Energy 305 (2024) 132290

Sy

ELSEVIER

Contents lists available at ScienceDirect

EWERS I

Energy

journal homepage: www.elsevier.com/locate/energy

t.)

Check for

Optically functional bio-based phase change material nanocapsules for ol
highly efficient conversion of sunlight to heat and thermal storage

Oguzhan Kazaz*, Nader Karimi ", Manosh C. Paul "

@ Systems, Power & Energy Research Division, James Watt School of Engineering, University of Glasgow, Glasgow, G12 8QQ, UK
b School of Engineering and Materials Science, Queen Mary University of London, London, E1 4NS, UK

ARTICLE INFO

Handling editor: Wojciech Stanek

Keywords:

Photothermal conversion and storage
Optically functional nanostructures
Bio-based phase change materials
Nanoencapsulation

Light-matter interaction

ABSTRACT

Conversion of sunlight to heat and the subsequent thermal storage by nanoencapsulated bio-based phase change
material slurries (NBPCMSs) in a low temperature solar system is investigated. The influences of capsule size,
shell material, tilt angle, solar heat flux, PCM mass concentration, nanoparticle and its concentration are
explored. The results reveal that the useful heat gain capacity of nano-enhanced coconut 0il/Ag, coconut oil/Au,
coconut 0il/Al, and coconut 0il/Cu based slurries is respectively 3.02, 3.12, 2.7, and 3.14 times better than that
of pure water, due to an enhanced interaction of light with the functional bio-based PCM nanocapsules.
Consequently, the thermal energy storage is reported to be 8.85, 9.29, 7.41, and 9.19 times higher. The incre-
ment in mass concentration of PCM from 5 to 20 % and addition of blended nanoparticles further augment the
solar thermal energy storage capacity. Specifically, the storage capacity of coconut oil/Au based slurry is
improved by up to 74.4 % when the 20 % coconout oil is used as a core material. The energy storage im-
provements of Cu and Ag based slurries enhance by 4.04 and 4.87 %, respectively, with the insertion of Au
nanoparticles at a volume fraction of 25 ppm. Augmenting the core/shell confinement size, on the other hand,
diminishes the surface area to volume ratio, allowing agglomeration of the structures inside the slurry. The
performance of solar energy storage decreases as the inclination angle of the storage cavity increases from 0° to
60°, reducing the buoyancy force and particles’ collision. Further, since Al particles have low optical charac-
teristics and thermal conductivity, the thermal performance of coconut 0il/Al nanoencapsulated slurry are at the
lowest level. Finally, experiment is conducted to validate the specific heat capacity model prediction under
various wind speeds, from 1 to 4 m/s, and solar illuminations, from 400 to 1000 W/m?.
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5 Dielectric function 0 Scattering coefficient (1/m)
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(continued)
AH Total enthalpy change (J/kg) B Thermal expansion
coefficient (1/K)
Ke; Extinction coefficient (1/m) 2 Wavelength of incident light
(pm)
Ea,Eb Effective dielectric function c Stefan Boltzmann (5.67 x
1078 W /m?K*)
E Enhancement Subscripts
PCM Phase change material 1 Core
a, Spectral absorption coefficient s Solidus
(1/m)
u, v Velocity vectors (m/s) amb  Ambient
a Polarizability 2 Shell
wp Bulk plasma frequency r Radiative
H Latent fusion heat (J/kg) out Outlet
Qsca Scattering efficiency of core/ 3 Outer region
shell
lo Bulk free electron mean free 1 Liquidus
path
AT Temperature change (K) bf Base fluid
NBPCMS  Nanoencapsulated bio-based in Inlet
PCM slurry
Yoo Inverse of the bulk relaxation
time

