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Abstract: Recently, radiation-absorbing phase change material (PCM) for thermal storage that can
discharge thermal energy on demand when no radiation is present has been developed and tested
indoors. Organic materials with limited thermal conductivity slow down the thermal response
processes when charging and discharging. For various industrial applications, much research is
devoted to the introduction of solar collectors with the best possible integration of solar thermal
collector and PCM in terms of both shape and material. In this study, the performance of a solar
collector is examined in relation to the additive effects of aluminum particles in spherical capsules.
For the transfer fluid temperature with the behavior of the heat storage, a mathematical model of
the solar collector was created. The integrated system consists of two primary steps: a first phase
that involves an isolated duct covered in glass, and a second step that involves an array of spherical
capsules used as storage. The solar air collector is 1.32 m in width and 2.450 m in length. The PCM
unit has a 7.7 cm diameter, 0.15 cm thickness, and is filled with a paraffin wax with concentrations
between 0.1 and 0.5 weight of nanoparticle aluminum powder. The air mass flow rate varies from
0.03 kg /s up to 0.09 kg /s, while the temperature varied from 30 to 35 °C. The results obtained from
experiments agreed with the predicted results. The reduction in charging time was approximately
70% as the cooling rate increased. The improvement of efficiency of thermal storage reached 76.8%
and 71%, at mass flow rates 0.07 kg/s and 0.05 kg/s for pure paraffin wax. The overall thermal
storage performance for the system was enhanced from 21.7% to 78.9%.

