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Abstract

In this paper, an experimental investigation is revealed on the solidification process of the
latent heat thermal energy storage (LHTES) system, in which the heat energy emitted into the
atmosphere with the exhaust gases of ICE vehicles is stored by phase change material (PCM)
enhanced with nanoparticles (Al2O3). In the study using RT55 paraffin wax as the PCM, the
interior heating process of a typical sedan automobile in cold climate conditions is used as the
heat release medium for the LHTES system. Experimental studies carried out in real climatic
conditions were repeated for pure paraffin (RT55) and five different Al,Os fractions (5 wt.%,
10 wt.%, 15 wt.%, 20 wt.%, and 25 wt.%). Experiments are performed in an optical PCM
container and are completed after 1200 seconds (20 minutes). The heat energy stored in the
PCM container is discharged to the automobile cabin via the closed-circuit liquid circulation
system by the heating radiator system in the automaobile cabin. The findings showed that the
solidification process is improved considerably up to 10 wt.% Al,Os fractions compared with
pure paraffin RT55, and the temperature in the cabin could be increased by approximately
29%. In addition, the Al,O3 fraction increased by more than 10 wt.%, which has a negative
effect on the improvement in the solidification process, but higher solidification ability and in-
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1. Introduction

Recently, studies have drawn attention to the efficient use of ex-
isting energy resources to reduce the rate of fossil-based fuel con-
sumption and atmospheric pollution [1]. All over the world, inter-
nal combustion engines (ICEs) have a large share in the consump-
tion of existing energy resources. Therefore, it is of great im-
portance to exhaust waste heat recovery in ICEs in order to ensure
maximum efficiency from the fuels used. Only 30-40% of the total
fuel energy of the ICE can be converted to useful work at the
crankshaft. The remaining heat is discharged from the system via
exhaust gases and engine cooling systems [2]. The reuse of waste
heat energy lost by exhaust gases is of great importance in terms
of reducing fuel consumption and emissions to the atmosphere [3].
In the literature, there are many studies used to meet the needs of
vehicles or ICEs (i.e., vehicle cabin, catalytic converter and other
equipment) in cold operating conditions by storing exhaust waste
heat energy in thermal energy storage (TES) systems [4,5]. In TES