1. Introduction

Conventional fossil-origin fuels in energy generation provokes an
escalation in carbon emissions, inducing the global warming impacts to
be felt. Therefore, eminence of energy production from alternative
sources such as solar energy has emerged [1]. However, the fact that
sunlight is intermittent which restricts continuous solar energy usage.
The solar energy’s storage by converting it to thermal energy, therefore,
ensures its use and efficiency. Nevertheless, due to the large difference
between demand and supply in thermal energy applications, it often
creates a low-level utilisation of solar energy [2]. To avoid this, thermal
energy storage methods are used to help enhance the energy efficiency
by storing excess heat and releasing it when needed. Sensible, latent, and
thermochemical heat storage techniques are commonly used as thermal
energy storage technologies [3]. However, a latent heat storage has
more energy storage capacity than a sensible heat storage and it is also
cost-effective compared to a thermochemical heat storage. Additionally.
with its high thermal energy capacity in phase transformations of PCMs
[4,5], thermal energy could be stored at a high rate and contributes to
the use of this energy by releasing it when needed. Due to these ad-
vantages provided by PCM-based storage and thermal systems, its use in
solar collectors has an upward trend [6,7].

Wang et al. [8] developed a new dual PCM based flat plate solar
collector to prevent the overheating and freezing difficulties and
experimentally investigated. Two different PCM layers were placed
under the absorber wall with a melting temperature of 15 and 70 °C, and
the influence of them on performance was compared. It was detected
that the time needed to rise the temperature of the absorber wall from 60
to 78 °C increased by 1.6 h under an elevated temperature state. PCM
with a low melting temperature was also uncovered to slow the collec-
tor’s temperature drop by releasing heat and solidifying under the
meagre temperature status. When the low melting point PCM sheet was
settled above and below the high melting point PCM, the time for the
temperature of the absorber wall to drop from 19 to 10 °C was extended
by 6.4 and 3.1 h, respectively. The efficiency of the PCM-based collector
was improved by 19.6 and 24.1 % compared toa conventional flat plate
collector when the high melting point PCM sheet was settled above and
below the low melting point of PCM, respectively. A novel PCM based
hybrid photovoltaic solar energy collector (PVT-PCM) was developed by
Li et al. [9]. They also analysed the system’s energy saving potential and
economic investigation. The experimental results revealed that the
average power generation efficiency was 14 % higher than a conven-
tional PV. The combined calculation of solar thermal usage efficiency
and the solar combined utilisation rate were 24.2 and 39.4 %,
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respectively. They also recognized that the energy-saving and system
efficiencies were 64.2 and 39.4 %, respectively. The PVT system’s life-
span was estimated to be 25 years. It was further suggested that the
additional payback of the system could be completed at the end of 13.1
years. In addition, it was reported that the highest CO5 emission could be
declined by 156,1 kg per year due to the local energy structure.

Nekoonam and Ghasempour [10] established a 2D effective heat
capacity model to analyse the collector with integrated energy storage’s
thermal behaviour. The structure was composed of a synthetic oil as
working fluid, encapsulated spherical capsules and PCM. Genetic Al-
gorithm with using two scenarios was employed to solve the PCM’s low
thermal conductivity, enhance the system’s efficiency and melting and
for optimisation. The unit’s outlet temperature with no temperature
constraint was applied in scenario 1 while the unit’s outlet temperature
with threshold limitation was utilised in scenario 2. The outcomes
indicated that a 5 % decrease of the inlet fluid temperature resulted in a
32 % enhancement (25 % reduction) in charging time and a 17 % decline
(20 % increment) in total stored energy. It was also determined that
4725 and 4940 kWh of energy was stored by the ideal arrangement
during charging in the 2nd and 1st scenarios, respectively.

