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ABSTRACT

The phase change material (PCM)-based low-grade heat harnessing exchanger is used to study the recovering wasted energy from grey water. This
experimental study investigated the effect of fin shape on improving the thermal performance of a PCM-based low-grade heat harnessing exchanger.
Three heat exchangers of equal dimensions, namely, finless, inclined finned and V-shaped finned heat exchangers, were manufactured and tested in a
container containing the PCM. A finless heat exchanger was adopted as a base case to demonstrate the improvement of heat transfer by using fins. The
finless heat exchanger consists of two serpentine tubes where the cold water and grey water flow in a counter flow arrangement. A series of experimental
tests was conducted for the three exchangers with similar operational conditions for both PCM process (melting and solidification). Compared with the
finless heat exchanger, the results show that the addition of the fins remarkably enhances the heat transfer between the heat exchanger and PCM in the
two processes. The inclined fins are superior than the V-shaped fins in enhancing thermal performance. Compared with the finless heat exchanger, the
heat transfer improvement in melting process is reached about 187.49% and 149.88% for heat exchanger with the inclined and V-shaped fins,
respectively. The reduction in the solidification time is approximately 3 times higher than the reduction in the melting time for inclined fins and
approximately 2.85 times for the V-shaped fins. Increasing the mass flow rates of grey water and cold water accelerates the melting and solidification

of the PCM, and this acceleration is obvious in solidification.
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1. INTRODUCTION

One of the most important techniques used to reduce energy
consumption, enhance renewable energy sources, and increase the
efficiency of cooling/heating technologies is to harness the waste heat
energy from grey water (Mazhar et al., 2020). This technology is
considered a third-generation renewable energy technology due to the
increased energy efficiency of buildings resulting from the use of wasted
thermal energy (Mohamed et al., 2021). Phase change materials (PCMs)
are characterized by their ability to absorb and excrete heat at a constant
temperature, leads to be used in a variety of engineering applications
(Fekadu et el., 2021), (Orr and Assaye 2019) and (Poyyamozhi and
Karthikeyan, 2022). PCMs have been used in latent heat storage systems
(LHSSs) for a wide variety of applications due to their ability to achieve
a high heat storage and recovery rate.

During the past years, many numerical and experimental studies
were conducted to analyse the performance of the PCM in a LHSS by
using various engineering and operational parameters. Li et al., (2020)
have evaluated numerically the performance of cascaded LHSS during
both melting and solidification presses using various types of PCMs. The
effect of HTF inlet temperatures, energy stored and liquid fraction of
PCMs have been investigated during both process. It was concluded that
the melting time is proportional to PCM melting temperatures. Muthiah
et al., (2021) analysed experimentally the behaviour of PCM to improve
the performance of LHSS by using aluminium as the inner tubes of the
heat exchanger rather than copper. They focused on evaluating the
properties of PCM by flowing hot liquid and cold liquid inside heat
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exchanger tubes. For the two PCM processes in LHSS, the rate of heat
transfer during discharge process is extremely low. Compared with the
time required to discharge the latent heat storage, the charging time
required to store the latent heat is shorter due to the high heat transfer
rate between the hot working fluid and PCM. Youssef et al., (2018)
studied numerically the influence of the rate of heat transfer fluid (HTF)
and the HTF inlet temperature on the performance of the spiral-wired
tube heat exchanger for the processes of solidification and melting
processes. Melting and solidification processes are faster at higher inlet
temperature and flow rate of HTF. The melting time is faster than the
solidification time. Researchers focused on improving the performance
characteristics of the PCM by using finned tube heat exchangers rather
than the conventional planar tube heat exchangers.

