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Abstract: Paraffin wax used as Phase Change Material
(PCM) in Thermal Energy Storage (TES) is one
possible solution to store excess energy as heat and
release it when power generation is insufficient.
However, the PCM had a disadvantage: low thermal
conductivity. So, the researchers developed some
methods for increasing it since PCM is critical for a
wide range of technologies. The present study
describes experimentally the investigation of the
discharging process of paraffin wax dispersed with
different concentrations (0.5% and 1% ) of gamma-
alumina oxide (39.2 nm), titanium oxide (47.2 nm),
and alpha-aluminum oxide (186 nm ), in TES system
for different heat transfer fluid (HTF) velocities, i.e., 1
m/s, 3 m/s, and 5 m/s. The influence of nanoparticles
on the PCM thermo-physical properties. The effect of
discharging cycles on the stability of nanoparticles was
also investigated. The findings indicated that the
improvement in thermal distributions of paraffin
mixed with 0.5% Tio. was better than paraffin mixed
with 0.5% gamma and 0.5% alpha at 1 m/s HTF
velocity, while at 1% concentration, the gamma
alumina was more effective than others in modifying
the paraffine wax thermal behavior since the time-
saving of it was 19.54% compared to pure paraffine.
Repeating the thermal cycle negatively affected the
PCM thermal behavior of the paraffine wax test with
0.5% alpha and 0.5% gamma at a velocity of 3 m/s.
However, a relative enhancement of nearly 7.69% in
solidification time for 0.5% Tio2 was found. At the
same velocity (3 m/s), the reduction in solidification
time of gamma alumina and Tio2 was 12.3% and
7.69%, respectively, with a mass fraction of 1%. The
largest improvement of thermal conductivity of nano-
PCM compared to pure wax was 56.80% at 1% Tio-.
Furthermore, the improvement in heat transfer rate at
0.5% Tio2 and 1% gamma was 15.67% and 68.64%,
respectively. The “negative” results of repeated thermal
cycles indicated that the stability of nano-PCM remains
a big challenge and requires a multidisciplinary
approach to determine the behavior of nanomaterials
in a dispersing medium.
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1. INTRODUCTION

Renewable energy sources, like hydrogen fuel
cells and other renewable energies like solar,
wind, and nuclear power, may become viable
alternatives to fossil fuels [1]. So renewable
energy sources are very important to meet the
rising demand for energy while simultaneously
controlling environmental pollution. Thermal
Energy Storage (TES) is one possible solution
for storing excess energy as heat and releasing
it when power generation is insufficient [2].
Usually, thermal energy can be stored in
various forms, such as latent heat storage,
sensible heat storage, and thermochemical heat
storage [3]. The energy in a thermal energy
storage system can be stored using base
materials such as Phase-Change Material
(PCM) that can release and absorb thermal
energy [4]. The most promising material is
paraffin wax due to its desirable properties,
such as low melting pressure, high chemical
stability, no supercooling, 100% recyclable, and
considerable latent heat of fusion [5]. However,
they require more time to store and release
energy due to their low thermal conductivity.
So, the researchers developed some methods to
increase it [6]. Extended surface/fins inside the
PCM domain and nanomaterial additives
significantly ~ influence PCM  thermal
conductivity in the Latent Heat Storage (LHS)
system [7]. Nanotechnology has emerged as one
of the most significant and attractive frontier
fields in Physics, Chemistry, Engineering, and
Biology. It offers several breakthroughs in the
near future that will change the direction of
technical developments in a wide range of
applications; for example, adding nanoparticles
to diesel fuel enhances engine performance by
reducing greenhouse gas emissions and
reducing fossil fuel pollutants and their