systems, it is possible to store waste heat energy by using phase
change materials (PCMs) with a high latent heat enthalpy and to
reuse the stored heat energy by again phase-changing when neces-
sary [6]. With TES systems, the energy under conditions such as
temperature, location, and power of the system can be stored for
later use. The main purpose is to recover the lost energy during the
production and use of energy. TES systems are a complete energy
storage cycle that includes the processes of charging, storing, and
discharging heat energy for later use [7]. Energy can be added to
increase the temperature of a material. The energy related to tem-
perature rise is called "sensible heat", and its formation depends on
the temperature change and the specific heat of the material. Form-
ing sensible heat can be discharged to another and/or cooler mate-
rial or environment by heat transfer mechanisms (i.e., conduction,
convection, or radiation). This method is widely used for the stor-
age of energy in the form of heat and its reuse when necessary [8].
LHTES is the most efficient method of storing waste heat energy.
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LHTES systems are energy storage structures in which materials
that absorb or release heat are used from solid to solid, solid to
liquid, liquid to gas or vice versa [9]. Currently, the most common
type of transition marketed in bulk is solid/liquid PCMs. The solid-
liquid PCMs are generally examined under the three main titles:
organic, inorganic, and eutectic [10]. Each PCM has its own weak
features. These weak points can be improved with some tech-
niques and system design. Their long service life, environmental
friendliness, and recycling potential make PCMs more attractive
than other types of thermal energy storage systems [11]. Inorganic
PCMs are composed of inorganic molecules. Inorganics provide a
wider temperature range, higher volumetric energy storage capac-
ities, and higher thermal conductivity values compared to organics
[12]. The unstable working structure of these materials and their
containers for long-term use remains a problem, limiting their use
as a latent heat storage system [13]. Eutectic PCMs are materials
that consist of more than one component and act as a single com-
ponent in the melting and solidification processes. The main prob-
lem with these components is their high cost [14]. Common prop-
erties of organic phase transformation materials: Besides being sta-
ble and reliable, they do not cause corrosion of the system. This is
because organic phase transformation materials typically contain a
mixture of hydrocarbons such as long-chain paraffin and natural
waxes. Organic phase transformation materials are classified with
a wide range of melting temperatures rather than a single melting
temperature value [15]. Paraffin wax is the most widely known and
commercially used organic heat storage PCM. Many researchers
state that paraffin is suitable due to its high heat of fusion, stable
behavior, and thermal properties that do not deteriorate even after
a large number of thermal cycles [16]. However, the low thermal
conductivity of paraffin wax is its most important disadvantage.
Nanoparticle additives with higher thermal conductivity [i.e.,
graphite (G), aluminium oxide (Al.Os), copper (Cu), copper oxide
(Cu0), gold (Au), silver (Ag), silicon carbide (SiC), titanium car-
bide (TiC), titanium oxide (TiO,), and zinc oxide (ZnO)] are
widely used to increase the thermal conductivity of PCM.
Dhinakaran et al. investigated the effect of adding Al.Os nano-
particles to increase the thermal conductivity of PCM in a solar
water heating system with PCM. The findings of the study showed
that the thermal conductivity increased with the contribution of
Al,O3 nanoparticles to the PCM, and as a result, the water temper-
ature increased by 33% by providing more heat absorption [17].
Kumar et al. researched the effects of CuO and Al,O3 nanoparticles
added to PCM in a low mass fraction (1.0 wt.%) on the thermal
conductivity and thermal storage capabilities of PCM. As a result,
it was determined that CuO and Al,O3 nanoparticle addition re-

duced the cooling effect of PCM by 40% and 31.42%, respectively.

In addition, the addition of CuO and Al,O3 nanoparticles increased
the thermal conductivity of PCM by 60.56% and 39.44%, respec-
tively [18]. El-bahjaoui et al. examined the thermal performance
of a solar LHTES system having an Al,O3 nanoparticle enhanced
PCM and a flat plate solar collector. They determined that as the
volume % of nanoparticles in PCM grew, so did the PCM's rate of
melting. In addition, it is determined that 16.54 kJ of energy is
stored in the PCM with a 40% storage efficiency [19]. Akib et al.
investigated the thermal conductivity and phase change time for