In terms of material consideration for PCM, commonly used paraffin,
which is a petroleum-origin material, could indirectly increase the fossil
fuels utilisation and also pose the risk of hazardous and unsavoury
factors to the habitat [11]. In addition, the fact that paraffin is a flam-
mable material limits its operation [12]. Therefore, implication of a
bio-based PCM which could be derived from natural sources such as
plant or animal fat seems to be a promising alternative [13]. It is also
recognized as an energy storage material for thermal systems including
cooking or edible oils such as coconut oil [14] due to their no oxidation
and thermally balanced characteristics [15]. Because of these advan-
tages, the use of natural-based PCMs in solar systems is also becomes an
important research direction [12,16]. For example, Prasannaaa et al.
[17] considered fatty acid based PCM for thermal control of photovol-
taic panel and compared the results without and with PCM. The mean
efficiency was also enhanced by 9.43 % in March and by 10.31 % in
December. Using stearic acid as PCM, a new solar collector was devel-
oped and experimentally analysed by Chopra et al. [18]. The collector’s
thermal capacity was investigated and compared using different flow
rates. The PCM efficiency was varied from 61 to 64 % and the suggested
system’s annual fuel and cost were also reported to be better than a
standard method. It was found that the cost of capital could be recovered
after 6 years of process. On the other hand, Xu et al. [19] investigated a
solar photovoltaic/thermal system combined with PCM (PV/T-PCM)
using fatty acid with a melting point of 37 °C as PCM. Metal fins were
also used to augment heat transfer. They carried out four-day experi-
mental studies in outdoor climatic cases. The solar collectors of Case 1
and Case 2 were executed with dual-axis tracker while Case 3 and Case 4
were kept stationary case. Two dissimilar periodic thermal regulation
procedures employing the water circulation in the system to enhance the
sunlight utilisation efficiency were studied and compared. It was re-
ported that the PCM enhanced the photoelectric efficiency by reducing
the temperature oscillation. The maximum efficiency was obtained at a
setting temperature of 45 °C as 91 % for Case 1 and Case 3 while the
efficiency of Case 2 and Case 4 was 85 % at a regulation temperature of
50 °C. Although the fatty acid had low thermal conductivity, tempera-
ture stratification due to metal fins was important. It was noticed that
lower temperature regulations resulted in the higher heat removal from
the PCM.

Low thermal conductivity and leakage problems, on the contrary,
can be seen as a limiting factor for storage performance apart from the
PCMs’ high thermal energy storage properties. By encapsulation, PCMs
can be covered by a protective layer, to prevent their leakages as they
are confined within the shell during phase transformations [2,20,21].
Hu et al. [1] experimentally scrutinised the photothermal conversion of
spent coffee grounds (SCGs) based composite PCMs (CPCMs). Reduced
graphene oxide (RGO) was employed as a shell substance to impede
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leakage while also to improve the shape stabilisation. The RGO
improved the SCG’s adsorption and radiation absorption and thermal
conductivity of CPCMs in Ultraviolet/Visible/Near Infrared range. No
chemical connection between the SCGs@RGO and PEG was found and as
the RGO’s weight concentration enhanced, the PEG’s crystallinity was
improved. Furthermore, the PEG/SCGs@RGO’s crystallization and
melting temperature was not altered compared to pure PEG, but its
enthalpy efficiency augmented by 98.6 %. The PEG/SCGs@RGO’s
crystallinity, chemical and thermal characteristics remained unchanged
despite the 100 heating and cooling cycles. It was also regarded that the
PEG/SCGs@RGO’s release functions and energy storage did not modify
in spite of 10 photothermal transformation periods. Microencapsulated
lauric acid (LA) as a PCM with a polystyrene shell utilising an emulsion
polymerization method was developed by Sami et al. [22]. The capsules’
thermal durability, morphology and thermal characteristics were ana-
lysed using thermogravimetry analysis, Scanning Electron Microscopy,
and differential scanning calorimeter. Sodium dodecyl sulfate (SDS) to
styrene (St) mass ratio, lauric acid to styrene mass ratio, temperature
and stirring rate on the microencapsulation ratio (ME. R) were consid-
ered and examined. The experimental outcomes indicated that the
developed microencapsulated PCM had a latent heat of 167.26 kJ/kg
and a transition temperature of 43.77 °C. However, the temperature and
stirring speed had no impact on ME. R (%). In particular, the ME. R was
improved compared to earlier works and achieved as a maximum of
92.3 %. The best values of temperature, LA/St mass ratio, ME. R, stirring
speed and SDS/St mass ration were 55 °C, 0.42, 91.64 %, 1076 rpm,
0.01, respectively. Wang et al. [23] developed a novel PCM by
enhancing the thermal conductivity and enthalpy change for energy
conversion and storage applications. The shape stable phase change
materials composites (ss-PCMCs) were composed of organic PCMs
(palmitic acid (PA) and 1-hexadecanamine (HDA)) into the biomass
carbon aerogels (BCAs). The sunflower stem carbon aerogel (s-CA) and
sunflower receptacle spongy carbon aerogel (r-CA) constituted the
BCAs. According to experimental results, the new composite PCMs had
superior phase transformation enthalpy that ranged from 207.9 to 271
kJ/kg. It was further observed that the enthalpy remained almost con-
stant despite 50 times of freezing/melting periods. The BCAs-based
composite PCMs’ thermal conductivity improvements were 1.85 and
2.54 times better than that of PA and HAD based PCMS, respectively.
Impotantly, the photothermal conversion performances of HDA/s-CA
and HDA/r-CA were 67.8 and 75.6 %, respectively.