environmental effects [8]. Also, control the flow
of the heat through the roof of the building
exposed to a high amount of thermal load using
nanomaterials; since nanomaterials have high
properties, this made them good elements of
the energy conservation strategy in the
architectural field [9]. The most common type
of solar collector used to collect solar energy is
a flat-plate solar collector (FPSC). Its thermal
performance can be improved using heat
transfer fluid dispersions with particles in the
range of nanosized particles, such as multi-
walled carbon nanotubes [10]. Also, the wind
turbines can be improved using nanoparticles,
which increase wind turbines’ resistance to
fatigue, wear, failure, and tough operating
conditions [11]. The new class of material can be
obtained by adding nanoparticles in the PCM,
called "nano-PCM,” which is used in different
applications, such as enhancing the thermal
properties of paraffin wax. Several studies have
been conducted on using nano-PCM, a new
class of materials in a wide range of techniques.
Arasu et al. [12] studied theoretically the effect
of the nanoparticle concentration on the
melting-solidification = process of PCM
distributed with (0%, 1%, 3%, and 5%) of
copper oxide (CuO) and alumina (Al,Os). The
results showed that nanoPCM melted faster
(4.8% and 2.9%) for 1% alumina and copper
oxide, respectively, than pure paraffin wax.
Buonomo et al. [4] numerically studied the
influence of adding metal foam and
nanoparticles into PCM on the Latent Heat
Thermal Energy System (LHTES). The volume
content of alumina (Al.O;) was 1%. The
obtained results revealed that the charging time
for pure PCM, nano-PCM, and nano-PCM with
metal foam was (40301, 39781, and 1321 sec),
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respectively. Mahdi and Nsofor [13]
numerically studied the impact of using Al,O4
nanoparticles with (3%, 5%, and 8%)
concentrations on the solidification process of
PCM in triplex-tube TES. The results showed
that dispersing alumina nanoparticles of 3% to
8 % of volumetric concentrations reduced the
total discharge time by 8% and 20%,
respectively. Chaichan et al. experimentally
[14] studied the paraffin wax's thermal
conductivity improvement with (1%, 2%, 3%,
4%, and 5%) mass fractions of alumina (Al.O)
and (TiO,) during the discharging and charging
process. The findings indicated that charging
time decreased from about 13 to 5 minutes
when 5% nano-Al203 was added, while it was
reduced from 13 to 7 minutes with 5% nano-
TiO2. A 5% mass fraction of nano-Al203
reduced the discharging time from 22 to 11
minutes, while it was reduced from 22 to 13 min
with 5% mnano-TiO2. Pradeep et al. [15]
conducted an experimental investigation on the
impact of adding 0.05% and 0.1% of silver
nanoparticles on paraffin wax’s
melting/solidification  characteristics. ~ The
experimental setup consisted of a concentric
pipe. PCM was stored in the annular area
between the inner and outer pipes. The results
showed that adding very small amounts of
silver nanoparticles reduced the
charging/discharging temperatures of paraffin
wax by (10.8% and 27.9%) for concentrations of
(0.05% and 0.1%), respectively, during the
melting process and by (11% and 29.5%) for
(0.05% and 0.1%) concentrations, respectively,
during the solidification process. Teng and Yu
[16] added silica, alumina, titania, and zinc
oxide to paraffin wax at different
concentrations (1%, 2%, and 3% ) to investigate
the impacts of different nano-additives
concentrations on the performance of heat
conduction and thermal energy storage. The
experimental results showed that the ratio of
Melting Onset Temperature (Tmo) decreased by
(0.91%, 0.72%, and 0.54%) by adding (1%, 2%,
3%) mass fraction of nano-Al203, respectively,
and by (1.33%, 1.13%, and 0.85%) by adding
(1%, 2%, and 3%) mass fraction of TiO2,
respectively. The maximum enhanced ratio of
Solidification Onest Temperature (Tso) was
1.8% by adding 2% concentrations of ZnO.
Adding TiO2 reduced paraffin's phase-change
heat by less than 0.46% for Melting Heat (Hm)
and Solidification Heat (H;). Venkateshwar et
al. [17] experimentally investigated the
different potential techniques to quantify the
concentration of nanoparticles after each
thermal cycle of PCM; the nanoparticles
concentrations used in this study were ( 0.5%
wt. and 1% wt. ) of Fe;0,and CuO in coconut oil
and Rubither35 HC. The results of the
experimental study indicated that higher
concentration nano-PCM exhibited more