Amagour et al., (2021) simulated the performance improvement of
a finned tube heat exchanger for a low-temperature LHSS. For this
purpose, several operational and design variables are examined for PCM
charging and discharging processes. The operational parameters include
the flow rate and inlet temperature of HTF, and the design parameters
include the number of fins, their thickness, their location and their
material. The PCM charging and discharging time decreases with the
increase in HTF flow rate, HTF inlet temperature, the fin number and
thickness of the fins. Rahimi et al., (2014) investigated the effects of inlet
temperature and flow rate of HTF and space between fins on thermal
characteristic improvement of PCM in finned tube heat exchanger. For
the PCM, the presence of fins has a greater effect on the freezing process
than the melting process. Decreased distance between fins has minimal
effect for the two processes. The freezing and melting time decreases
with the increase in the flow rate and inlet temperature of the HTF. The
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influence of tube shape on PCM heat accumulator performance was
numerically evaluated by both Zhao and Zheng (2021). The performance
of the three tube forms; triangular, square, and elliptical were compared,
depending on the traditional type. It was proven that the triangle tube has
best thermal performance in comparison with another shapes, according
to the findings. Hassan et al., (2020) conducted an experimental study to
test the influence of fin shape on improving the performance of PCM in
the shell and tube heat exchanger of a LHSS. In addition to the finless
heat exchanger, two heat exchangers with longitudinal and circular fins
are manufactured and tested. The fins have a direct effect on reducing the
charging time. Accordingly, the charging time using longitudinal and
circular fins is reduced by 55% and 70%, respectively. The best
improvement of heat accumulation is obtained by using circular fins.
Pakalka et al., (2020) conducted a comparative experimental
investigation of the performance of PCM for a LHSS of two finned heat
exchangers with different fin numbers and fin thicknesses. The first heat
exchanger has 35 fins and a fin thickness of 1.5 mm, and the second heat
exchanger has 70 fins and a fin thickness of 0.15 mm. Similarities are
observed between the performance of the two heat exchangers, but the
second heat exchanger (with the most number of fins) is the best in
reducing the charging and discharging time of the PCM. Jmal and Baccar
(2018) numerically analysed the influence of the number of vertical fins
in a heat exchanger on improving the heat transfer to extract maximum
heat during solidification processes of PCM. The characteristics of heat
transfer are augmented by adding the fins because the addition of a large
number of fins can trap PCM between two successive fins, thereby
approximating the heat transfer to conduction. Mohamed and Eames
(2021) experimentally studied the influence of operating conditions of
the HTF on the thermal performance of multi-finned tube heat exchanger
for melting and freezing processes of the PCM of LHSS. They showed
that the inlet temperature and flow rate of the HTF effectively influence
the reduction in the melting and freezing times of a PCM. During the
charging process, the influence of increasing the flow rate of the HTF is
less than the influence of increasing the inlet temperature of the HTF.
Elmaazouzi et al. (2020) performed a numerical analysis to test the
influence of added annular fin on coaxial heat exchanger in LHSS for
charging processes of the PCM. Compared with the finless heat
exchanger, the results indicate an effective effect of adding annular fins
to the heat exchanger on the charging time of the PCM. The PCM
charging time decreases with the increasing number of fins. Hu et al.
(2017) experimentally evaluated the thermal performance improvement
of LHSS by using finned tube heat exchanger for melting and
solidification processes of the PCM. Compared with finless heat
exchanger, the cooling discharge rate of the PCM in finned tube heat
exchanger for LHSS is higher than the charging rate. Increasing the inlet
temperature of HTF has a remarkable effect on improving the heat
properties of the PCM. With the increase in the inlet temperature of HTF,
the outlet temperature of HTF increments linearly, leading to a linear
decrease in the cooling rate. To augment the PCM heat transfer properties
in triple tube heat exchanger for LHSS, Mahdi et al., (2018-2019)
numerically studied two techniques: the first is the addition of
nanoparticles to the PCM and the second is the addition of longitudinal
fins to the exchanger. They indicated that the addition of fins has an
effective effect on the properties of the LHSS, and a small effect is
observed in adding nanoparticles to the PCM. The use of fins with a
smaller number and a relatively shorter length in the upper half of the
LHSS leads to better thermal performance. Parsazadeh and Duan (2018)
numerically studied the effect of adding annular fins on shell and tube
exchangers and nanoparticles to the PCM on the heat transfer properties
of the LHSS. The space between the annular fins, the inclination of the
annular fins, and the addition of nanoparticles to the PCM are the
parameters tested to improve the performance of the LHSS. The
nanoparticles and the space between the fins do not have an effective
effect on improving the performance, but the inclination of the annular
fins has a remarkable effect on improving the performance of the LHSS.
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Al-Mudhafar et al. (2021) numerically studied the effect of the
added fin shape on the shell and tube exchanger on the heat properties of
a LHS for the charging and discharging states of the PCM. Three fin
shapes, namely, longitudinal fins, T-shaped fins and tree-shaped fins, are
tested for the performance of LHSS. The shape of the fins has an effective
role in enhancing the performance characteristics of the LHS, and that
the best performance is for the T-shaped fins. Compared with the
longitudinal fins, the melting accelerates by 33% when T-fins are used.
Gasia et al. (2017) conducted an experimental study on the influence of
adding fins to the shell and tube heat exchanger and the influence of the
type of HTF on the heat performance of the LHSS by using RT58 as a
PCM. The performance is evaluated for the storage unit of two heat
exchangers: finned and without fins for two working fluids, water and
silicone Syltherm-800. The use of finned heat exchanger with water as a
HTF provides the best performance for the LHSS. Al-abidi et al.,
(2013,2014) investigated experimentally and numerically the use of a
three-tube heat exchanger by adding external and internal fins to improve
the heat transfer of a LHSS during melting and solidification of PCM.
The inlet temperature and mass flow rates of HTF on the PCM melting
process are tested. They stated that the inlet temperature of the HTF has
a greater effect on the PCM melting process than the HTF flow rate. The
melting time decreases by the HTF inlet temperature and the HTF mass
flow rate about 86% and 58%, respectively.