PCM consisting of paraffin wax added with nanoparticles. Carbon
ions (Mul-tiwall carbon nanotubes MWCNTS) and metallic ions
(Al203) used as nanoparticles were added to paraffin wax at three
different fractions such as 2 wt.%, 4 wt.%, and 6 wt.%. As a result,
it was determined that the peak temperature of 65 °C was reached
with the addition of Al,Os nanoparticles, and the peak temperature
was 6% higher than the other nanoparticles [20]. Haghighi et al.
researched the effects of different nanoparticles such as CuO, TiOp,
Al,O3 and graphene added to PCM on the thermal properties of
PCM. They found that PCM with 2 wt.% TiO, added has the max-
imum energy storage capacity (179.88 J/g), while PCM with 1 wt.%
graphene added has the minimum energy storage capacity (120.38
J/g). In addition, while 3 wt.% graphene nanocomposites have the
highest thermal conductivity coefficient, 1 wt.% TiO, nanocom-
posites have the lowest thermal conductivity [21]. Mehdi and
Nosofor designed longitudinal fins with nanoparticles and devel-
oped a model for the variations in heat transfer in order to improve
the energy recovery process in the triplex tube PCM system. Re-
sults show that fin-nanoparticle combinations revealed a stronger
solidification effect than nanoparticles alone for the same volume
utilization. In addition, increasing the fin volume exhibits higher
performance when certain combinations are applied. The findings
of the study showed that the time needed to complete solidification
of the PCM can be decreased by 55% when using fins alone, 8%
when using nanoparticles alone, and 30% when using a combina-
tion of fins and nanoparticles compared to the base model [22]. Wu
et al. studied the melting and freezing properties of copper nano-
particle-added paraffin. As a result, the addition of nanoparticles
significantly increased the heat transfer in the phase change pro-
cess of PCMs. It was determined that the thermal conductivity in-
creased by 14.2% in the solid state and 18.1% in the liquid state
with 2% Cu added to PCM by weight. It was also observed that
there is no linear relationship between the bulk concentration of Cu
nanoparticles and the thermal conductivity of PCM [23]. Darzi et
al. investigated the effect of fins use and nanoparticle (Cu) addition
on the melting and solidification characteristics of PCM with a the-
oretical model. They noticed that the rate of melting and solidifi-
cation increased with the addition of nanoparticles to the PCM. On
the other hand, with the addition of 2 vol.% and 4 vol.% Cu nano-
particles, the total solidification time of PCM was reduced by 9%
and 16%, respectively [24]. Motahar et al. researched the effect of
TiO nanoparticles dispersed in PCM on the solidification process.
The findings showed that the TiO, nanoparticle dispersion in-
creased the thermal conductivity of the PCM and, consequently,
the solidified volume increased. It was observed that the solidifi-
cation volume for 1 vol.%, 2 vol.%, and 4 vol.% TiO, nanoparti-
cles fractions increased by 7%, 9%, and 18%, respectively [25].
On the other hand, the thermal properties of different paraffin
waxes affect the melting and solidification processes of PCM.
Giirbiiz and Ates used 3 different paraffin waxes (i.e., RT27, RT35,
and RT55) to examine the optimum PCM for the LHTES system
in which the exhaust waste heat energy of a single-cylinder, air
coolant gasoline engine is stored. In the paper, they carried out ex-
perimental and numerical simulation studies, and they found a
close correlation of 7.8% between experimental studies and nu-
merical simulation results. In the numerical studies for the equal
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storage volume, they were able to energy store 1879 kJ with a
RT27 by 88.8% liquefaction fraction, 1556 kJ with a RT35 by 86%
liquefaction fraction, and 1846 kJ with a RT55 by 83.9% liquefac-
tion fraction. They also stated that the heat exchanger efficiency in
which the PCM was stored was 11%, 9.4%, and 11.1% for RT27,
RT35, and RT55, respectively [26].

Literature studies reveal the positive effect of the contribution of
nanoparticles to PCM on the melting and solidification process.
However, most of the studies have fixed facility system infrastruc-
ture. Studies on energy storage and reuse in nanocomposite PCMs
for exhaust waste heat conversion of mobility systems such as in-
ternal combustion engine cars are very limited. In this paper, an
experimental study was performed on the solidification process of
the LHTES system, in which the heat energy emitted into the at-
mosphere with the exhaust gases in vehicles with ICE was stored
with the help of nanoparticles (Al>O3) addition PCM. The cabin
interior heating process of a typical sedan automobile in cold cli-
mate conditions is used as the heat discharge medium for the
LHTES system. In experiments performed under real climatic con-
ditions for 1200 sec (i.e., 20 min), the effects on the cabin interior
heating and solidification processes were investigated of the pure
paraffin (RT55) and 5 different nanoparticles (Al,Os) fractions (5
wt.%, 10 wt.%, 15 wt.%, 20 wt.%, and 25 wt.%). The results ob-
tained showed that higher cabin interior heating performance and
an improved solidification process were obtained with a 10 wt.%
Al,O3 addition to RT55.