Keywords: solar collector; phase change material; aluminum particles

1. Introduction

Thermal storage is becoming more popular as energy efficiency gains importance
on the global stage. From the invention of refrigeration systems, the thermal storage
capacity and isolative properties of the earth have been used to keep food and ice cool
during the summer in root cellars and ice houses. More recent applications of thermal
energy storage include phase change material impregnated wallboard or concrete, seasonal
thermal storage and regulation of facility temperatures. Because thermal energy storage
has the potential to offer high energy and close to isothermal storage conditions, it may be
a desirable method for storing solar thermal energy. Therefore, encapsulating will probably
assist to help decrease one’s thermal transfer times intended for PCM [1,2] especially for
those materials with lower heat conductivities. Besides, some materials of phase change,
such as some eutectic salts or salt hydrates, suffer segregation and sub-cooling problems in
the course of thermal cycling [3,4]. Furthermore, encapsulation can assist to mitigate such
issues. Moreover, encapsulation might also prevent the EPCM against possible corrosion
as well as exposure with thermal transfer fluid. However, materials of encapsulation may
lead to other problems, such as machinability for encapsulating materials, compatibility
with encapsulation material, etc. During melting-solidification cycling the encapsulation
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should allow the PCM material for volume change and keep stand the stress. Analysis
of stress for different EPCM shapes has been made [5-7], a student having master degree
who graduated from Lehigh University, Department of Mechanical Engineering for the
capsules of EPCM as it was undergoing the alternation of volume due to thermal expansion
and change of phase. In (Barreneche et al., 2013) [8], concluded that it is necessary to hold
sufficient space in EPCM for minimization of the pressure in it and the maintenance of
EPCM’s structural integrity. Such studies also indicated that material of encapsulation must
be thick enough to prevent the capsule deformation led by stress put on the shell. There
are numerous reports for noting of melting course of mono-component as well as multi-
component materials and modelling of solidification. In (Li et al., 2011) [9], utilized front
tracking way for the solution of the solidification issue; [10-12] the course of solidification
in a bi-liquid; (Farid, Khudhair, Razack, Al-Hallaj, 2004; R. Singh, Lazarus, Souliotis,
2016) [13,14] thought the convection at interfaces of crystal and melt. However, not many
of such have researched large temperature encapsulated materials for change in phase.
Therefore, the current work, which is handling the experiments and the model process of
high temperature EPCMs, focuses on these aspects. In addition, many of the PCMS, which
may be utilized for low temperature (lower than 120 °C) storage of thermal energy, such as
for space heating, etc., have been researched in the last ten years. They may be classified
into two types: inorganic and organic hydrates of salts [9,15,16]. Mohammadjavad K. &
Sheikholeslami M. [17] investigate the influence of several types of nanofluids and NEPCMs
at different concentrations on the system and their efficaciousness is assessed. SiC, ZnO,
MCNT (multi-walled carbon nanotube), Al;O3, Cu, and Ag nanoparticles are utilized
within water and phase change material. Javad M. et al. [18] investigate the performance of
the nano-encapsulated phase change material (NEPCM) slurry in a microchannel heat sink
(MCHYS) fitted with two circular synthetic jets is examined in this work (SJs). In addition, it
focuses on comprehending how key influencing factors, such as NEPCM concentration,
frequency, amplitude, inlet velocity, latent heat storage, heat flux, inlet temperature, and
phase actuation, affect energy efficiency. Amin et al. [19] investigate the falling patterns of
non-circular particles in an enclosure while the pulsatile flow is involved as a counter-flow.
Findings were first successfully verified against the existing literature and the accuracy
of the results is well-demonstrated. In Behrooz Afra et al. [20] a successful hybrid model
is presented for the simulation of flow induced vibrations. The role of flexibility on the
filaments flapping in a free-stream at different Reynolds numbers is investigated. Increasing
flexibility does not always increase vibration amplitudes and can, surprisingly, decrease
fluctuations if flexibility exceeds a specific value. Ali Jalali et al. [21] investigate non-
Newtonian flow pattern and heat transfer in an enclosure containing a tilted square. In
order to numerically simulate the problem, the mesoscopic lattice Boltzmann method is
utilized. It is able to adequately handle the shear-thinning case. Hassan et al. [22] introduce
an investigation evaluating the performance of an integrated model of a solar still for the
production of potable water using ZnO, Al,Os3, TiO;, and CNT nanomaterials. In addition,
With and without nanomaterials, the experimental performance of various conventional
solar still, flat plate collector, and parabolic trough collector combinations was assessed
in terms of water yield and photothermal efficiency. Amjad M. et al. [23] describes some
of the cutting-edge nanomaterials and underlying mechanisms that have been exploited
to increase solar absorption and, consequently, the effectiveness of direct-absorption solar
collectors. Khalil A., et al. [24], introduce comparative analysis to assess the effectiveness of
their photothermal performance of a conventional parabolic trough collector and direct
absorption parabolic trough collector for capturing solar thermal energy. In addition,
to assess the effectiveness of their photothermal performance, a special experimental
setup was created with the hybrid nanofluids Al O3 (with high scattering properties) and
CuO (with high absorption properties). Sattar A., et al. [25], presents the photothermal
performance of water-based nano-fluids of graphene oxide, zinc oxide, and copper oxide
under natural solar flux for the first time. Therefore, currently the work is focused on phase
change materials (PCMs) as the latent heat storage for large electrical power generation.
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This paper focuses on enhancing the performance of PCM thermal storage spherical
capsules with nanoparticle partials. The details of a simulation model for solar collector
integrated with PCM have been presented. The experimental and simulation predicted
results were compared, including the outlet air temperature during the discharge process,
the instantaneous temperature along the collector, and the freezing time. The influences
of the operating conditions such as the mass flow rate, the inlet temperature, and the
additive mass additive on the thermal discharge process are also discussed. The opti-
mum design conditions for the heat storage unit have been also presented along with the
experimental results.

2. Related Work
2.1. Thermal Energy Storage System

Thermal energy can be stored by lowering or increasing the temperature of the sub-
stance, such as changing its sensible heat, or changing its latent heat by changing the
phase of the substance or combining the two. A thermal energy storage system is a sys-
tem that stores medium- and low-temperature energy for use in a short period of time.
Javad M. et al. [26], in a review of research in the field of thermal energy storage using
nano-enhanced phase change materials (NePCM), has revealed a major focus is now on
the development of NePCMs. Examples of its main applications are: thermal energy stor-
age systems store solar energy during the day for heating at night, or summer heat for
winter use, and winter cooling for summer cooling or heat storage during off-peak hours
or cooling capacity for use during peak hours. The thermal energy storage system has
the role of allocating energy, and, like solar energy itself and unlike other fossil fuels, it
cannot be obtained anytime, anywhere. Due to the influence of time, combining it with
a thermal energy storage system can meet the balance between thermal energy demand
and thermal energy acquisition. In latent heat storage system, phase change materials have
good properties. In the molten state, they can absorb a lot of heat, and in the molten state,
the temperature and pressure remain within a certain range [27]. The potential to mitigate
many of the technical challenges of PCM-based energy storage systems. In addition, the
study also aims to examine the application of NePCMs in LHTES systems. Figure 1 shows
the applications of a thermal storage energy system for heating, cooling, and electricity
generation [28].
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Figure 1. Application of thermal energy storage system.