Mazhar et al., (2020) tested a low-grade heat harnessing exchanger
(LGHHE) that links grey water (GW) and cold water (CW) (in counter
arrangement) with a PCM. Rectangular copper fins are placed throughout
the cross section of the tube to improve the thermal conductivity of the
PCM. The effect of the operating strategy and the effect of flow rate for
the two fluids (0.05 and 0.1 kg/s) are studied. Two types of PCM are
tested: the first with a melting point of 298 K and the second with a
melting point of 315 K. The single operation asynchronous flow of GW
and CW is more efficient than dual operation. The best performance is
observed for the PCM with the lowest melting point and the lowest flow
rate. To obtain the best thermal characteristics for PCM in the GW waste
LGHHE, Mazhar et al. (2020) numerically investigated the thermal
improvement of PCM characteristics by using rectangular fins for
LGHHE. Compared with the finless LGHHE, the fins improve the
performance. The effective thermal conductivity is observed in freezing
and melting, but the improvement rate by freezing is higher than melting.
The improvement rate by freezing is 4.75 times, whereas it is 1.38 times
in melting. Mazhar et al., (2019) developed an optimiser by using the
particle swarm optimisation algorithm. Depending on different
combinations of input parameters, the results show that the optimal PCM
temperature ranges between 22 °C and 20 °C. The ratio of latent to
sensible heat transferred by PCM greatly influences this optimum
temperature when melting and freezing are combined.

From the review of previous numerical and experimental studies,
the use of fins for different types of heat exchangers has a considerable
effect on improving the thermal performance of the LHSS, and no study
deals with the effect of fin shape on the performance of the LGHHE. This
experimental work focused on enhancing the thermal performance of a
miniature model of the PCM based LGHHE by altering the shapes of
fins, leads to recover wasted heat from GW. This method could be
generalized and utilized to save energy in the buildings with high
quantity of GW. The phase change material (PCM)-based low-grade heat
harnessing exchanger is widely used in waste heat recovery systems. The
current study included an experimental investigation of improving the
thermal performance of a PCM-based low-grade heat harnessing
exchanger by modifying the fin shape. Compared with the finless
LGHHE, the thermal performance of the LGHHE was evaluated by using
newly proposed two types of fins, namely, inclined fins and V-shaped
fins. Therefore, the effects of the flow rates of GW and CW were tested
on the performance of the LGHHE for the melting and solidification
processes.
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2. EXPERIMENTAL WORK
2.1 Experimental Setup