pronounced sedimentation, thermal cycling
caused higher Fe;0, nanoparticle
sedimentation than Cuo, and after two thermal
cycles, the concentration of Fe;O, decreased
from (1% wt. to 5.69 x 10-¢ %, and from 0.5%
wt. to 8.93 x 106 %), while the concentration of
CuO decreased from (1% wt. to 1.34x 105, and
from 0.5% wt. to 1.72 x 10%5). Li et al. [18]
experimentally investigated the effect of adding
(0.01%, 0.1%, and 1%) volume fraction of Al,O,
nanoparticles into paraffin wax on its
thermophysical properties. The results showed
that the thermal conductivity of three
nanoPCMs improved at 20°C compared to pure
paraffin wax, with a volume fraction of 0.01%
showing the greatest improvement (40%) in
thermal conductivity. In the solid state, the
thermal diffusivity of nanofluids with volume
fractions of 0.01%, 0.1%, and 1% varied by (-
31%, 13.5%, and -21%), respectively. With a
temperature rise, the Volumetric Heat Capacity
(VHC) changed. For volume fractions of 0.01%
and 0.1%, VHC was larger than 1% in the liquid
form. Hiba and Thsan [19] investigated the
performance  enhancement of CTESS
experimentally using metal foam. The results
demonstrated that the average Nusselt number
and the total thermal power of heat transfer
fluid at ambient temperature were about
(24.25% to 42.03%) and (16.82% to 35.23%),
respectively. In their study, [20] Sadiq and
Mussa determined how thermal conductivity
affected thermal energy performance when
solidifying two paraffin wax types with different
thermal conductivities. The results showed that
PCM’s efficiency in Case 2 with (0.3 W/m K)
increased by 13.15% compared to Case 1 with
(0.265 W/m K). Abdulateef et al. [21]
numerically and experimentally studied the
effect of alumina nanoparticles’ added (5% and
10% concentrations) in the triplex-tube heat
exchanger. The results showed that compared
with fins without nanoparticles, fins-
nanoparticle enhanced the solidification time
by 33% and 34% for internal longitudinal fins-
nanoparticle and internal triangular fins-
nanoparticle, respectively. Khalaf et al. [22]
experimentally investigated the effect of
different variables, such as Rayleigh number,
Taylor number, Richardson Number, and
nanoparticle volume fractions (¢) of Al,O5 with
water base (0 % < ¢ < 0.225 %) on the heat
transfer augmentation for Taylor-Couette flows
between concentric cylinders. The results
showed that the enhancement in heat transfer
was 16.5% to 24% due to rising the Al203-pure
water concentration from 0% to 0.225%.
Several researchers conducted experimental
and theoretical investigations to improve the
thermal characteristics of PCM. As concluded
from the literature review, high-conductivity
nanomaterial additions can effectively improve
PCM thermal conductivity and enhance the
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thermal performance of LHS systems.
However, the type, concentrations, repeated
thermal cycles, and dispersion of nanomaterial
in PCMs directly affect the thermal
performance of PCMs. The present study
experimentally analyzed the improvement in
temperature distributions and the changes in
the thermophysical properties of paraffin wax
caused by nanoparticle dispersion. Discharging
processes were studied for paraffine wax with
and without adding nanoparticles in different
concentrations. The effect of repeated thermal
cycles on the stability of nanoparticles within
PCM was also studied.

2. EXPERIMENTAL PROGRAM SETUP
2.1.Experimental Setup

Figures 1 and 2 illustrate the experimental
system’s schematic diagram and test rig,
respectively. The experimental system mainly
consisted of a blower and four sections: the
transient, entrance, test, and exit. A transition
section connected the blower and entrance
section. The test section consisted of three
boxes; one of them was used for placing PCM
with internal dimensions (400mm x 100mm x
2omm) (LxWxH). The heat transfer fluid
(HTF) was the air at ambient temperature that
passed through the PCM top and bottom. HTF
exchanged heat with PCM along its flow path at
different velocities, i.e., 1, 3, and 5 m/s. The two
air sides are HTF sides with dimensions (100
mmx25 mm) (WxH). The base of the box was
made of a copper plate with a thickness of 1.5
mm, and its sides were made of Perspex. Also,
the surface between the lower and upper HTF
sides used a copper plate with a 1.5 mm
thickness. Variac (type TDGC 2-3KVA and
input = 220W, output = 0 — 250 V, and Capacity
= 3000 VA) was connected to a blower
centrifugal type rotates 6500 rpm with 230V
and 220W to control the input voltage to get the
required velocity. A hot wire anemometer
(model: YK-2005AH, Lutron electronic
enterprise company with accuracy £0.001 m/s)
was used to measure the velocity values at the
test section’s entrance. To measure the
distribution of transient temperature of PCM
and HTF sides, K-type thermocouples
(Chromel alloy Nickel-Chromium, with
accuracy 0.75%) with 0.5 mm diameter were
used. Three of them were embedded through
the center of the PCM, and another one was
fixed on the box base of the PCM. For each air
passage, three thermocouples were used; two of
them were fixed at the entrance and exit of the
test section, and another one was fixed opposite
the center of the PCM box and attached to the
copper plate, which separated between the box
and the upper and lower air passages, as shown
in Fig. 1. Accordingly, the total number of
thermocouples in the upper and lower air
passages were six thermocouples. The
thermocouples were connected to a data logger

(model: AT45 32 Multi-channel Temperature
Meter, Applent Instruments company with
accuracy +0.5 °C ) to measure the temperature
and save it on an SD memory card.