2.2. Structural of Phase Change Material Microcapsules

The phase change materials can be effectively combined with nanoparticles through
coating or capsule technology to make them smart materials with temperature adjust-
ment function. Therefore, encapsulation of phase change materials is a good choice for
architectural applications, as shown in Figure 2.
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Figure 2. The structure of phase change material microcapsules.

3. Solar Collector System Mathematical Model

Figure 3 shows the collector system configuration diagram of the design for solar air
collectors, including the collector length (L), the width (W), and the duct depth (Z). This
system primarily consists of three parts: a single transparent glass, an isolated duct, and a
storage unit made up of several rows of spherical PCM arranged in a crossflow of forced
air. This unit serves the dual purposes of absorbing and storing solar energy.

Glass m’-\guhr

simulator

i\
]

outlet  +—
Figure 3. PCM spheres and solar air collector cross section.

The capacity of storage of heat storage latent system with a medium of PCM [29,30] is
obtained from:

Q = m[C, (Tf - T1) T Gy Ahy + Cip (Tf - Tm)] )

where Ty flow temperature; Cp: specific heat;
Thermal Transfer Factor (HTF):

Ty JT;
8pALC(—at + Omax 5L ) = oty (T, = Ty) + hwaw (Tw - Ty) @)
aT,
(1—¢€)ppAcLC, (a—t”> = sy (Tp = Tp) 3)

where x: Storage tank’s axial direction; e: Void fraction; V,y: HTF velocity; hs: thermal
transfer coefficient on the surface between PCM and HTF; L: The storage tank height; A.:
The storage tank cross sectional area; p,: density; hy,: Heat transfer; hs: surface heat transfer
coefficient between HTF and PCM.
For PCM:
Gsolarw — 2‘7ng =0 4

where gsolar: solar radiation flux; o: Stefan-Boltzmann constant (5.67 x 10~8), and where a
typical value for solar radiation flux is 1.140 Wm 2.
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The performance of heat energy storage systems may be defined, based on first-law
efficiency, as the ratio of energy that is extracted from that of the energy’s storage. With
regards to a charge or discharge process, the coefficient is denoted as

t
g = o M Cr| Tout — Tinger|dt 5)

mstorec“Tout - Tinlet‘

. Wlfo(T— To)
"= msCs(Teo — To)

where 7 is the TES efficiency; t; is the temperature difference that has been decreased over
20%, i-e., (| Tout — Tintet| < 0.8 1| Tout — Tinget|); ms, Cs and my, Cr are the storage medium and
the working fluid’s total thermal capacity respectively; T, is the storage’s lowest and Tco
highest temperatures during the charging and discharging period.

The solution procedures divide the system into three essential portions which are: the
storage unit, which includes a single-row of spherical including a PCM, isolated duct, and
a single transparent glass. With a spherical object put in the forced air stream’s cross flow,
the unit works for the satisfaction of two objectives: storage and absorbing the energy of
the sun.

Initial Conditions

(6)

Tp(t = 0,x) = Ty inisT(t = 0,x) = Tf_jns @)

Boundary conditions
an(tZO,x) _
—aw 0 (8)
Tf(t'x =0) = Tf_inlet
Governing equations:
Re-arranging Equations (2) and (3) to governing equations as follows:

oy [hsap (T,, - Tf> + hyaw (Tw - Tfﬂ 2T,
ot epfAcLcy a (Umaxax> ®
o1, hsay (Tf = Ty) w0

ot (1—¢)ppAcLCy

The freezing time for each capsule is different from the other capsules, and this
operation can be imagined as being simulated. The method of orthogonal collocation (OC),
a type of discretization methods known as the method of weighted residuals, is popular
as it is easy to apply; detailed information is given by (Wang et al., 1991; Yang et al., 2011;
Zhao et al., 2015) [31-33].

