their studies. 
They found that the HTF inlet temperature had a significant effect on the 
PCM liquid fraction, while the mass flow rate had a small effect on the 
PCM liquid fraction. In addition, they determined that as the pipe 
diameter increased, the melting time decreased and HTF temperature 
difference increased [17]. Some of the studies performed about heat 
exhangers with PCM are given in Table 1. 

There are new and more complex studies to improve heat transfer 
using PCM in heat exchangers. For example, Yang et al. examined the 
melting behavior of paraffin at different inclination angles in their work. 
Paraffin was embedded in open cell metal foams. In the study, it was 
concluded that the angle of inclination had a significant effect on the 
formation and development of natural convection during the melting of 
paraffin. It has been stated that the angle of inclination affects the solid- 
liquid interface propagation and heat transfer rate [27]. Qu et al., had 
developed a two-dimensional temporary model for a commercial square 
lithium ion battery using paraffin saturated in metallic copper foam. The 
estimated battery surface temperature was consistent with experimental 
data for the foam-paraffin composite during 1◦C and 3◦C discharge 
processes. Thus, the model has been verified in this study [28]. Ren et al. 
inserted woven metal fibers with high thermal conductivity into the 
phase change material to improve the heat transfer rate in their work. 
The corresponding energy storage process has been investigated in the 
latent heat storage unit, based on lattice Boltzmann modeling through 
numerical reconstruction of fiber morphology. According to results, it 
has been stated that woven metal fibers with optimum porosity should 
be used to balance the heat transfer capability and energy storage ca
pacity of the woven metal fiber-phase change material composite [29]. 
Jiang and Qu used a sandwich cooling structure consisting of a battery, 
phase change material, and heat pipe in their study. It has been proved 
in the study that the collective thermal model could solve the coupling 
heat transfer in the cooling structure of the PCM and the heat pipe [30]. 
Ren et al., studied the thermal management of electronic devices using a 
pin-fin cascade microencapsulated phase change material (MEPCM) - 
expanded graphite (EG) composite-filled heat sink. 3D enthalpy-based 
lattice Boltzmann modeling has been used. It has been stated that a 
pin-fin array with a mid-fin number and fin thickness was beneficial to 

Fig. 1. Schematic diagram of the experimental setup.  
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balance for the MEPCM’s increased heat transfer capacity and reduced 
latent heat. Thus, optimum thermal performance has been achieved 
[31]. Ren et al., designed novel stacked 2D metal fibers, inserting them 
into the microencapsulated phase change material (MEPCM) to improve 
the thermal performance of the heat sink. Thermal performance of heat 
sink assembly filled with MEPCM-metal fiber composite based on the 
numerically reconstructed metal fibers has been investigated. In the 
study, it was stated that for an intermittent heat sink, MEPCM stacked 
2D metal fiber composite with a high anisotropic rating has a more 
obvious advantage in its thermal management [32]. 

As a result of the studies conducted, it can be said that there are 
different heat exchanger designs that can benefit from bidirectional heat 
transfer between HTF and PCM. PCM is usually used in shell and tube 
model heat exchangers and the amount of PCM and design of heat 
exchanger depends on the heat to be applied. One of the main problems 
regarding design with PCM concept is reducing the thermal resistance 
for both melting and solidification process. In order to reduce thermal 
resistance, methods that increase heat conductivity must be applied. The 
aim of present study was to observe and analyze how PCM react to phase 
characteristics by designing a new energy storage system for the melting 
(usually) and solidification processes of PCM. Thus, the effect of a novel 
system and unworked parameters on energy storage will respond to TES 
systems in various fields. Unlike the other studies in the literature, this 
study included a test area where HTF was passed through channels with 
very small minichannel diameters. The ratio of cylindrical outer enclo
sure’s diameter to the minichannel diameter was 25. This study was 
carried out experimentally. The melting / solidification states of RT-50 
as PCM were examined horizontally. The effects of parameters such as 
HTF inlet-outlet temperature, mini-channel diameter, mass flow rate on 
the thermal energy storage of PCM were investigated by a series of ex
periments. In this study, results indicated that the optimal shell to tube 
radius ratio should be less than approximately 5 in the studied LHTES 
systems [20]. Thus, in a design to be made in the field of engineering; the 
effect of many parameters such as mass flow rate and inlet temperature 
on the unworked the diameter ratio will contribute to the literature. 