I 4
‘Vollage-Controller Tempreture Data Logger
(varic)

Fig. 1 Schematic Sketch and Dimensions of
Experimental System, All Dimensions in
(mm).

(b) Test Section.
Fig. 2 Experimental System’s Test Rig and
Test Section.

2.1.1.Materials
Materials used in the present work are:
1) Phase Change Materials (PCMs): the type
of PCM used in the present work was
paraffin wax, which was from the Al-
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Daura refinery (Iraq). Various properties

Table 1 Thermophysical Properties of PCM.

of these nanoparticles, measured at the Properties Paraffin Wax
Science and Technology Laboratory, are Melting Temperature [K] 3395
ted in Table 1 8y R4 Solidus Density [kg/ms3] 852.14
presented in lable 1. Liquidus Density[kg/ms] 766.11
2) Nanopaﬂ1cle§: For thg present study, Specific Heat [J/kg K] 2000
gamma-aluminum oxide (39.2 nm), Thermal Conductivity [W/m K] 0.4
titanium oxide (47.2 nm), and alpha- Eytrlar;l;{c Vlts[cj’slit% (kg/m s] 2%271
aluminum oxide (186 nm ) nanoparticles atent Heat [J/kg - 70715 -
Table 2 Thermal Properties of Nanoparticles
were purchased from (US Research Used
Nanomaterials, Inc., USA). An Atomic : -
. . Nanoparticles Used
Force Microscope (AFM) (AaioAFM Properties ALLO, Tio2
2022, Nanosurf AG Switzerland) was Alpha  Gamma
used to determine the mean particle size Purity 99.9%  99.9% 99.9%
of nanoparticles, as shown in Fig. 3. SIOIOF Diameter (nm) "‘ghéte white white
Various properties of these nanoparticles The;?na}ame erinm :1,)6 2 32'2 37'2
are presented in Table 2. Conductivity[W/m K]
Histogram
9
¢
5]
g e
s
=] 4
g 4
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2 1| e
14 ﬁ[\“ E
0 T T T 1 1 —
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Mean diameter
(a) Alpha Mean Diameter.
Histogram
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! 60 30 -;2(1 140 nm
Mean diameter
(b) Gamma Mean Diameter.
Histogram
Projected Area
B small
8 @ Medium
§ W vLarge
k-1
3
5
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(¢) Tio2 Mean Diameter.
Fig. 3 The Mean Particle Size of Nanoparticles.
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2.2.Preparation of PCM-Nanoparticle
Mixture

2.2.1.Nano Dispersion with PCM

There is no standardized method to prepare the
nano-PCM. Previous studies used mechanical
and chemical methods to mix nanoparticles
with PCM. Sonication and stirring are two types
of mechanical dispersion. Stirring the magnetic
bar in the liquid medium helps nanoparticles
diffuse at a larger scale. In contrast, sonication
was used to provide good dispersion since the
collapse of microbubbles resulting from this
process leads to the disentanglement of
clustered and agglomerated nanoparticles. For
preparing the nano-PCM, the following steps
were followed, as shown in Fig. 4:

1) The nanoparticle and paraffin wax were
separately weighted using an electronic
balance (measuring range o — 200 g,
precision 0.1 mg).

2) The paraffine wax was initially heated on
a hot plate to a temperature above its
melting point.

3) The required mass fraction of
nanoparticles was added to the liquid
paraffin wax gradually and slowly. Then,
the mixture was stirred over a magnetic
stirrer for at least 2 hours by setting the
mixture temperature (75-80) °C, which is
higher than the melting point of nano-
PCM. The mixture was placed under
sonication for another 2 hours to obtain a
homogenous mixture.

(a) The nanoparticle and PCM were Weighted
by an Electronic Balance.

(b) Hot Plate Magnétic Stirrer with Water Path
Sonication.

Fig. 4 Nano Dispersion with PCM.