The experimental measurement of material characteristics is the primary cause of
uncertainty in these variables. The bigger figure of 5% was taken into account in this
investigation because the normal uncertainty when measuring the density and the specific
heat of a PCM is between 3-5%. Experimental mistakes may also affect the PCM melting
temperature, and a Tmelt uncertainty of 1 °C was assumed. At the HTF bulk temperature,
the properties of the HTF were thought to be the same as those of paraffin wax, however it
should be noted that, since the HTF contains aluminum additions in low percentages, they
may differ. Since these uncertainties are unknown a priori, the same inaccuracy of about
5% of the parameter value as for the PCM properties was taken into account. According to
Pablo Dolado et al. (2012), the bulk temperature of the HTF affects the HTF’s characteristics,
including density and specific heat

T ; T
Ty = HTF,zn'; HTEF,out (11)




Sustainability 2022, 14, 14107

6 of 13

where Thrroutod is the HTF’s outlet temperature and Tyrr,, is the current iteration’s
inlet temperature.

When the relative error, rather than the absolute magnitude of the variable error, is
what is important, the maximum absolute peak error (MAPE) measure can be helpful.
Since the heat transfer rate is the primary output parameter in our example and was used
to calculate the accuracy of the simulated heat transfer, the evaluation of the MAPE using
this parameter is of particular importance:

sim,i _ yref,i
MAPE = Ly <QQ> 100% (12)
n

i=1 Qref,i

where Q*I™! is the capacity of storage of heat.

4. Result and Discussion

The structure of the thermal air collector being measured is shown in Table 1 while the
thermophysical parameters of the PCM are shown in Table 2, and the physical parameters
of the packets are shown in Table 3.

Table 1. The solar collector Physical dimensions.

Collector Information Value (cm)
Collector Height 15
Collector Width 109.6
Collector Length 234.9

Effective glazing area 194.9*107

Glass thickness 0.4 cm

Table 2. Paraffin wax material thermos physical properties.

Property Value
Liquid density 770 kg/m?
Specific heat 25k]J/Kg-K
Thermal conductivity 02W/m-K
Melting temperature 51-54°C
Latent heat of fusion 189 kJ/kg
Capsule surface absorbance 0.97
Kinematic viscosity 3.3-3.6 mm?/s at 373 K

Table 3. Capsules physical dimensions.

Spherical Capsule Value
Diameter 7.7 cm
thickness 0.15cm
Weight of capsules 0.05 kg
Material PVC, polyethylene or Cupper (Any of this)
Number of capsules 152
No. of rows 10
No. of spherical cap in each row 7
Gaps between each row 2-4 cm

The thermocouple’s location in the collector to monitor the actual and accurate air
temperature is shown in Figure 4. The simulation program was written using CFD software
using GAMIT software to determine the outlet air temperature as well as the discharge
time for the heater of solar air integrated using the PCM spherical capsules with any
input parameters changes [34,35]. The model with boundary conditions was converted
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to algebraic equations by means of finite-volume techniques with fully implicit temporal
differentiation, using three-dimensional spherical capsule in a staggered arrangement. The
delusive terms were evaluated using central differences scheme as shown in Figure 4.

Figure 4. CFD simulation mode.

From Figure 5a,b, with increasing Re = 42,751 both airflows will increase min = 0.524
to max = 1.34 m/s to and temperature will increase from 26.8 to 70.9 °C.

(a) Air flow (b) Tempreture

Figure 5. Simulation model using GAMBIT software. (a) Velocity magnitude along the solar collector
(b) Temperature distribution along the solar collector.

The experimental investigation has been divided into four steps. While the first one
deals with analyzing the effect of the mass flow rate on the outlet temperature and the
discharge time, the second step is the analysis of the effect of the aluminum mass additive
on the outlet and the PCM temperature. The third step analysis also elaborates on the
effect of the additive on the cooling rate. In order to determine the discharge time and
the heat exchange between the PCM capsules and the air in the collector, the fourth stage
intelligent modeling predicated outlet temperature and the air temperature within the
collector throughout the discharge process have been examined. Moreover, the comparison
between the theoretical and experimental results between the pure paraffin wax and the
compound of 0.5% aluminum powder has been also achieved.