As shown in Figure 1, the test device consists of the following main parts:
a closed GW loop to conduct the melting process, an open CW loop to
conduct the solidification process and the test section. The details of the
equipment used in the experiment are listed in Table 1

The LGHHE is mainly used to recover the waste heat from the GW,
so the charge of the PCM inside the container is extracted from the GW.
The closed loop is done by drawing GW from the tank with a water pump
and then pushing it to the electric water heater to be pumped to the
LGHHE. The flow is controlled by a flow meter that is attached to a globe
valve to control the amount of flow required. Before entering the
LGHHE, two valves are set to ensure that the required temperature for
the GW is reached before pumping it to the LGHHE. After leaving the
LGHHE, the GW returns to the tank to complete the closed cycle. After
the melting process is completed, the solidification process begins
through an open loop of CW. In the open loop, CW is drawn from the
tank by a water pump and pumped to the LGHHE. In the closed loop, the
flow is controlled by a flow meter and a globe valve. Here, the CW exits
from the LGHHE to the drain because after leaving the LGHHE, its
temperature is higher than its entry temperature due to heat gained from
the PCM. This condition affects the temperature of the CW inside the
tank. Rubber tubes and polyvinyl chloride (PVC) tubes are used to
connect the exchanger and water tanks.
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designed by using a water cutting machine. Two types of fins, namely,
inclined planar fins and V-shaped fins, were embedded on the traditional
LGHHE, to study the influence of the fin shape on improving the thermal
conductivity of PCM. Accordingly, three different LGHHEs were
manufactured and tested. The first one the is the traditional LGHHE
(without fins), the second is finned LGHHE with inclined fins, and the
third is finned LGHHE with V-shaped fins. The traditional LGHHE and
the finned LGHHES are shown in Figure 2. The main dimensions of the
three LGHHES and the directions of the inlet and outlet of CW and GW
are shown in Figure 3.

This LGHHE is placed inside a container made of galvanised iron
with a thickness of 1 mm and dimensions of 820 mm in length, 180 mm
in width and 210 mm in height. It is filled with 22 kg paraffin wax, the
most used material for PCMs. The thermos-physical properties of
paraffin wax are shown in Table 2. Twenty-four K-type thermocouples

with a range of (—50 °C to 400 °C) and an accuracy of £0.5 °C were
placed to monitor and record the temperatures of the GW, CW and PCM
in the test section through the melting and solidification processes.
Eighteen thermocouples were used to measure the temperature of the
PCM inside the container. These thermocouples were divided into three
layers. Each layer consists of six thermocouples. The middle layers of
thermocouples are named as (T2X), where X=1to 6. The lower and upper
layers are numbered with a prefix 1 and 2, respectively. The locations of
the thermocouples inside the container are shown in Figure 4. The
remaining thermocouples were placed at the inlet and outlet of tubes to
measure the entry and exit temperatures of GW and CW.

Fig. 1 Photograph of the experimental test device.

The rubber tubes are thermally insulated with glass wool with
thermal conductivity of 0.034 W/mK to ensure that no thermal leakage
occurs as much as possible.

The test section is a LGHHE that links GW and CW in a counter
flow arrangement by the PCM inside the container. The PCMs are widely
used in low energy density applications which is more applicable in
LGHHE. The traditional LGHHE consists of two serpentine tubes, the
first is for CW and the second is for GW, which is placed vertically
downwards to take advantage of the effect of the buoyant force on the
natural convection due to the difference in density between the two
phases of the PCM. The traditional LGHHE is made of copper tubes,
which has a high thermal conductivity (401 W/mK). The inner diameter
of the tubes is (11.7 mm), and the thickness is of the fins (1 mm). The
total length of the copper tubes is 5400 mm. The performance of the
traditional LGHHE is improved by connecting the two tubes with a group
of parallel fins (41 fins), which is one of the most effective means to
enhance the heat transfer between the LGHHE and PCM. These fins were

The thermocouples are connected to the data logger model (BTM-
4208SD) and TM-(947SD), which read every 1 s.