The compositions of samples prepared with
different concentrations of nanoparticles with
paraffin wax are presented in Table 3. The
quantities of nanoparticles were determined by
the weight method. In this method, the
nanoparticles concentration was calculated
using the following equation [23]:
my,
0= ——"—— @
My, + Myey

where @%, mpp, and, mp.m are the nanoparticles
concentration, nanoparticles mass (kg), and
PCM mass (kg), respectively. In the recent
study, gamma-alumina (Al,O3), titanium oxide
(Tio,) nanoparticles, and alpha-alumina
particles were added into Iraqi paraffine wax
with (0.5% and 1%) concentrations to evaluate
the effect of nanoparticles on the PCM thermal
behavior. The thermal conductivities of PCM
and Nano-PCM were examined using Lee’s Disc
method, as in reference [20]. The
BROOKFILLD device (Model RVDV-I Prime,
Voltage 230 V~, Frequency 50/60 Hz, and
Power 22 Watts) was used to measure the
viscosity of the PCM and Nano-PCM. It has a
spindle that rotates at a speed of 100 rpm. To
measure the viscosity, the spindle must have
been immersed in a 150 ml beaker filled with
the sample in a liquid state.
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Table 3 Composition of Prepared
PCM/NanoPCM Sample.
Sample Name Composition of Samples
(in gram)
Pure Paraffine 682 Paraffin Wax

Paraffine+0.5% Alpha  678.5 Paraffine Wax+ 3.4
Alpha-Alumina

Paraffine+ 1% Alpha 675 Paraffine Wax+ 7 Alpha-
Alumina

Paraffine+ 0.5% 678.5 Paraffine Wax+ 3.4

Gamma Gamma-Alumina

Paraffine+ 1% 675 Paraffine Wax+ 7

Gamma Gamma-Alumina

Paraffine+ 0.5% Tio. 678.5 Paraffine Wax+ 3.4 Tio.

Paraffine+1% Tio. 675 Paraffine Wax+ 7 Tio.

2.3.Experimental Procedure and Data
Reduction

The experimental investigation of the discharge
process for a single thermal energy storage
system was conducted, and the following
procedure was followed: Preparation of PCM-
nanoparticle mixture as explained previously.
Molten PCM was poured into the middle box of
the test section. Waited a while to ensure that
the average temperature of PCM reached about
70 °C. The blower with a specific speed was
turned on. Then, the temperature distribution
of PCM was recorded by the data acquisition
(data logger) at every second and recorded on
the SD. The process ended when the
temperature of paraffin wax reached about 50
°C. The procedure above was repeated with the
remaining velocities. The necessary variables
for the heat transfer process were located using
the typical heat exchanger correlation that [24]
described. The bulk mean temperature (T},) was
used to find the thermophysical properties of

air,
Tb — Tin ‘;Tout (2)
where Ti, is the inlet air temperature, and Tout is
the outlet air temperature. The rate of
convection heat transfer (also called thermal
power (Q)) between the hot PCM and cold air
was calculated by Newton'’s law of cooling.

Q= h,A; LMTD 3)
where Ag and h, are the surface area of the
copper plate between the PCMs and the air and
the convective heat transfer coefficient of HTF,
respectively, and LMTD is the log-mean
temperature difference between PCM and air
[25] (Ts—Tin)—(Ts—Tout)

_ s tin)”\Us™ T out
LMTD = ¢ TT:__TZ‘;Z) ()

where Ts is the temperature of the copper plate
between the PCMs and the air. According to the
energy balance, when losses are ignored, the
energy increase of the side of the air channel
equals the heat transfer rate between the PCM
and the air.

Q=m Cp (Tout - Tin) = ha Ag LMTD (5)
The convective heat transfer coefficient (h,)
value is calculated using the above equation.

_ Q
h, = Ag LMTD (6)
m = pVA @)

where mi, Cp, and V are the air mass flow rate,
density, specific heat, and velocity, respectively.
Ac is the cross-section area of the air passage
side. The Nusselt Number (Nu) was calculated
after calculating the heat transfer coefficient
(ha) by applying the flowing equations.

_ ha Dh
Nu = Ko (8)
4A;
Dy = 9)

P
where K. is the thermal conductivity of air, Dj is
hydraulic diameter, and p is the perimeter. Egs.
(5) and (8) were applied at the box’s upper and
lower air passages to find the thermal power
and the Nusselt number.
3. EXPERIMENTAL UNCERTAINTY
Uncertainty analysis was used to evaluate the
propagation of error in heat transfer rate. The
suggested method by Holman [26], was used to
evaluate the uncertainty estimate. The
uncertainty is given by:

aR aR

+:_l: ov, (10)
Wg = [(;7"; w1)2 + (;7"; wz)2 +
(:7'1 Wn)z]"'5 (11)

where V;,V,,and V;,, are independent variables
of defined results, and Wx is the parameter’s
uncertainties. The heat transfer rate is a
function of several variables.