2. Material and Method

The main setup of this paper covers the use of exhaust waste
heat energy stored in the PCM container of a typical automo-
bile travelling in cold climate conditions for the heating of the
automobile cabin under the next first cold start conditions (i.e.,
one night or a few hours later). In addition, the effect of the
Al;O3 nanoparticle addition in PCM on the capability of the
interior cabin heating system was also investigated. In this pa-
per, Rubitherm RT55 was used as the PCM material. The cabin
interior of a typical sedan automobile was used as the heat dis-
charge medium for the solidification process of the RT55. The
thermophysical properties of RT55 is given in Tablel.

Table 1. Thermophysical properties of RT55 [27]

Density (kg/m?®) 880/770
Melting area (°C) 51-57 (mean peak = 55)
Congealing area (°C) 56-57
Specific heat (cp) — (kj/kgK) 2
Thermal conductivity (W/mK) 0.2
Latent heat of fusion (kJ/kg) 170
Volume expansion (%) 14
Flashpoint (°C) >200
Max. operation temperature (°C) 90

The tank in which RT55 is stored is designed to be two-layered
and cylindrical and produced from optical (plexiglass) material.
The inner shell of the latent heat storage tank has an outer diameter

of 280 mm, a height of 350 mm, and a wall thickness of 10 mm;
the outer shell was designed to have an outer diameter of 350 mm,
a height of 350 mm, and a wall thickness of 5 mm and was supplied
on the market. In this way, the solidification process of RT55 was
visualized during the experiments. Heat insulation is provided by
applying vacuum pressure between the inner and outer layers of
the tank. The upper and lower covers of the latent heat storage con-
tainer are also made of PMMA material, so the melting process of
the PCM s fully visualized. The bottom cover has a diameter of
280 mm and a height of 10 mm. The top cover has a diameter of
280 mm and a height of 20 mm. To realize the heat transfer from
the tank where the PCM is stored to the working fluid, a coil type
heat exchanger consisting of 3 layers inside each other made of
copper pipes was used. The coil type heat exchanger is named the
middle, first, and second coil. It is designed and manufactured with
a distance of 375 mm between each coil. The middle coil has a
height of 160 mm and an outer diameter of 15 mm, is produced
with a wall thickness of 1 mm, and is positioned in the center of
the PCM heat exchanger. The first and second coils are produced
in helical geometry. The first coil helix diameter is 90 mm, the he-
lix height is 160 mm, and the number of helices is 8. The helix
diameter of the second coil is 194 mm, with a 160 mm helix diam-
eter and 8 helices. Copper pipes with an outer diameter of 10 mm
and a thickness of 1 mm were used for the production of the first
and second coils. Copper welding was used to connect the three
copper pipes produced. The coil type heat exchanger consisting of
3 layers is given in Fig.1.

; :\\r -
Fig.1. Coil type heat exchanger consisting of 3 layers

For the purpose of heating the cabin, the heater radiator of a typ-
ical sedan car is placed in the rear seat compartment of the auto-
mobile in a position to blow hot air into the cabin interior. A
closed-circuit liquid circulation system is used between the copper
coil heat exchangers in the PCM tank and the central heating radi-
ator in the cabin of the automobile. A mixture of 75% ethylene
glycol and 25% tap water by volume was used as the heat transfer
fluid (HTF). The HTF is circulated at a 3 I/d mass flow rate in the
closed-circuit fluid circulation system by using a 12 V DC electri-
cally powered water pump. A liquid/steam separator is added to
prevent the possible formation of steam in the closed-loop liquid
circulation system. As fasteners in the experimental setup, rubber
water pipes with fabric braided resistant to temperature are used.
A one-way air valve and a vacuum pump are used to provide the
vacuum environment in which heat insulation is created between
the shells. During the experiments, the temperature of the RT55 in
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the PCM container, the surface temperature of the PCM tank, the
inlet and outlet temperature of the HTF, the temperature of the air
at the heating radiator outlet, and the automobile cabin interior
temperature were measured. The schematic picture of the experi-
mental setup is given in Fig.2.