2. Experimental setup and LHTS test section 

2.1. Experimental setup 

The schematic demonstration of the system created in this study is 
given in Fig. 1, while photograph of the system is presented in Fig. 2. RT- 
50 paraffin, which had a melting range of approximately 45-51ºC, was 
used as PCM for energy storing. When the PCM melts, thermal energy is 
stored (charge) and when it solidifies again (discharge), the energy it has 
stored is released. Until the melting process starts, the heat transfer 
occurs through conduction and after the melting process, it goes on with 
natural convection [33]. In Figs. 1 and 2 feedwater passed through a 
flowmeter by means of a pump and mass flow rate of the fluid was fixed 
to desired level. Then, the feedwater that was passed through a copper 
serpentine that came into contact with hot and cold water in a waterbath 
reached the test area after being heated up (charged) and cooled down 
(discharge). When hot water passed through the minichannel in the test 
area, the PCM (RT-50), which was located between the outer surface of 
minichannel and the inner surface of the plexiglass, melts (charge). On 
the other hand, the liquid PCM solidified (discharge) when cold water 
passed through. Location temperature values that changed in the test 
area, were taken with the help of a data logger. The record measurement 
data showed the instantaneous temperature values of the thermocouples 
in the test area. Its working principle works by converting electric cur
rent to temperature value. Hioki LR8402-20 brand data logger was used. 
In this study, the TES performance of the PCM, which was located be
tween the outer surface of minichannel heat exchanger through which 
the HTF passes and the inner surface of the plexiglass enclosure was 
experimentally investigated by applying different parameters to the 
HTF. 

2.2. LHTS test section 

The test zone (plexiglass) was fixed with two polyethylene blocks in 
blue color. Canals were opened from the middle point of the blocks in 
order to pass the minichannelled tubes through. In addition, 9 cm cy
lindrical plexiglass was placed between the blocks to protect the PCM. 
Thus, thanks to the blocks, the connection between the minichannel and 
the fluid passing through the water bath will be provided. It will also 

Fig. 2. Actual photograph of the experimental setup.  
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prevent PCM leakage, which melts by squeezing the plexiglass. Then, the 
RT-50 PCM was filled between the inner surface of the plexiglass cyl
inder and the outer surface of the minichannel. Due to the 12.5% volume 
change of the PCM during the solid-fluid phase change, some space was 
left in the fluid state. The reason for this was to reduce the pressure 

applied to the wall in case of solidification resulting from the volume 
expansion. In Fig. 3, the thermocouples were 12mm, 9mm, 6mm and 
3mm deep (B section) in the direction of the inlet to the outlet of the HTF 
and 12mm, 9mm, 6mm and 3mm deep (T section) in the direction of the 
outlet to inlet. They were placed diagonally in this way to examine the 
thermal effect of the HTF inlet and outlet in the same radial distance on a 
short channel length and to show the temperature change depending on 
the heat transfer progressing gradually in the radial direction and 
melting process. Fig. 3 shows the thermocouple connections and the test 
area. The diameter of the outer plexiglass enclosure was 36mm and 
three different diameters namely 1.21mm, 1.5mm and 1.9mm were used 
in the minichannel that was worked on. 

Heat was transferred from the hot water passing through the mini
channel to the solid PCM by conduction. In addition, heat was trans
ferred from the liquid PCM to the cold water passing through the 
minichannel by convection. Accordingly, melting (charge) or solidifi
cation (discharge) occurred. In addition, the constant matter in the 
system was expressed as the state of being completely liquid or solid on 
plane where the thermocouples were placed. The locations where 
thermocouples are placed, are given in Table 2. 