2.2 Experimental Procedure

In accordance with Mazhar et al., (2020) results, single flow strategy for
GW and CW is adopted. After installing the LGHHE inside the container,
the paraffin wax is placed inside this container. The melting process then
occurs. The paraffin wax used in this process is initially and completely
solid and in thermal equilibrium with room temperature. The melting
process is a closed loop for the GW. The close loop is as follows:

1. The valve of tank (1) is opened to pump the GW to the water
heater system (3) through pump (2). Valve (4) is opened, and
valve (5) is closed to ensure that the tank is in thermal
equilibrium with the water heater system.
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2. Turn on the electric water heater and set the thermostat inside
the heater to 63 °C.

3. Adjust the required flow rate, which ranges between 0.02-0.1
kg/s, through flow meter (7), which is connected to globe valve
(6).

4.  After ensuring that the required temperature is reached, valve
(4) is closed, and valve (5) is opened to pump the GW to the
LGHHE.

5. The flow continues inside the LGHHE until the complete
melting of the paraffin wax is noticed. Here, the charging
process ends, and the unloading process begins.

Immediately after the smelting process is completed, the open loop
of the CW begins to complete the solidification process. The
solidification process occurs in several steps as follows:

1. The valve for tank (8) is opened.

2. Pump (9) is opened to pump the CW to the LGHHE at a

temperature of 20 °C.

3. Adjust the required flow rate, which ranges between 0.02 and
0.15 kg/s, with flow meter (11), which is connected to globe
valve (10).

Table 1 Details of the equipment used in the experiment.

Equipment Nl:(irrgﬁ‘ra:?lg) in Details
Made of brass
Gate valve 1 Inlet and outlet =3/4 inch
Type RS15/6
Water pump 2.9 Mwlmguorggllc:)vr\]/ rate =
Maximum head =6 m
. Capacity = 200 |
Elec;nc water 3 Heating elements = 2x3
eater KW
Made of PVC
Gate valve 45 Inlet and outlet =3/4 inch
Made of brass
Globe valve 6,10 Inlet and outlet = % inch
Range = 60-600 Iph
Flow meter [ Uncertainly = +2%

Table 2 Thermo-physical properties of paraffin wax.

Property Value
Melting temperature (°C ) 44
Liquid density (kg/m3) 830
Solid density (kg/m3) 930
Latent heat of fusion (k]/kg) 190
Liquid specific heat (k] /kg°C) 2.1
Solid specific heat (kJ/kg°C) 2.1
Thermal conductivity (W/m°C) 0.21
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The time taken during the two processes depends on the PCM

average temperature. The melting process begins when the temperature
of the thermocouple (T36) reaches the melting point of this type of PCM.
The effect of adding fins in different shapes and the effect of mass flow
rates on melting and solidification processes were studied to complete
this test. The GW mass flow rates in the melting process are (0.02, 0.06,
0.1 kg/s), and the CW mass flow rates in the solidification process are
(0.02, 0.085, 0.15 kg/s.
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Fig. 2 Three manufactured LGHHES. (a) Without fins; (b) With
inclined fins; (c) with V-shaped fins
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Fig. 3 Dimensions of the three manufactured LGHHEs. (a) Without
fins; (b) With inclined fins; (c) with V-shaped fins

Fig. 4 Thermocouples inside the LGHHE
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3. RESULTS AND DISCUSSION