Q =f(W,AT,A) (12)
Due to errors made by device manufacturers,
some parameters were measured directly. An
uncertainty number can be assumed, such as
the thermocouple accuracy used to measure
temperature was (0.04 °C), the airflow meter
accuracy was (+0.001 m/s), and the length had
errors was (+0.0002 m). The experimental
error in the heat transfer rate calculation can be
expressed as follows:

w, aQ wy\2 9Q  War\?
TG ) G )

("’_Q ) E)Z]o.s

a4, 94,
So, the uncertainty of the heat transfer rate was
8.03%.

4.RESULTS AND DISCUSSION

4.1.The Effect of Nanoparticles on
Thermal Behavior of PCM

Two different concentrations of alpha alumina,
gamma alumina, and TiO. nanoparticles in
paraffine wax were studied. Different velocities
were considered and the temperature behaviors
of nano PCM and pure PCM were performed.
Figures 5 and 6 show the PCM temperature
distribution at (1 m/s) and two mass fractions
(0.5% and 1%), respectively. The results showed
that the additives of nanoparticles improved the
thermal distributions of the paraffin wax since
dispersing nanoparticles increased the thermal
conductivity of the PCM, resulting in greater

(13)
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heat transfer from the PCM to the heat transfer
fluid, thus increasing the amount of heat
transferred through the wax. Figure 5 indicates
that paraffin mixed with (0.5% Tio,) is better
than paraffin mixed with (0.5% gamma) and
(0.5% alpha) at the same HTF velocity since the
time taken by pure wax and nanoPCM with
0.5% Tio2, gamma-alumina, and alpha-
alumina for complete solidification was (87, 75,
85, and 87 min), respectively. At (1%
concentration), the solidification time for
gamma alumina and alpha-alumina to reach 50
oC was the same. The time-saving of nanoPCM
with Tio, and gamma alumina was determined
to be 13.7% and 19.54%, respectively. While 1%
gamma alumina was more effective than others
in modifying the thermal behavior of paraffine
wax, as shown in Fig. 6. The effect of increasing
the nanoparticles concentrations on
solidification time and thermal behavior under
the same conditions is also shown in Figs. 5 and
6. It is inferred that 1% of the two types of
alumina were better than 0.5%; however, 1% of
Tio, insignificantly improved the thermal
behavior of PCM compared with 0.5% Tio.. So,
increasing the nanoparticles concentration
linearly did not lead to the relative rate of
improvement in the thermal behavior of PCM
because many factors, such as particles
homogenous distribution  and  slight
perturbations in dispersing medium like
temperature and PH, play an important role in
the enhancement of the nano-PCM
solidification time and thermal behavior.
Figures 7 and 8 show the nano-PCM

temperature distribution with (0.5% and 1%
concentrations) at (3 m/s). Figure 7 indicates
that paraffine wax with (0.5% alpha and 0.5%
gamma) negatively affected the PCM thermal
behavior; however, a relative enhancement of
nearly 7.69% in solidification time for 0.5% Tio.
was achieved. Figure 8 indicates that reducing
the solidification time of gamma alumina and
Tio, is (12.3% and 7.69%), respectively, with a
mass fraction of 1%. Alpha alumina with a 1%
mass fraction provided the most negative
results compared to other nano-PCMs at the
same velocity. At 5 m/s, all the nanoparticles
concentrations showed a negative effect, except
1% Tio., as shown in Figs. 9 and 10, due to the
repeated thermal cycles, which may lead to
agglomeration of particles and change in the
behavior of nanomaterials, since thermal cycles
may affect the nanoparticles dispersion quality
within PCM. So, the ability of nanoparticles to
enhance the thermal behavior of PCM and
maintain its thermal properties after repeated
thermal cycles is crucial. In general, the
methods used to determine the state of
agglomeration are the same techniques used to
measure the size of primary particles, so the
AFM test was made for one sample at 1%
alumina, as shown in Fig. 11. It is evident from
Fig. 11 that the size of the nanoparticles within
PCM is larger than primary particles due to a
high tendency of nanoparticles for adhesion.
Also, a SEM test was performed for 0.5% Tio. to
determine the agglomeration state, as shown in
Fig. 12.