2.3. Selection and properties of the PCM 

In the selection of the PCM, parameters such as thermodynamic, 
kinematical, chemical, physical and economic properties were taken 
into consideration. Thermodynamically, the melting temperature must 
be operated in the low vapor pressure and desired melting temperature 
range to reduce the problems that restrict the melting in the reaction 
state [34]. It is kinematically important to avoid high reaction rates. By 
doing so, heat can be homogeneously absorbed from the system storage 
unit. The sudden decrease of the thermal resistance prevents the gradual 

Fig. 3. Dimensions and photograph of the LHTS test section without insulation.  

Table 2 
Axial and radial positions of the thermocouples.  

Thermocouple Radial position (m) Axial position (m) 

1-2 0.012 0.072 
1-3 0.009 0.054 
1-4 0.006 0.036 
1-5 0.003 0.018 
1-7 0.003 0.072 
1-8 0.006 0.054 
1-9 0.009 0.036 
1-10 0.012 0.018  

Table 3 
Thermophysical properties of the PCM [35].  

Properties RT-50 (Phase Change Material) 

Melting Area 45-51 [⁰C] 
Congealing Area 51-46 [⁰C] 
Heat Storage Capacity 160 [kJ/kg] 
Specific Heat Capacity 2 [kJ/kg.K] 
Density Solid (at 15◦C) 0.88 [kg/l] 
Density Liquid (at 80◦C) 0.76 [kg/l] 
Heat Conductivity 0.2 [W/(m.K)] 
Volume Expansion % 12.5 
Flash Point >200 [⁰C] 
Max. Operation Temperature 70 [◦C]  
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resistance transition and this ensures that the melting is not homoge
neous. Materials that are low-cost and easily accessible should be 
selected. Care should be taken to avoid chemical degradation after 
successive phase cycles. Physically, during thermal storage the volume 
expansion should be kept at a minimum in order not to damage the 
system. 

In this study, RT-50 brand paraffin was used as the PCM. The ther
mophysical properties of the PCM are shown in Table 3. 

Differential Scanning Calorimetry (DSC) measures the absorbed or 
released energy amount of the PCM while it is being heated, cooled or 
kept at a constant temperature. Thus, the change in the amount of en
ergy that occurs as a result of the heat transfer in the PCM and the 
reference used in the device is shown depending on temperature and 
time. In addition, with this method the heat transfer amount during the 
phase change in the PCM can be determined. DSC analysis can be 
considered as the PCM identity. When Table 3 and Fig. 4 are compared, a 
coherency between the thermophysical properties table and DSC anal
ysis can be observed. 

2.4. Uncertainty analysis 

In this study, for the experimental errors the uncertainty theme 
applied by McClintock and Kline in 1953 was used. According to this 
method:  

• R: The size measured  
• x1,x2,x3, …, xn: The factors that affect the measuring result  
• w1,w2,w3, …, wn: The error rate of the independent variable 

Total error rate WR: 

WR =

[(
∂R
∂x1

w1

)2

+

(
∂R
∂x2

w2

)2

+

(
∂R
∂x3

w3

)2

+ … +

(
∂R
∂xn

wn

)2]1/2   

or 

WR

R
=

[(
Wx1

x1

)2

+

(
Wx2

x2

)2

+

(
Wx3

x3

)2

+ … +

(
Wxn

xn

)2]1/2   

In uncertainty analyses it is sufficient to determine the variable that 
causes the biggest error. 

The uncertainties of the most important parameters in the system, 
namely temperature and flow rate were calculated using the sensitivity 
values given in Table 4. As a result, the uncertainty value of the tem
perature measured in the experiment was calculated as ±1.5066, while 
the uncertainty value of the mass flow rate was calculated as ±1.00498. 
Heat transfer cumulative effect of uncertainties of temperature and flow 
rate was ±1.8110. 

3. Experimental results and discussion 

In this study, water was passed through a minichannel heat 
exchanger as HTF and the thermal behavior of RT-50 paraffin used as 
PCM was observed during the charging and discharging processes. The 
PCM was located between the inner tube and plexiglass outer tube. By 
passing the water through the inner channel (minichannel) at a constant 
temperature, the energy of the PCM during charging was changed. As 
the PCM melted, it stored energy as heat during the charge process. 
During discharge process, cold water at constant temperature was 
passed through the minichannel tube, causing the PCM to solidify and 
release its stored energy. 