This section presents the experimental results of the LGHHE with
various fin shapes. Experimental tests were conducted with an initial
PCM temperature of 35 °C, inlet temperature of GW of 63 °C, and inlet
temperature of CW of 20 °C. The mass flow rates of GW range from 0.02
ka/s to 0.1 kg/s in the melting process, and the mass flow rates of CW
range from 0.02 kg/s to 0.15 kg/s in the solidification process. The rate
of heat transfer, average PCM temperature, and reduction in time for
melting and solidification processes are selected as performance
parameters. The ranges of the mass flow rates for the two HTFs were
selected on the basis of the experimental investigation of Mazhar et al.
(2020). Data were recorded for every second during the melting and
solidification processes. For each time step, the transient heat transferred
from GW to PCM in the melting process is calculated as:

qu = mGWCp,GW (TGW,in - TGW,out) 1)

where mgy, Cpew, Towin and Tew,eutare the mass flow rate of GW,
specific heat of GW, the inlet GW temperature and outlet GW
temperature, respectively.
Therefore, the heat transferred from PCM to GW in the solidification
process is calculated as:

4s = mCWCp,CW (TCW,in - TCW,out) 2

where ey, Cpcw, Tew,inand Tew,ourare the mass flow rate of CW,
specific heat of CW, the inlet CW temperature and outlet GW
temperature, respectively.
On the basis of the individual uncertainty from the testing readings of the
operational variables, the overall uncertainty of the estimated
performance parameter was assessed depending on the propagation of
errors as given by liu et al., (2021).

where R is the performance parameter, and (x1, Xz, ... Xn) is a set of
measured variables. The overall uncertainty in the estimated parameter
can be calculated as follows:

Er = =1 (007116”)2 3

where Er represents the overall uncertainty, and en represents the
measurement uncertainty of each quantity xn. Therefore, the overall
uncertainty of the heat rate transfer between the PCM and the HTFs can
be calculated by using Eq. 4.

. 2 2

= emMuTE e(THTF,in_THTF,out))
Eq \/ [( Murr ) + ( (TurF,in=TaTF0ut) ] “)
The results related to the experimental data of the temperature

difference and HTF mass flow rates show that the overall calculated
uncertainty of the rate of heat transfer is + 3.26%.