Exterior shell of
the latent heat

Tank _interior
storage tank =

Interior shell of
the latent heat
storage tank

Second Tank_exterior
serpentine
First PCM_side
serpentine PCM_middle radius
Middle

. Z PCM center
serpentine =

Water_in

I

Water_out

1. Interior of automobile, 2. Radiator in automobile cabin, 3. Test bench,
4. PCM heat exchanger, 5. Upper plate, 6. Middle plate 7. DC water
pump, 8. Liquid/vapor separator, 9. RT-55 paraffin wax
Fig.2. Schematic picture of the experimental setup

Experimental studies were carried out under real-world climatic
conditions (2 °C) for 20 minutes. Experimental studies were re-
peated for pure paraffin wax and 5 different nanoparticles (Al203)
addition fractions (5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, and 25
wt.%).

3. Results and Discussion

The time-dependent variation of air temperature at the fan
outlet for different Al,Os fractions is given in Fig.3. In the heat
discharge (solidification) process initiated at 2 °C ambient tem-
perature conditions, the air temperature at the fan outlet for the
pure paraffin ve Al,Os fractions (5 wt.%, 10 wt.%, 15 wt.%, 20
wt.%, and 25 wt.%) has reached 9.9 °C, 13.1 °C, 13.8 °C,
12.6 °C, 11.6 °C, and 10.8 °C after 1200 sec, respectively. It is
seen that the air temperature at the fan outlet increases up to 10
wt.% Al,O;z fractions, and more Al,Osz addition causes a de-
crease in the temperature at the fan outlet. So much so that, with
25 wt.% Al,Os fractions, the temperature at the fan outlet is quite
close to pure RT55. At 1200 seconds, the increase in fan outlet

temperature for 5 wt.% Al,Os and 10 wt.% Al,Os fractions com-
pared to pure paraffin (RT55) is 32.3% and 39.4%, respectively.
It should be noted that the rate of increase is quite high up to 5
wt.%, and the rate of increase is considerably slowed by increas-
ing the Al>,O3 fraction to 10 wt.%. However, with 10 wt.% Al,O3
fractions, it is clear that the fan outlet temperature throughout
the entire experiment was considerably higher than both pure
RT55 and other Al,O3 fractions. On the other hand, it is seen that
the air temperature increase rate at the fan outlet slows down
considerably after 600th seconds in the 10 wt.% Al,Os fractions.
The main reason for this is the thermal conductivity variation of
Al,O3 nanoparticles added to PCM with temperature. With the
increase in operating temperature, the tendency of TC first in-
creases, then decreases, and finally again gradually increases
[28]. On the other hand, the heat capacity of nanoparticle-en-
hanced composite PCMs at high temperatures (liquid phase) is
greater than at low temperatures (solid phase) [29].
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Fig.3. Time-dependent variation of air temperature at the fan outlet for
different Al2Os fractions
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The time-dependent variation of the cabin interior air temper-
ature of an automobile for different Al O3 fractions is given in
Fig.4. In the in-cabin heating process, initiated at 2 °C ambient
temperature conditions, at 1200th sec, the cabin interior air
temperature of the automobile for the pure paraffin wax (RT55)
ve Al,O; fractions (5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, and 25
wt.%) has reached 6.2 °C, 7.7 °C, 8.0 °C, 7.3 °C, 6.8 °C, and
6.5 °C, respectively. The cabin interior temperature increased up
to 10 wt.% Al,O; fraction compared to pure RT55, and started
to decrease again with the further increase of the Al,O3 fraction.
The main reason is that the Al,O3 nanoparticles improve the heat
transfer coefficient and thermal stability of pure paraffin [30].
Because the nanoparticles dispersed in PCM contribute to the
improvement of the melting and solidification processes by
increasing the thermal conductivity due to its high surface area-
to-volume ratio [31]. In addition, Al,Oz nanoparticles have
higher thermal conductivity than PCM. Therefore, the thermal
conductivity increases with an increasing Al,Os; nanoparticle
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fraction [32]. On the other hand, the addition of nanoparticles to
PCM causes a reduction in the sensible heat stored in the
melting/solidification process, resulting in a decrease in the
specific heat capacity. Therefore, a decrease in the heat of fusion
occurs during the charge and discharge process of the
nanoparticle added PCM compared with the pure PCM [33]. As
a result, the addition of 10% more Al,Os; nanoparticles had a
negative effect on the solidification process as it reduced the
heat of fusion too much. Therefore, the cabin interior
temperature has also decreased due to the reduction in the rate
of heat transfer from the high-temperature RT55 with more than
10 wt.% Al,Os3 fraction to the HTF circulated in the cabin
interior. At 1200 seconds, the increase in the cabin interior
temperature for 5 wt.% Al,O3 and 10 wt.% Al,Os fractions
compared to pure RT55 is 24.2% and 29%, respectively. While
the temperature increase in the cabin is quite high, up to 5 wt.%
by weight of Al,O3 fraction, the temperature increase is slower
by 10 wt.% of Al,O3 fraction. On the other hand, it is worth
mentioning that other Al,O3 fractions (i.e., 15 wt.%, 20 wt.%,
and 25 wt.%) also have higher cabin interior air temperatures
compared to RT55 at 1200th sec. Compared to pure paraffin, the
increase in cabin interior air temperature with 15 wt.%, 20 wt.%,
and 25 wt.% Al,O3 fractions is 17.7%, 9.7%, and 4.8%,
respectively. As can be seen, when the Al,Os; fraction is
increased by more than 10 wt.%, the cabin interior temperature
decreases again and approaches pure RT55.
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Fig.4. Time-dependent variation of the cabin interior air temperature
of the automobile for different Al2Os fractions