75 7 0.5% gama
0.5% alpha
70 0.5% Tio2
pure wax
_ 65
O
<
=
3 60
<
2
g 55 4
E
50 A
45 T T T T 1
0 20 40 60 80 100
Time ( min)

Fig. 5 The Experimental Effect of 0.5% Concentrations on the Thermal Behavior of PCM at 1 m/s.
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Fig. 6 The Experimental Effect of 1% Concentrations on the Thermal Behavior of PCM at 1 m/s.
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Fig. 7 The Experimental Effect of 0.5 % Concentrations on the Thermal Behavior of PCM at 3 m/s.
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Fig. 8 The Experimental Effect of 1% Concentrations on the Thermal Behavior of PCM at 3 m/s.
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Fig. 9 The Experimental Effect of 0.5% Concentrations on the Thermal Behavior of PCM at 5 m/s.
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Fig. 10 The Experimental Effect of 1% Concentrations on the Thermal Behavior of PCM at 5 m/s.
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Fig. 11 AFM Test to Determine the State of Agglomeration of Nanoparticles at 1% Alumina.
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Fig. 12 SEM Test t

The primary particles had a high surface-to-
volume ratio compared to agglomerated
particles. Since most interactions occur at the
surface, substances with a high surface-to-
volume ratio are expected to have high chemical
reactivity compared to those with a low surface-
to-volume ratio. Therefore, a high surface-to-
volume ratio increases the ability of particles to
enhance the heat transfer process. It can be
concluded from this paragraph that
nanomaterial additions can effectively improve
PCM thermal conductivity and enhance its
thermal performance; however, nano-
composites that have a high nanoparticles
concentration with high thermal conductivity
do not guarantee the best performance of PCM.
Many factors, such as concentration, mixing
method, nanoparticles shape, surface charge,
and surface chemistry (Chemical Composition
of Outermost Layers of Nanomaterials), affect
the stability and homogeneity of nanoparticles
within PCM, which have a major role in the
nano-PCM thermal performance. All these
factors require a multidisciplinary approach to
determine the nanomaterials’ behavior in
dispersing medium.

4.2.The Effect of Nanoparticles on
Thermophysical Properties

Enhancing the thermal conductivity of phase
change material is the primary purpose for
adding nanoparticles. Figure 13 shows the
thermal conductivity results of pure paraffin
wax and nano-PCM. The results showed that
the thermal conductivity of all nano-PCM
samples was higher than pure PCM, and it
indicated that the thermal conductivity
increased nonlinearly with the nanoparticles
concentration since it depends on the degree of
nanoparticles dispersion in the base material
and the actual nanoparticle content of the
sample. So, the high value of nano-PCM
thermal conductivity does not represent the
best nano-PCM thermal behavior improvement
because it depends on many factors, as
explained earlier. The nano-PCM thermal
conductivity enhancement compared to pure
wax is displayed in Fig. 14, which shows that the
largest improvement (56.80%) is obtained at
1% Tio, and the minimum improvement of
(2.94%) at a mass fraction of 1% gamma.
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0.6

0.5

Thermal Conductivity W/m K

0.4
0.3
0.2
0.1

0

pure wax 0.5% alpha 1% alpha 0.5% gama 1% gama 0.5% Tio2 1% Tio2

Fig. 13 Thermal Conductivity of Nano-PCM and Paraffine Wax.
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Fig. 14 The Viscosity of Nano-PCM and Paraffine Wax.
The most nano-PCM  thermophysical 4.3.Behavior of Thermal Power and

characteristic discussed by researchers, after
thermal conductivity, is viscosity. Most of the
studies indicated that the nanoparticles
inclusion in liquid PCM increased the viscosity
due to higher interactions among the
nanoparticles, decreasing the particle's
sedimentation. So, if the Liquid PCM has a high
viscosity, the particles have a lower tendency to
move downward. Figure 15 shows how adding
nanoparticles to PCM affects viscosity behavior.
The results indicated that nano-PCMs with
both concentrations have a higher viscosity
than pure PCM, except at 1% gamma.
Increasing the concentration of alpha particles
linearly increased viscosity. Besides, 0.5%
alpha and 0.5% gamma have the same effect on
the viscosity behavior.

Nusselt Number of HTF

In Fig. 16, it can be seen how thermal power and
HTF speeds are related to pure paraffine and
nano-PCM. At the lowest velocity of HTF (1
m/s), the thermal power of all concentrations
was almost identical, except at (0.5% Tio. and
1% gamma) since the improvement in heat
transfer rate at these concentrations was
(15.67% and 68.64%), respectively. While, at (3
m/s), the highest heat transfer rate increased by
1% Tio. since the improvement in thermal
power at this concentration was 25.5%. At (5
m/s), the thermal power at (0.5%
concentrations) for all nano-PCM types was
almost identical, and at (1% concentrations), an
adverse effect was indicated due to the thermal
cycle effect on the nanoparticles dispersion
quality within PCM, as was concluded in the
previous paragraph.
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Fig. 15 The Viscosity of Nano-PCM and Paraffine Wax.
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Fig. 16 The Experimental Behavior of Thermal Power for Discharging Process.