The volumetric radiation’s impacts come to the fore in storage sys-
tems that are immediately heated by the sun’s rays of the energy storage
material. Phase change slurries made by dispersion of composite PCMs
in the solution like water, therefore, can be utilised in solar collectors to
further enhance the radiation’s power in the fluid medium [24-26]. The
thermal capacity of a direct absorption evacuated tube collector
employing a mixing of microencapsulated phase change material
(MPCM) and nanofluids was numerically evaluated by Karami et al.
[27]. Flow velocity, volume concentration and different host fluids
(ethylene glycol (EG) and water) were examined by varying operating
conditions. The outcomes showed that water and EG based blended
nanofluids of CuO/Al;03 particles were better in terms of performance
of heat storage than CuO nanoparticle based nanofluids. In addition, as
the volume concentration enhanced, the system efficiency improved by
augmenting the attenuation of nanofluids. The collector’s capacity was
also augmented by diminishing the heat loss to the atmosphere as the
fluid flow rate enhanced. It was further indicated that a mixture of
MPCM and CuO nanofluid enhanced the efficiency by 4.53 % with
reducing the heat loss by 5.84 %. The maximum efficiency was achieved
by employing the mixture of CuO nanofluid and MPCM as 76.28 %.
Bohdal et al. [28] studied a microencapsulated PCM slurry based flat
plate solar collector. The influences of mass concentration (0, 4.3, and
8.6 %), irradiation density (270-880 W/mz), and volume flow rates (30,
40, 60, and 80 kg/h) were examined. Their experimental results also
reported that the system performance was enhanced by PCM capsules
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compared to water due to the enhancement of fluid’s temperature. Their
findings also expressed that the slurry-based collector enhanced the
fluid’s temperature increment more by reducing the heat losses to the
surroundings. Yuan et al. [29] developed novel microencapsulated
PCMs where paraffin and silica and graphene oxide (GO)-grafted SiO,
were utilised as core and shell materials, respectively to experimentally
scrutinise the solar-to-thermal energy conversion performance. The
transformation temperature of the paraffin@SiO, and paraf-
fin@Si0,/GO were almost the same as paraffin. The encapsulation ratio
was 50.8 and 49.6 % in the paraffin@SiO2 and paraffin@Si02/GO
composites, respectively. The paraffin@SiO/GO had the better thermal
balance and reliability. They also prepared slurries by dispersing the
paraffin@SiO, and paraffin@SiO2/GO microcapsules in water, and it
was found that their specific heat capacities were higher than water. The
results also unveiled that the paraffin@SiO,/GO based slurry’s thermal
capacity was better than that of paraffin@SiO, based slurry due to the
higher thermal conductivity and heat capacity.