3.1 Effect of fin shape

Experimental tests were conducted to show the effect of the shape of fins
added to the LGHHE on different performance parameters and to
determine the optimal LGHHE design. Depending on the melting time of
the PCM, the rate of heat transfers between the HTFs and the PCM is
represented for the two processes under mass flow rate of 0.02 kg/s for
GW and CW. Figure 5 clarifies the effect of fin shape on the rate of heat
transfer during the PCM melting and solidification processes. For the two
processes, the addition of fins to the LGHHE is effective on the heat
transfer between the HTFs and the PCM, especially at the beginning of
each process. The improved thermal performance is mainly due to the
increase in heat transfer area (contact area between PCM and the heat
exchanger) by using the fins (Gasia et al., 2017). For all LGHHEsS, at the
beginning of the melting process, a sharp drop in the heat rate transfer
from the GW to the PCM is observed in Figure 5a. The rate of heat
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transfer begins to gradually decrease. This condition is because the heat
transfer at the beginning of the melting is high due to the higher
temperature difference between the GW and the PCM because the solid
PCM in the container is at the ambient temperature, and the GW enters
at the highest temperature. Thus, the phase of the PCM changes, and its
temperature rises due to the continuous heat transfer. Therefore, the
temperature difference between the GW and the PCM decreases. Thus,
the heat transfer is reduced. Compared with the LGHHE without fins, an
effective improvement in the rate of heat transfer from the GW to the
PCM is observed when adding fins to the LGHHE. With the increased
area of the finned LGHHE, the fins play a prominent role in increasing
the rate of heat transfer by conduction to the PCM. The fins inclination
has increased the heat transmitted in PCM neighboring layers. The
inclined fins perform better than the V-shaped fins. Compared with the
LGHHE without fins, the heat transfer improvement is 187.49% and
149.88% for inclined and V-shaped fins, respectively, at 4000 s. For the
solidification process, the heat transfers from the high heat source, which
is from PCM to CW Thus, the rate of heat transfer is represented by a
negative sign in Figure 5b. Heat is recovered mainly by the conduction
between the outer tube wall, the fins and the PCM surrounding the fins
inside the container. In all LGHHES, a decrease in the heat transferred
from the PCM to the CW is observed. At the beginning of the
solidification phase, the temperature of the PCM begins to decrease
gradually, and the temperature difference between the PCM and the CW
decreases. Thus, the heat transferred from the PCM to the CW decreases.
The addition of fins to the LGHHE has a strong effect on increasing the
heat transfer from the PCM to the PCM compared with the finless
LGHHE. Under the same discharge time, the maximum heat transfer
enhancement is observed for the inclined fins followed by the V-shaped
fins. At a discharge time of 6000 s, the heat transfer improvement is
approximately 140% and 76% for the inclined fins and V-shaped fins,
respectively.
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Fig. 5 Effect of fin shape on the heat transfer from HTFs during
different PCM processes: (a) Melting process; (b)
solidification process
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The temperature distribution of the PCM was represented with time
by taking the average readings of the 18 thermocouples distributed inside
the container in horizontal and vertical directions. This process was
performed to study and analyses the behavior of PCM throughout both
PCMs process (melting and solidification). Figure 6 shows the effect of
the shape of fins on the average PCM temperature during the melting and
solidification processes of the PCM. A considerably effect of the use of
fins is observed in reducing the charging and discharging time compared
with the finless LGHHE. As shown in Figure 6a, a direct increment in
the average PCM temperature with time is observed. In the beginning of
the melting processes, the melting of the PCM begins first from the area
close to entering the GW and continues to the remaining parts of the
container in the vertical and horizontal directions. The test continues to
an average PCM temperature higher than the melting temperature of the
PCM, which is 44 °C, to ensure the entire melting process of the PCM.
The heat transfer from GW to the PCM begins until the PCMs melting
temperature is reached, where the melting process ends, and the average
PCM temperature of continues to rise. The effect of fins is simple at the
beginning of the melting process and increases with time as the average
PCM temperature difference between the finned and finless LGHHE
increases. In other words, the average PCM temperature of the finned
LGHHE is higher than the average PCM temperature of the finless
LGHHE. Compared with the finless LGHHE, the PCM melting time is
reduced by 5770 and 5614 s by using the inclined fins and V-shape fins,
respectively. For both fin shapes, it was observed that the inclination of
the fins plays an important role in reducing the melting time of the PCM.
This can be attributed to the large heat transfer area afforded by the
inclination of fins which increases the heat transmitted between
contiguous layers of the PCM. In all cases, the solidification process
begins when the CW flows, where the PCM loses its heat continuously
to the CW, its temperature gradually decreases, and the temperature of
the CW increases. From Figure 6b, the average PCM temperature of the
finned LGHHE decreases faster than that of the finless LGHHE.

60
. 55
Q
d 50 N
QL
>
s 45
&
[oX
% 40 Without fins
g 35 | = |nclined fins
o e \/-shaped fins
30 T T T T
0 2000 4000 6000 8000 10000
time [s]
(a)
60
Without fins
55 1 e |nclined fins
o = V-shaped fins
9 50
<
3 45
o
8 40
IS
I
s 35 4
O
e 30 . . .
0 6000 12000 18000 24000
time [s]
(b)

Fig. 6 Effect of fin shape on the average PCM temperature during
different PCM processes: (a) Melting process; (b)
solidification process
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The solidification time for the finned LGHHE is faster compared
with the finless LGHHE although the solidification process of the finned
LGHHE starts at a higher average PCM temperature. Accordingly, the
solidification time is reduced by 17,598 and 16,012 s when using inclined
fins and V-shaped fins, respectively. Due to fins inclination, the heat
transfer area of fins increases from rectangle to parallelogram which
causes reduction in the time of PCM solidification. From the above
results, the time of decrease in solidification is greater than the time of
decrease in melting by approximately 3 times for the inclined fins and
2.85 times for the VV-shaped fins. It was found that when used single flow
strategies of both GW and CW, the inclined fins are the best compared
to V-shaped fins. In addition, the behavior could alter while using the
double flow strategies, because of V-shaped fins have two inclination.