Figure 17 shows a Nusselt number value against
the speeds of HTF for various nano-PCM
mixtures and pure PCM. As in thermal power,
the behavior of the Nusselt number for all cases
is almost consistent with that of thermal power.
The comparison shows that, overall, paraffine
with 1% gamma at (1m/s) had the highest value
of Nusselt number flow by 0.5% Tio, since the
improvement was (75.1%) and (13%),
respectively. The higher value of the Nuselte
number for these two cases indicated that these
nanoparticles concentrations influenced the
paraffine thermal conductivity and contributed
to the enhancement of heat transfer between
PCM and HTF since it also depends on the HTF
temperature. The results also showed that

repeated thermal cycles limited effective Nuselt
number because of agglomerate and
nanoparticle instability, so adverse effects can
be seen at (5 m/s). The temperature
distribution behavior in Fig. 6 agrees with cases
1 and 2, which were the results of Sadiq and
Mussa [20], as shown in Fig. 18. In addition, the
enhancement in the temperature distribution of
nano-PCM in the discharging process
compared to pure PCM of Fig. 19, which were
the results of Abdulateef et al. [21], is similar to
the present results, as shown in Fig. 6,
qualitatively, not quantitatively, due to the
difference in concentration and type of
nanoparticles. However, the same behavior was
obtained as mentioned above.

Nusselt Number
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180 A
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Fig. 17 Experimental Behavior of Nusselt Number for Discharging Process.
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Fig. 18 The Result of the Temperature Distribution Profile of Reference [20].
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5.CONCLUSIONS

The influence of Al.O; and TiO. nanoparticles
on the thermal behavior and thermal properties
of paraffin wax was experimentally investigated
with concentrations of (0.5% and 1%). The
following is the summary of the study
conclusions:

e Nano-composites that have a nanoparticle
with high thermal conductivity do not
guarantee the best performance of PCM.
Many factors, such as stability,
homogeneity of nanoparticles within
PCM, and concentration, have a major role
in the thermal performance of nano-PCM.
Therefore, at (1 m/s), paraffin mixed with
(0.5% Tio.) was better than paraffin mixed
with (0.5% gamma) and (0.5% alpha). At
1% concentration and the same velocity,
gamma alumina was more effective than
other studied nanoparticles in modifying
the paraffine wax thermal behavior.

e Increasing the nanoparticles
concentration linearly did not lead to the
relative rate of improvement in the
thermal behavior of PCM, so (1% Tio2 ) at
the first thermal cycle (1 m/s)
insignificantly increased the PCM thermal

500 600 700 800

TIME (MIN)
Fig. 19 The Result of the Temperature Distribution Profile of Reference [21].

behavior improvement compared with
0.5% Tio2.

e (1%) gamma was the optimum particle
concentration in the paraffin since the
improvement in heat transfer rate at these
concentrations was (68.64%) at the first
thermal cycle.

e The thermal conductivity increased
nonlinearly with the nanoparticles
concentration since it depends on the
nanoparticles dispersion degree in the
base material and the actual nanoparticle
content of the sample.
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NOMENCLATURE

AFM Atomic Force Microscope

CTES  Cascade Thermal Energy Storage
FPSC  Flat Plate Solar Collector

HTF Heat Transfer Fluid

LHES Latent Heat Energy Storage

LMTD Log-Mean Temperature Difference
PCM Phase Change Material

TES Thermal Energy Storage System
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Cross Section Area (m?)

Surface Area (m?)

Specific heat (J/kg-K)

Hydraulic Diameter (m)

Convective Heat Transfer Coefficient (kJ/kg)

Thermal Conductivity of Air (W/m.°C)

Mass of Nanoparticles (kg)

Perimeter (m)

Inlet Air Temperature (°C)

Outlet Air Temperature (°C)

Mass Flow Rate of Air (kg/s)
Greek symbols

Density, kg/m?

Viscosity (Pa. s)

Nanoparticles Concentration

Subscripts

Cross Section Area

Surface Area

Inlet

Outlet

Nanoparticles
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