1.1. Contribution of this paper

Although it has been explained in the literature that PCMs and phase
change slurries are deployed to augment the overall performance in
solar energy applications, no study has been found on the bio-based PCM
slurries’ effect on the solar system with a participating medium. The
study presented in this paper will concentrate the applications of
NBPCMS in a solar system under the influence of direct radiation as
volumetric heating. The innovations of this work can, hence, be sum-
marised as follows.

e A storage system where the sun’s rays are instantly absorbed by the
energy storage material may have a slope angle as it must be installed
either on a roof or on ground. Since the alteration in the inclination
angle may compel variations in the fluid’s buoyancy effects, it can
alter the free convection and particles’ collision with each other.
How do these combined affect the heat generation inside a solar
collector?

e Modification in the nanoencapsulated PCMs’ structural properties,
called nano-enhanced PCMs, may also amend the fluid’s capability to
absorb sunbeam. Since these adjustments in the shell type and
thickness, as well as the transformation in the core size, manipulate
the optical properties due to the surface plasmon, the nanocapsules’
thermal performance under the impact of interaction of light with
matter will be examined and how these variations reshape the
behaviour between the solar radiation and nano-enhanced PCMs.

e Besides, a new type of hybrid slurries based on the optically func-
tional coconut oil nanocapsules formed with mono- and blended-
nanoparticles dispersed in the base fluid will be studied to improve
the energy storage by altering the slurry’s optical properties as a
result of the light-matter interaction in the translucent medium,
where the absorption-scattering-emitting effects are effective. How
will these radiative properties change the system’s thermal capacity
by employing these new heat transfer fluids?

Consequently, the first analysis of the combined effects of free
convection-inclination angle and radiation-particle interaction in a
NBPCMS is done by using coconut oil as PCM due to its melting and
phase transition. When these are assessed, the endeavour of the present
research is to develop an innovative slurry to fulfil the abovementioned
research gaps related to the solar energy conversion and storage capa-
bilities by computational parametric investigation. Finally, the thermal
performance of the cavity filled with solid coconut oil as PCM is
experimentally investigated at different radiation heat fluxes and wind
speeds. The melting fractions are also compared for the effective heat
capacity model’s validation, which is another new contribution as there
is insufficient experimental study on this topic.
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Fig. 1. The schematic of the NBPCMS based solar system, (b) optically func-
tional bio-based PCM nanocapsules, and (c) impact of photothermal energy on a
bio-based nano capsule inside the slurry.

2. Modelling and methodology

A 2D model of NBPCMS based solar collector having an aspect ratio,
L/H, of 10 [30] is presented in Fig. 1(a). The collector’s upper wall is
surrounded by a glass coating so that the sun’s rays can be absorbed by
the slurry. The other walls, however, are regarded as adiabatic to
enhance the system’s storage capacity. The convection coupled with
radiation heat loss takes place from the top wall to the environment.

The core and shell structures, as in Fig. 1(b), form the nano-
encapsulated PCM as a composite material. The temperature of the solid
PCM, which makes up the core, boosts with the advance of solar energy
and achieves the phase change temperature. Thus, the solid PCM begins
to melt, turning to liquid. The PCM surrounded by the protective shell
material hinders leaks throughout the phase transformations, impeding
blending with the base fluid. The composite PCMs made of metal-based
shell materials capture sunlight as in Fig. 1(c). Moreover, these com-
posite materials, which are uniformly dispersed in water, start to collide
with each other to catch these rays.

The equation of Radiation Transport to compute the radiation’s
spectral attenuation is determined as [31]:

Ve ((T,s)s)+ (a1 +0)L(T,s)=amn’ly

’

4n
/ LET)0(3 « 7)d &)
0

2
4z
The scattering/absorption efficiencies and extinction coefficient of

the composite structure are determined as [32-34]:

1287° ,
37 o

2
264 — E36p |
£28, + 2636

Qsca = Csca / (ﬂaz) = (”az) (2)
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Table 1
Thermophysical properties of the materials [46-50].
H (J/kg) Cp (J/kgK) k (W/mK) p(kg/m>)

Solid coconut oil 103250 3750 0.228 920

Liquid coconut oil 2010 0.166 914

Cu 383 400 8954

Ag 235 429 10500

Al 900 247 2700

Au 128.8 314.4 19320

872, /€3 €28, — €38
=C na*) = rilm e na’ 3

Qabs abs /( ) 2 2 £980 1+ 2€3€b ( ) ( )
K = (ﬂaz(Qabs + Qsca)) (6f/77D3) ()]

The total attenuation coefficients of composite PCM and water
(Kfﬂ = 4rk //1) is equal to the extinction coefficient of the slurry as:

Keotaler :Kf,e/l + Ko, (5)

The Drude model is also utilised to compute the dielectric function of
the composite structure as the construction changes due to the shell
materials [35,36].