The time-dependent variation of PCM temperature for differ-
ent Al,O3 fractions is given in Fig.5. The PCM temperature is
approximately 93 °C at the beginning of all experiments. At end
of the experiments, the PCM temperature for the pure RT55) ve
Al,O3 fractions (5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, and 25
wt.%) has reduced at 76.3 °C, 66.9 °C, 65.7 °C, 68.5 °C, 70.1 °C,
and 72.2 °C, respectively. It should be noted that a lower PCM
temperature at 1200 th seconds is indicative of a more advanced

solidification process. Because the lower temperature in the heat
discharge process is an indication that more mass in the PCM
tank is participating and/or completing in the solidification pro-
cess, as an indicator of the liquid phase to solid phase conversion
of the RT55. However, PCM temperature, which decreased until
10 wt.% Al,Os3 nanoparticles fraction, started to increase again.
The main reason for this is that although the thermal conductiv-
ity of Al,O3 nanoparticles added to the PCM increases, the latent
heat capacity decreases. Mishra et al. state that more than 5%
nanoparticle addition to PCM reduces the thermal energy stor-
age capacity, so the nanoparticle fraction should be added at a
rate that provides an efficient phase change process and opti-
mum energy storage capacity [34]. On the other hand, Mehdi
and Nsofor tried nanoparticle volume fractions in the range of
0-8% in FDM and achieved the highest improvement with the
addition of 8 vol.% Al,Oz nanoparticles for the solidification
process [35]. At 1200 th seconds, the decreases in PCM temper-
ature for 5 wt.% Al;O3, 10 wt.% Al,O3, 15 wt.% Al>Os, 20 wt.%
Al>,O3, 25 wt.% Al,O3 fractions compared to pure RT55 are
14.1%, 16.1%, 11.4%, 8.8%, and 5.7%, respectively. An im-
portant result to note is that the decrease in PCM temperature
slows down considerably after the 720th second, especially at
the 10 wt.% Al,O3 fractions.
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Fig. 5. Time-dependent variation of PCM temperature for different
Al20s3 fractions