The experiments were carried out in accordance with the objectives 
given below.  

• Effects of six different inlet temperatures (55, 60, 65, 70, 75, 80ºC) on 
energy storage of PCM (charge) were investigated at 10 kg/h con
stant mass flow rate and 1.5mm inner channel diameter during 120 
minute experiment period. 

Fig. 4. Differential scanning calorimetry analysis curve of the PCM.  

Table 4 
Technical specifications and sensitivity of the measuring devices.  

Materials Technical Specifications Sensitivity 

Thermocouple K type; Measuring range (-40◦C and 375◦C) ±1.5% 
Flow Meter Measuring range (0 / 250kg/h) ±0.1% 
Pump Measuring range (85.7ml/min - 2571.4ml/min) ±1% 
Water Bath Measuring range (-40◦C and 100◦C) ±0.1% 
Data Logger 60 channel capacity ±0.1%  
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• Effects of three different HTF flow rates (4, 7 and 10 kg/h) on the 
energy storage of PCM (charge) were investigated at 1.5mm constant 
minichannel inner diameter and 75ºC constant temperature.  

• Effects of three different minichannel diameters (1.21mm, 1.5mm, 
1.9mm) on the energy storage (charge) of PCM were investigated at 
75ºC constant temperature and 10kg/h constant flow rate.  

• Finally, the effects of three different inlet temperatures (8ºC, 15ºC 
and 23ºC) of HTF on releasing the energy stored by the PCM 
(discharge) were examined at 1.5mm constant minichannel inner 
diameter, and 10kg/h constant flow rate. 

3.1. The effect of HTF’s minichannel inlet and outlet on PCM during 
melting 

The temperature effects of the HTF inlet and outlet on the radial 
direction were studied. Radial distance is defined as the distance from 
the minichannel through which the HTF flows to the outer surface of the 
plexiglass enclosure. The test area was divided into two different areas, 
namely T and B. The effect of the HTF inlet and outlet points to the test 
zone on the energy storage of the PCM can be interpreted according to 
the change in the temperature of the same location (e.g. points 1-2 and 
1-10 at a depth of 12mm) in Fig. 5. 

As the hot HTF that passed through the minichannel transferred heat 
to the PCM, the temperature of the PCM decreased as it approached the 
outer tube from the inner tube. Therefore, the temperature of the HTF 
towards the minichannel outlet is decreasing. Temperature change of 
the same radial distance is given in Fig. 5. As can be seen more clearly 
from Fig. 3, T and B sections are in the same axial plane. As expected, the 
maximum temperatures were observed in the locations that were close 
distance of 12mm distance away from the minichannel through which 
the HTF flowed. The farther away from the minichannel, heat transfer 
decreases and lower temperatures are achieved. For example points 1-9 
and 1-3 at the same radial distance (9mm) has low temperature 

difference (approximately 40-41◦C) between the two points at 40th 
minute. Likewise, the temperature difference between 1-10/1-2(12mm), 
1-4/1-8 (6mm) and 1-5/1-7(3mm) is also low at any given time. 
Therefore, the temperature of the locations that were of the same radial 
distance when lined up from the inlet to the outlet or from the outlet to 
the inlet were negligible. However, how the reaction will be in a longer 
test area must be studied. 

3.2. The effect of the HTF inlet temperature on energy storage (charge) 

The effect of different HTF inlet temperatures on melting during a 
constant mass flow rate was examined. As the inlet temperature in
creases, the phase change accelerates. As the melting temperature of the 
PCM was 50◦C, the inlet temperature of the HTF started from 55◦C and 
as the maximum working temperature of PCM was 70◦C, the final inlet 
temperature of HTF was studied at 80◦C. 