2
w} w?

P
— 6
w2 +iwy, w2 +iwy(R) ©)

S(W) = Epulk (W) +

In addition, a detailed explanation of the above equations with their
constants for the optical modelling is given in the previous work of the
authors [37,38]. The water and composite PCM’s optical constants are
also obtained from the literature [39-42].

The NBPCMS is presumed to be incompressible, Newtonian, laminar,
and single-phase. The conservation equations in a tilted solar system are
defined as:

ou ov
&4_5’ =0 7
ou  ou op Pu u ,
/)slurry u&+v5 = 7a+”slurry E+W +gsin ¢(pﬁ)shu1y(T_ Tu)
€))
v  ov op *v v
psluny u&+vay = 7&+ﬂsluny E+W + g cos ¢(pﬁ)slw7y(T7TD)
)
oT T o°T  &T
pxlunyCPslurry u&"""@ :kslurry F"’W —Veg, (10)

The system’s boundary conditions, consequently, are displayed as:
at the side walls:

oT

== 0 (€ND)
at the top wall:

q=h(T — Tym) +e(7(T4 —'I':mb) (12)
at the base wall:

oT

T o0 13)

dy
at the wall surfaces:

u=v=0 14)

where h is determined as [43]:

h=5.7+3.8v (15)
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Fig. 2. 2-D non-uniform mesh generation.
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Fig. 3. Impact of different mesh sizes along horizontal and vertical midlines at tilt angle of zero degree for coconut oil/Au nanoencapsulated PCM slurry.

Table 1 displays the thermophysical properties of the shell materials
and PCM. The conservation equations depend on the choice of NBPCMS
and further information can be found in Refs. [37,38]. This study also
compares the performance of a pure nanofluid and slurry and the
modelling of nanofluids was already detailed in the earlier studies of the
authors [44,45].

The heat gain and stored energy in the solar system are respectively
defined as [51,52]:

Gheat gain = Cp AT (16)
Gstored energy — AH (17)

where the slurry’s specific heat, C,, involves the phase change, and it is
based on the temperature of melting and solidifying. The former
research [37,38] of the authors also extensively explained the slurry’s
specific heat capacity model. The slurry, which has an initial tempera-
ture Tya, is heated by the influence of solar energy and reaches the
final uniform temperature, Tfpq. Thus, the temperature gain/change,
AT, of the slurry is equal to Tpng — Tiniiat- The slurry’s enthalpy change,
AH, also depends on the temperature difference.

Lastly, the thermal augmentation between the cases of the host fluid
and slurry can be explained as:

(computational value)g,,,, — (computational value) ., p,ia

E= 18
(computational value) o, g (18)

where the computational value demonstrates either the stored thermal
energy or temperature/heat gain.

2.1. Numerical procedure and grid dependency test
A pressure-based finite volume method is employed to solve the

energy transport and Navier-Stokes equations with ANSYS Fluent 2020-
R1. By choosing the Discrete Ordinates (DO) radiation method, the

Table 2
Impact of various grid sizes with varying inclination angles.

Tilt Mesh Average working Enthalpy Average volumetric
angle size fluid temperature change (kJ/ absorbed radiation
(o) ) kg) (kW/m?)
0 49000 352.3613 461.24 92.760

81000 352.361 461.238 92.760

121000  352.3607 461.235 92.759

169000  352.3605 461.233 92.759
30 49000 345.7986 405.403 80.209

81000 345.7942 405.366 80.201

121000  345.7913 405.342 80.195

169000  345.7892 405.324 80.191
60 49000 328.1898 255.585 46.309

81000 328.1873 255.563 46.304

121000  328.1857 255.549 46.301

169000  328.1845 255.539 46.298

Radiation Transport equation including the absorption, emission and
scattering impacts is solved. The energy and DO radiation equations’
residual levels are remained below 1079, whilst the other equations are
also kept below 107> to get more consistent findings. Moreover, a
comprehensive information for the numerical procedures can be found
in the authors’ previous works [37,44,45].