The time-dependent variation of HTF inlet and outlet temper-
atures for different Al,O3 fractions is given in Fig.6. At the be-
ginning of the experiments, for pure RT55 and Al,Os fractions,
the HTF inlet temperature changed in the range of 13-17 °C de-
pending on the ambient and experimental operating conditions,
and the HTF outlet temperature changed in the range of 35—
40 °C. In general, the difference (between 0.72-0.96 °C) be-
tween HTF inlet and outlet temperatures decreased considerably
at the end of the experiments (at 1200th sec.) for both pure RT55
and Al,Os fractions compared with the beginning of the experi-
ments. The main reason for this expected result is the decrease
in the heat transfer rate to the HTF due to the decrease in RT55
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temperature with the solidification process. In addition, the fact
that the difference between the HTF inlet and outlet temperature
is very close to each other indicates that the amount of heat en-
ergy to be transferred from the RT55 to the HTF is now very
limited. In Fig.6, the rapid increase in water inlet and outlet tem-
peratures up to 240th sec. under the conditions of 10 wt.% Al,Os
fractions is remarkable. This finding is a result of the increase in
heat transfer rate from RT55 to HTF with 10 wt.% Al,Os frac-
tions and resulted in an increase in cabin interior temperature
where HTF is circulated, as shown in Fig.4. As expected, as a
result of increasing the Al,O3 fraction added to the PCM, the
heat transfer rate was increased and the phase change process
accelerated [36]. Abdulateef et al. mentioned that the addition
of 10% Al,O3 increased the thermal conductivity of PCM by
25%. So much so that adding 10% Al,O3 nanoparticles by vol-
ume can increase pure paraffin's thermal conductivity from 0.2
W/mK to 0.265 W/mK [37]. On the other hand, the addition of
Al,Os increased by (10 wt.%) more than enough to decrease,
more than can be tolerated, the heat storage capacity of the na-
noparticle-enhanced composite PCM. So much so, with the ad-
dition of 5 vol.% Al,O3 nanoparticles compared to pure paraffin,
the total enthalpy can decrease by approximately 10.9% [38]. In
addition, throughout the experiment, the HTF inlet and outlet
temperature increase of pure RT55 is low. While the HTF inlet
and outlet temperature rates increased up to 10 wt.% Al,Os frac-
tions, the HTF inlet and outlet temperature increase rates slowed
down again when the Al,O3 fraction increased further. So much
so that under the conditions of 25 wt.% Al,Os fraction, the HTF
inlet and outlet temperatures remained almost constant after
360th sec.
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Fig 6. Time-dependent variation of HTF inlet and outlet temperatures
for different Al2Os fractions

The time-dependent variation of inner and outer shell surface
temperatures for different Al,Os fractions is given in Fig.7. The
inner and outer shell surface temperatures for pure RT55 and
Al>O3 fractions were approximately 38 °C and 80 °C, respec-
tively, at the start of the experiments. At the end of the experi-

ments, depending on the temperature of the RT55 in the con-
tainer, the surface temperature of the inner shell changed be-
tween 63.6 °C and 71 °C, and the surface temperature of the in-
ner shell changed between 34 °C and 37.5°C. However, it is seen
that the lowest inner and outer shell surface temperatures are ob-
tained with 10 wt. % Al,O3 fractions. Despite the high rate of
decrease in the inner shell surface temperature for all experi-
mental conditions, the outer shell surface temperature decreases
very slowly. This result is proof that an effective thermal insu-
lation is provided in the PCM tank with the vacuum pressure
applied between the inner and outer shell.
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Fig. 7. Time-dependent variation of the inner and outer shell surface
temperatures for different Al.Os fractions