With each inlet temperature, the temperature change in the radial 
direction decreased as it moved towards the outer enclosure. As can be 
seen from Fig. 6, among the location temperatures, the temperature was 
at the maximum usually at the 1-10 location closest to the HTF inlet area 
and the minichannel. Melting did not occur with the inlet temperature of 
55◦C. Thus, the heat transfer only occurred through conduction except 
for the flow in the minichannel. With the inlet temperature of 60◦C, a 
liquid film formed on the upper section of the cylindrical plexiglass; 
thus, although very little, some melting occurred. In a broad sense, as the 
heat transfer occurred through convection, the temperature distribution 
in the thermocouple did not change. With the temperature of 65◦C, 
although very little, some melting occurred. Some differences in location 
temperature values were observed after 2000 sec, due to the melting 
effects and natural convection. With this inlet temperature, complete 
melting in the radial direction was not achieved. At an inlet temperature 
of 70◦C, as the PCM approaches the melting temperature, the location 
temperatures increases above one another. This was explained by the 
fact that the solid PCM melts the heat transfer natural convection 

Fig. 5. Effect on radial distances of HTF inlet and outlet temperature differences during melting.  
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mechanism steps in. Density gradients occur due to the temperature 
difference. Due to the difference in density, the effect of buoyancy de
termines in which direction the melting process. This increases the 
irregular process of the melting in PCM and heat transfer with the effect 
of natural convection. Liquid PCM float as its density is lower than that 
of the solid PCM. This explains why the locations close to the T section 
reached higher temperatures than the B section [15]. In this study, in 
which the HTF of 70◦C was used, the effects of melting started after 1800 
sec and complete melting was achieved in 7200 sec when equalize the 

1-2,1-3,1-9 and 1-10 location temperatures. With the experiment in, 
which the inlet temperature of 75◦C was used, melting started in 1380 
sec at the temperature of 44,67◦C. The location temperatures can in
crease above one other after the melting process. This is caused by the 
natural convection that affect the progression of the solid-fluid interface 
in the both radial and axial direction. This can make it hard to make 
comments in accordance with time and control the melting of the PCM 
within the system. Melting started at 60◦C and firstly at 75◦C a 
completely constant state was achieved in the system where the 

Fig. 6. Temperature distribution of the PCM at constant HTF inlet temperature during melting.  
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thermocouples were placed. The complete melting state was reached 
faster at 80◦C. Even when the maximum temperature was used, the PCM 
within the cylindrical enclosure did not melt completely. A long period 
of time is needed for this. 

It is seen from Fig. 7 that the melting of PCM starts at 60◦C and 
continues until the final temperature of 80◦C. As the HTF inlet tem
perature increased, the melting starting time decreased. When the inlet 
temperature was increased from 60◦C to 65◦C, the melting starting time 
decreased by 51.22%, when the inlet temperature was increased from 
60◦C to 70◦C, the melting starting time decreased by 62.99%, when the 
inlet temperature was increased from 60◦C to 75◦C, the melting starting 
time decreased by 64.46% and when the inlet temperature was 

increased from 60◦C to 80◦C, the melting starting time decreased by 
73.28%. In these experimental parameters, the melting starting time 
graph was determined as f(x) function with 99.94% accuracy depending 
on the HTF inlet temperature. 

No melting on the inner surface of plexiglass in the vertical was 
observed with the constant inlet temperatures of 55◦C and 65◦C. In 
addition, with all the other temperatures, solid-liquid interface was 
begun to be observed after 40 min. As can be seen from Table 4, 
although melting started around the minichannel after the 34th minute 
at a constant HTF inlet temperature of 65◦C, the solid-liquid interface 
was observed through the plexiglass between 80-100th min; although 
melting started after the 25th min at an inlet temperature of 70◦C, the 

Fig. 7. Melting start time of the PCM at different HTF inlet temperatures.  

Table 5 
Experimental photographs of the melting for PCM storage at different time.  
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solid-liquid interface was observed between 60-80th min; although 
melting started after the 23rd min at an inlet temperature of 75◦C, the 
solid-liquid interface was observed between 40-60th min; although 
melting started after the 18th min at an inlet temperature of 80◦C, the 
solid-liquid interface was observed 40-60th min. The reason for this was 
that even though melting had begun around the minichannel, it takes 
longer to progress to the inner surface of the plexiglass. The density of 
the liquid PCM decreases as it melts, therefore it goes on top of the solid 

PCM. With the maximum temperature of 80◦C, although the PCM 
reached approximately 63◦C, there were still some PCM that had not 
melted completely at lower section (bottom) of the plexiglass enclosure. 
The aim is how the solid/liquid interface progresses, depending on time 
and inlet temperature in Table 5. 