3.2 Effect of HTF flow rates

Three different values of GW flow rates; 0.02, 0.06 and 0.1 kg/s, are used
in the melting process, and the mass flow rates for CW are selected as
0.02, 0.085 and 0.15 kg/s in the solidification process. Figure (7) depicts
the effect of the HTF mass flow rate on the average PCM temperature
through the different PCM processes for LGHHE with inclined fins. For
the melting process shown in Figure (7a), an increment in the average
PCM temperature is observed with the increment in the GW mass flow
rate. This increment is attributed to the improvement of convective heat
transfer between the GW and the tubes wall due to the increase in flow
rate. This increase in average temperature of the PCM is noticeable when
increasing the GW mass flow rate from 0.02 kg/s to 0.06 kg/s, but a small
increase is observed when increasing the GW mass flow rate from 0.06
ka/s to 0.1 kg/s. Increasing the HTF mass flow rates improves the heat
transfer of the melting and solidification processes, but it is clearer and
more effective in solidification. For the solidification process in Figure
7b, at the beginning of solidification, the CW mass flow rate does not
influence the average PCM temperature, and increasing the CW mass
flow rate remarkably decreases the average PCM temperature.
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The effective effect of the CW mass flow rate on reducing the average
PCM temperature is observed when increasing the CW mass flow rate
from 0.02 kg/s to 0.085 kg/s. This effect slightly decreases in the average
PCM temperature when increasing the CW mass flow rate from 0.085
kg/s to 0.15 kg/s.

Figure 8 depicts the effect of the HTF mass flow rate on the melting
time and solidification time for finned LGHHE and finless LGHHE. For
the two processes, a reduction in the melting and solidification time is
observed for the two heat exchangers with the increment of HTF mass
flow rate. The same behaviour is observed by Rahimi et al. (2014). The
time is significantly reduced for the finless LGHHE. The decrease in the
solidification time is greater than the decrease in the melting time. At the
same HTF mass flow rate, the melting and solidification time decreases
when using the inclined fins and VV-shaped fins, and that the least time is
for the inclined fins. For the two processes, the decrease in time due to
the use of fins is greater than the decrease due to the increase in the HTF
mass flow rate. For instance, for the case without fins, when the flow of
GW increases from 0.02 kg/s to 0.1 kg/s, the melting time is reduced by
2546 s (see Figure 8a). When the flow of CW is increased from 0.02 kg/s
to 0.15 kg/s, the solidification time is reduced by 7932 s (see Figure 8b).
At the GW mass flow rate of 0.02 kg/s, the melting time is reduced by
5770 s when using inclined fins. At the CW mass flow rate of 0.02 kg/s,
the solidification time is reduced by 17,598 s when using inclined fins.
The influence of adding fins on reducing the melting and solidification
time is stronger than the influence of increasing the HTF mass flow rate.
In other words, the addition of fins improves the thermal performance
better than increasing the HTF mass flow rate.
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4. CONCLUSIONS

On the basis of the analysis and discussion of the results obtained from a
series of experimental tests conducted for the melting and solidification
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processes of paraffin wax in the LGHHE, the conclusions can be
summarized as follows:

e  Compared with the heat exchanger without fins, the addition
of fins effectively enhances the heat transfer between the heat
exchanger and the PCM for the melting and solidification
processes.

e Inclined fins exhibit better thermal performance than V-shaped
fins. The inclined fins perform better than the V-shaped fins.
Compared with the LGHHE without fins, the heat transfer
improvement is reached about 187.49% and 149.88% for
inclined and V-shaped fins, respectively.

e  The time of decrease in solidification is higher than the time of
decrease in melting by approximately 3 times for the inclined
fins and 2.85 times for the V-shaped fins.

e  The melting and solidification time decreases by increasing the
mass flow rates for GW and CW, and this decrease in time is
more evident in solidification.

e The effect of adding fins on reducing the melting and
solidification time is stronger than the effect of increasing the
HTF mass flow rate.
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