In general, when the mass flow rate increased, the instantaneous rising in the air
temperature decreased while the heat exchanging after the capsule number T14 became low
for the inlet temperature 30 °C, the air temperature became stable, and the heat exchanging
became low after capsule T5 for the inlet temperature 30 °C as shown in Figure 6. Along
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with (t = 100 min) the air collector was integrated with the PCM unit for different mass
flow rates.

50.0 -
45.0
S 40.0 -
<
-
-
=}
= 35.0 - =—@=—(0.03kg/S (Theo.)
0.03kg/S (Exp.)
30.0 1 0.09kg/S (Theo.)
0.09kg/S (Exp.)
25.0

0 4 7 10 13 16 19 23 26 32 39 50
Time (min.)

Figure 6. The output air temperature with different mass flow rates along the duct at Tj, = 30 °C.

The results were recorded for more comparisons in Tables 4 and 5 for experimental
and the corresponding theoretical temperatures of the air along the collector at constant
inlet temperature (30 °C and 35 °C).

Table 4. Instantaneous air temperature along the duct at various mass flow rates [T;, = 35 °C].

m (kg/S)
N 0.03 0.05 0.07 0.09
Exp(T°C) Theo(T°C) Exp(T°C) Theo(T°C) Exp(T°C) Theo(T°C) Exp(T°C) Theo(T°CO)
T2 35.13 35 35.15 35 35.25 35 35.14 35
T5 46.99 43.79 45.02 42.536 44.02 42.06 43.02 41.72
T8 50.43 48.52 48.81 47.186 48.15 46.62 47.14 46.20
T11 52.20 50.94 50.36 49.77 49.79 49.28 48.66 48.10
T14 52.81 52.32 50.91 50.36 50.21 50.09 49.71 49.31

Table 5. The Air Temperature rise of the solar air collector integrated with the PCM unit at various
mass flow rates v (T;, =30 °C) and (T, = 35 °C).

] T;n =30°C Tin=35°C
m (kg/S)
Exp(To — Tin) The(T, — Tj,) Exp(To — Tin) The(T, — Tin)

0.01 15.98 15.13 18.56 17.65
0.03 14.82 13.64 16.68 17.81
0.05 12.45 12.04 15.53 15.91
0.07 11.81 10.93 14.83 15.211
0.09 10.11 10.07 14.23 14. 31

The results of this study from the experiments agree fairly well with the RMS error of
0.78 °C expected findings and are summarized in Table 5.

The aluminum powder was added to the paraffin wax for enhancing the heat transfer.
To optimize the suitable aluminum mass additive in the capsules, the additive masses of the
aluminum powder were examined as follows: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7. Additionally,
an additional mass ratio of 0.5% produced the best results for the solidification time. The
impact of the additive ratio will be examined in the section after this one. The mass and
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volume of the paraffin wax and the aluminum powder ratios in the capsule are shown in
Table 6.

Table 6. The Mass and volume ratios of the paraffin wax, nanoparticle, and the new compound.

Mass Val. Mass of
Additive  Additive Al  Val. PW (%) M“S(S ‘)’f Al Mas‘“’( ")f PW  Compound
My (%) (%) 8 8 (g

0.1 0.349 99.97 1.14 1138.86 1140
0.2 0.697 99.94 2.28 1137.72 1140
03 1.044 99.91 3.42 1136.58 1140
04 1.389 99.89 456 1135.44 1140
05 1.732 99.86 57 1134.30 1140

Figure 7 shows the inlet temperature was 30 °C and the storage material was the pure
paraffin wax, the temperature rise (T, — Tj,) decreased from 15.57 °C to 11.13 °C at the
mass flow rate of 0.01 kg/s the mass flow rate of 0.09 kg/s. After adding 0.5% aluminum
powder, the temperature rise decreased from 16.57 °C at the mass flow rate of 0.01 kg/s to
12.2 °C at the mass flow rate of 0.09 kg/s.

18

i (100 %00 e (). 10 %00 0.20%

17 —m— 0.30% e 0.04% —— 0L05%

16

6.15

14

To-Tin(°

13

12

11

10
1] 0.02 0.04 0.06 0.08 0.1

Mass flow rate (kg/Sec)

Figure 7. The relationship between temperature and mass flow rates at [Tj, = 30 °C].