Fig. 8. Effect of HTF flow rate on the PCM.  
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3.3. The effect of HTF flow rate on energy storage (charge) 

Three different flow rates (4, 7 and 10 kg/h) were studied at constant 
1.5mm minichannel diameter and at 75◦C, where complete melting was 
observed firstly. In Fig. 8, the effect of HTF flow rate on TES was studied 
at locations 3, 6, 9 and 12mm depths in the PCM. 

Melting was achieved at all locations at 75◦C. Melting time decreased 
with the increase in the mass flow rate and temperature. However, the 
effect of mass flow was negligible as it did not cause major changes in 
the locations. As there is a need for higher pumping power for higher 
mass flow rates, lower flow rates should be selected for energy storage in 
terms of energy efficiency. 

3.4. The effect of the diameter of the minichannel that HTF passes 
through on energy storage 

For the geometric parameter, 1.21, 1.5 and 1.9mm were used as the 
three different minichannel diameters. Their behavior in the latent heat 
thermal storage system was observed. PCM temperature distributions 
were measured and an experimental comparison between the studied 
storage units were carried out. The inner diameter changed approxi
mately 0.3 mm, therefore the outer diameter of the enclosure was not 
changed. This was because no significant changes were going to occur in 
the amount of PCM, which, in turn, would cause almost no change in the 
amount of energy storage due to the amount of PCM. 

As the amount of fluid in the channel with a constant flow rate 
increased with the diameter, the heat transfer also increased. As seen in 
Fig. 9, depending on the increase in the heat transfer rate, the amount of 
melting, that is, the amount of energy storage, increases as the diameter 

of the minichannel increases.Liquid fraction is the ratio of liquid PCM to 
all PCM. The amount of liquid fraction was a function of the stored 
energy. As the minichannel surface area increased, it increased the 
amount of heat transfer. When the diameter was reduced from 1.9 mm to 
1.5 mm, the diameter ratio decreased by approximately 21%, while the 
liquid fraction, that is, the energy storage amount, decreased on average 
by 10.6%. When the diameter was reduced from 1.5 mm to 1.21 mm, the 
diameter ratio decreased by approximately 20% and the melting amount 
decreased by 50.5% on average. The equal diameter percentage increase 
showed that the increase in the heat transfer decreased logarithmically. 
As the channel diameter increases, melting increases [36]. 

3.5. The effect of HTF inlet temperature on the release of the stored energy 
(discharge) 

The high-energy liquid PCM released its thermal energy by trans
ferring it to the HTF passing through the minichannel. It was studied at 
10 kg/h constant flow rate, 1.5mm constant minichannel diameter and 
three different inlet temperature of HTF (8, 15, 23◦C). 

At the beginning, the PCM was in fluid phase at the temperature 
range of 60-65◦C. Below 50◦C, until all the determined points in the 
PCM reached the solidification temperature, various fluctuations 
occurred within the PCM and continued until a constant state of matter 
was reached. The solidification began at the outer surface of the mini
channel and went along the diameter to the inside of the PCM. With all 
the temperatures used, the solid matter state was achieved at all loca
tions in the PCM after 7200 sec. As the melting starts around the mini
channel, it is not visible due to the solid PCM barrier on the inner surface 
of the plexiglass. However, in the solidification process, as the liquid 

Fig. 9. Effect of minichannel diameter on PCM at 75◦C HTF inlet temperature.  
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PCM is transparent, the process is visible. Thus, comments can be made 
on the progress of melting. Steady state during discharge is defined by 
the fact that every point of the PCM passed to the solid phase state at 
radial depths in the measuring plane and sensible heat transfer (con
duction) occurred at each point. Here, when the heat transferred to the 
HTF, its state caused natural convection and phase change within the 
PCM. 