Fig.8 shows the solidification images of pure RT55 and 5 wt.%,
10 wt.%, 15 wt.%, 20 wt.%, and 25 wt.% of Al,O3 fractions at
1200th sec. First, the solidification process is evident to proceed
from the bottom of the PCM vessel to the top cover for all ex-
perimental conditions. As seen in Fig.8, with the addition of
Al,O3 into pure paraffin RT55, the solidification process im-
proved at the end of the 1200th second and the amount of RT55
solidified in the PCM tank increased. It is seen that the solidifi-
cation process increases considerably in the PCM tank where the
10 wt.% Al,O; fraction is provided, and the solidification
reaches as far as the outer walls of the vessel and the coil type
heat exchangers become invisible. However, in pure RT55 con-
ditions, the solidification process appears to be limited to the
coil type heat exchanger surfaces. It is seen that there are im-
provements in the solidification process with the other Al,O3
fractions (5 wt.%, 15 wt.%, 20 wt.%, and 25 wt.%). However, it
is clearly seen that the optimum Al,Os fraction is 10 wt.%. Lit-
erature studies visualizing the phase change process show that
the positive effect of the addition of Al,Os; on the melting and
solidification process of PCM is greater than the fins placed
around the heat transfer tube. In addition, numerical model stud-
ies show that the addition of Al,O3z to PCM affects the solidifi-
cation process more than the melting process. For example, for
the same PCM_hex design, melting and solidification times
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were decreased by 6.4% and 12%, respectively, with the addi-
tion of 5% Al,Os [39]. In contrast, the result of another experi-
mental study shows that the addition of 5% Al,O3 nanoparticles
reduces the melting process 3.5 times and the solidification pro-
cess 2.25 times [33]. Singh et al. obtained a 22.6% improvement

M. L7

Pure RT55 paraffin wax

L Ly s
15 wt. %AI203

5 wt.% Al203

20 wt.% Al203

in the solidification time compared to pure paraffin with the ad-
dition of a 0.5% volume concentration of Al,O3 nanoparticles
into PCM [38].

25 wt.% A|23

Fig. 8. Pure RT55 and 5 wt.%, 10 wt.%, 15 wt.%, 20 wt.% and 25 wt.% solidification images of Al2Os fractions at 1200th second

4. Conclusions

The results of this study, in which the ICE vehicle exhaust
waste heat energy is stored in the LHTES system using nano-
particles (Al>Os) added to PCM, and is used for cabin interior
heating in cold climate conditions (2 °C), are summarized as fol-
lows:

e The addition of up to 10 wt.% Al,O3 to pure paraffin im-
proved the solidification process and raised the cabin interior
temperature. The increases in the cabin interior temperature
for 5 wt.% Al,O3 and 10 wt.% Al,O; fractions compared to
pure RT55 are 24.2% and 29%, respectively.

e The addition of more than 10 wt.% Al,Os to RT55 resulted
in a worsening of the solidification process and a cabin inte-
rior temperature decrease. However, higher solidification
performance and, therefore, cabin interior temperature is ob-
tained with all Al,O3 fractions compared to pure RT55. Ac-
cording to pure RT55, the increase in cabin interior temper-
ature with 15 wt.%, 20 wt.%, and 25 wt.% Al,Os fractions is
17.7%, 9.7%, and 4.8%, respectively.

o At the end of the heat discharge process initiated at 2 °C am-
bient temperature (during 1200 sec.), cabin interior temper-
atures for the pure paraffin and Al,Os fractions (5 wt.%, 10
wt.%, 15 wt.%, 20 wt.%, and 25 wt.%) arrived at 6.2 °C,
7.7 °C, 8.0 °C, 7.3 °C, 6.8 °C, and 6.5 °C, respectively.

e With the vacuum pressure applied to the cylindrical space

formed between the inner and outer shell of the PCM con-
tainer, which is made of 2-layer optical material, an effective
heat insulation was achieved under all experimental condi-
tions.

e In future waste heat recovery studies to be carried out with
nanoparticle added PCM, it is important to examine the ef-
fect of the addition of nanoparticle additives (i.e., CuO,
CuO-MWCNT) other than Al,Os into both PCM and HTF
on the melting and solidification process. In addition, in or-
der to optimise the Al,O3 fraction, the range of 5-10%
should be examined by 1 wt.% Al,Os fraction increments.
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