The optimizing additive ratio was increased from 0.1% to 0.7% to check the suitable
mass additive so that it could be used with paraffin wax. Figure 8 shows that an increase in
the mass additive will result in an increase in cooling rate and an improvement in discharge
time. The PCM appeared to behave as a sensible storage material that would reflect on the
outlet air temperature for the mass additive 0.6%, but the solidification time also decreased
and the cooling rate increased. As a result, the mass additive of 0.5%, which was used in
the majority of our experiments, produced the best results.

Figure 9 illustrates the performance of the thermal storage system in an additive
ratio at a certain time (t = 100 min). The thermal storage efficiency was determined for
various mass flow rates and various aluminum ratios. The tested mass additives in the
PCM-aluminum compound material were 0.1, 0.2, 0.3, 0.4, and 0.5 of aluminum. The
temperature of the outlet air and the system’s solar thermal efficiency were also tested.
The thermal storage capacity for the pure paraffin wax and the compound was 71%, and
76.8% of the mass flow rates 0.05 kg/s and 0.07 kg/s, respectively. So, the mass flow rate of
0.05-0.09 kg /s did not drastically affect the thermal storage efficiency.

The overall thermal storage performance for the system enhanced from 21.7% to 78.9%.
It was evaluated as the integration of the thermal storage efficiencies during drastically time
intervals of t = 25 min; when the mass flow rate was 0.07 kg/s, the ambient temperature
and inlet temperature were around 30 °C.
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Figure 8. The PCM the solidification process with time for at various aluminum additive mass

(m =0.03 kg/s and Tj, =30 °C).

60
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> 40
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Figure 9. The relationship between thermal storage efficiency and mass flow rate at Tj, = 35 °C with

different aluminum ratios.

Table 7 demonstrates that the inlet HTF temperature Tyrr ;,, which is significant for
obtaining an accurate estimate of the heat transfer rate over the discharging period, corre-
sponds to the maximum MAPE with respect to the reference scenario. Direct measurement
of Tyrr.i, can yield this profile, and if the “precise” observed values fall within the 10C
uncertainty interval of the linear dependence shown in Equation (11), one should anticipate
deviations for MAPE that are fewer than the values reported in Table 7.

Table 7. Uncertainties effect on average heat transfer rate and energy storage deviations.

Variable Reference Measured (2 verage (W) Mo

op 1458 kg/m® }gfg:g 3§7565 f‘ﬁg
THTE in Equation (11) °C ?{ff.. : 11 ggg? ig

Tmelt 52.7°C e 103 3799
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References

Table 7. Cont.

. Reference Measured MAPE
Variable Value Value Qaverage (W) (%)
0.575 356.8 4545
kwall 0.55 W/mK 0.482 356.7 3.636
c Air at Tyrr Ref. + 5% 357.9 2.3
P J/kg K Ref. — 5% 347.6 2.4
, 0.0613 352.9 12.167
m 0.06 (kg/S) 0.059 3526 1.667

5. Conclusions

This study describes the experimental and theoretical investigations of integrated
thermal storage unit with a solar air collector. These capsules were tested as an absorber
in the collector, and to store the thermal energy. The additive ratio increased from
0.1% to 0.6% mass fraction to optimize the suitable ratio which can be used in the
compound. The cooling rate increased as observed here; henceforward, it can be noted
from the results that an increase in the mass fraction will increase the cooling rate
and improve the discharge time. From the mass fraction 0.6% and up the cooling rate
increased but the solidification time became short which will reflect on the outlet air
temperature; consequently, the best result appeared with the mass fraction 0.5% which
was used in most of our experiments. It was experimentally confirmed that charging
time was reduced by almost 60% with the paraffin wax-aluminum composite. The
thermal responses for the charging or discharging processes were improved, too. In
addition, the aluminum was used as an additive material because it has moderate
thermal conductivity property and cheap cost in the market compared to copper. The
moderate thermal conductivity is preferred because the thermal conductivity of the
copper is 390 W/m-k while for the aluminum it is 200 W/m-k. The nanoparticle additive
makes the PCM discharge the thermal energy faster and reduce the discharge time. The
limitation of this model was air leakage for the side edge of the solar collector which,
affects the convection coefficient between HTF and wall surface, and slab wall thermal
conductivity, and can be further investigated.
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