As the temperature difference between PCM and HTF increased in 
the case of solidification, heat transfer observed to increase. As can be 
seen from Fig. 10, temperature fluctuations occurred due to natural 
convection in approximately 0-500 sec for solidification. These fluctu
ations continued until they reached a steady state in the range of 
approximately 500-4000 sec. As a result, during discharge as the inlet 
temperature decreased, the solidification rate increased. This change at 
average PCM temperature continued until approximately when the 
room temperature was reached. 

As can be seen from in Table 6, solidification first started around the 
minichannel, but after a specified amount of time, it began to solidify 
from the bottom to the top of the enclosure contrary to the melting 
process. This was because the solid PCM sunk to the bottom as it had a 
higher density. When it reached 8◦C at the 620th second, the inner 
surface of the enclosure had been completely solidified. On the other 
hand, at 15 and 23◦C, the solidification was not completed on the inner 
walls of the enclosure. This mean that as the inlet temperature 
decreased, the solidification percentage increased. It was observed how 
the solid-fluid interface advanced physically during the solidification 
process. In addition, when the solidification image is observed, it can be 
said that the change occurred throughout the channel during the melting 

process. Even though the solidification time was a little longer than the 
melting time, the process happened in the same way [37]. 

4. Conclusions 

In this study, a design different from the literature was used to create 
an alternative to latent energy storage (LHS) systems by passing mini
channels with diameters of 1.21mm, 1.5mm and 1.9mm through a cy
lindrical enclosure. The thermal performance of the PCM was 
experimentally investigated by using it between the cylindrical enclo
sure and the minichannel. Water and RT-50 were used as heat transfer 
fluid (HTF) and PCM, respectively. The effect of different inlet temper
atures of HTF on the thermal performance of the PCM during both 
charging and discharging has been investigated. In addition, the effect of 
different flow rates of HTF and different minichannel diameters on the 
thermal performance of PCM only during charging was studied experi
mentally. The results are summarized below. 

1. The fluid temperature must be at least 10◦C above melting temper
ature of the PCM.  

2. Heat transfer decreases and lower temperatures are obtained with 
distance from the minichannel. Therefore, the maximum tempera
tures were measured at 12 mm distance from the minichannel. The 
temperature of positions with the same radial distance can be 
neglected when sorted from inlet to outlet or outlet to inlet. How
ever, it should be investigated how the reaction will be in a longer 
test area. 

Fig. 10. Temperature distribution of the PCM at constant HTF inlet temperature during solidification.  
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3. As the HTF inlet temperature increased, the melting initiation time 
decreased. When the inlet temperature was increased from 60◦C to 
65◦C, 70◦C, 75◦C, and 80◦C, the melting start time decreased by 
51.22%, 62.99%, 64.46%, 73.28%, respectively.  

4. Melting was faster, when the inlet temperature increased during the 
charging process and solidification was faster when the inlet tem
perature decreased during the discharge process. 

Table 6 
Solidification (the energy release) photographs of the PCM at different times.  
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5. As the diameter increases in the melting process, heat resistance 
increases due to the solid PCM and point temperatures decrease in 
radial distance increase. However, this worked to the opposite effect 
in the solidification state. Otherwise, the liquid fraction direction 
progress depends on this resistance.  

6. When the minichannel diameter was reduced from 1.9 mm to 1.5 
mm and from 1.5 mm to 1.21 mm at 75◦C HTF inlet temperature 
conditions, the liquid fraction which means energy storage per
centage was reduced by 10.6% and 50.5%, respectively. It was 
determined that the effect of the minichannel diameter was impor
tant in energy storage. Depending on the increase in the heat transfer 
rate, the amount of melting, that is, the amount of energy storage, 
increases as the diameter of the minichannel increases. 

7. Melting time decreases as a result of mass flow and temperature in
crease. However, the effect of the mass flow rate on the melting time 
at that point is negligible. Since higher mass flow rates require higher 
pumping power, low flow rate should be chosen for energy storage in 
terms of energy efficiency.  

8. It was concluded that the optimal shell-tube radius ratio could be up 
to about 25 in the LHTES systems studied. It is a very important result 
for engineering systems that use PCM to store energy in heat 
exchangers. 
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