A grid dependence test is performed by selecting various grid sizes of
49000, 81000, 121000 and 169000, keeping a high mesh resolution
close to the walls, as shown in Fig. 2. Their effects in the volumetric
absorbed radiation and temperature for pure water and coconut oil/Au
nanoencapsulated PCM slurry are negligibly small as indicated in Fig. 3.
In addition, the impacts of these mesh numbers on the different tilt
angles are also examined in Table 2. Based on the findings, 81000 grid
sizes are chosen for further investigations, which ensure numerically
stable results at a compromised cost for computation.
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Fig. 4. Solid coconut oil.
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Fig. 5. Experimental system’s stability investigation.
3. Experimental procedure

The lab scale test ring is set up for the validation of the specific heat
capacity model for phase change process using pure solid coconut oil as
a bio-based PCM as demonstrated in Fig. 4. It is subject to the coconut
oil’s temperature variation, and is determined as [53]:

Cys T<T,
Cps + Cpi H
C,={ 2 P T, <T<T 19
P 2 +T17TX s < <1 ( )
Cp_l T>T,

The experimental test system used in this study is designed by the
authors and the picture of experimental setup, schematic format of
experimental system and experimental procedure are explained in-detail
in the authors’ previous research to investigate the phase change process
of RT28HC which is a kind of carbon-based PCM [38].

4. Results and discussion

This section has three sub-parts, starting with experimental out-
comes, numerical validation accompanied by the computational results’
investigation.

4.1. Experimental results

Fig. 5 clarifies the PCM average temperature profiles for three rep-
etitions of a charge state. Two different average temperature values are
used. Three thermocouples in the cavity are used for the first mean
temperature, while six thermocouples are employed for the second mean
value. As indicated in Fig. 5, a good repeatability is observed in the
experiments performed under the same conditions. In addition, the
reason why two different average temperature are almost the same is
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Fig. 6. Coconut oil’s melting features inside the cavity under diverse solar
fluxes (a) temperature curves with different cavity heights and (b) mean tem-
perature curves.

that the temperatures of the thermocouples located at the same level
horizontally are very close to each other. This is revealed the necessity of
positioning the thermocouples in the cavity at different heights. It is also
observed that the liquid coconut oil reached a stable state after the 150th
minute. Finally, the time-dependent performance of the results and their
stability analysed as done in Ref. [54]. For that, the experiment is con-
ducted by applying the same three experiments keeping the same
working, initial, and boundary conditions. As seen in Fig. 5, the standard
deviation of the results is below 1.

Fig. 6 describes the PCM’s charging process under different thermal
radiations. As a result of moving the sun simulator vertically, dissimilar
heat fluxes are obtained. Fig. 6(a), firstly, exhibits the thermocouples’
behaviour at diverse layers in storage cavity against the different heat
fluxes. T;, Ty, and T3 represent the temperature measurements from the
cavity’s upper, middle, and lower parts, respectively. Accordingly, it is
noticed that the highest temperature inside the cavity is obtained in the
upper region. It is also revealed that the temperature increment di-
minishes as one goes towards the cavity’s base. This temperature gain or
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temperature difference, however, declines as the solar flux decreases
from 1000 to 400 W/m? The possible reason for this may be the
decrease in the capacity of the coconut oil, which starts to melt due to
the decreasing radiation, to capture this heat source. It, thus, causes the
thermocouples’ temperature gains in the cavity to be almost the same. In
addition, the inducement why the temperature gain of T; is extreme at
the beginning when the solar heat flux is 400 and 600 W/m? is that the
solid PCM starts to melt from the top, increasing the effect of radiation
on liquid molecules.

Fig. 6(b) also emphasizes the PCM’s mean temperature performance.
Increasing the solar flux from 400 to 1000 W/m? means that a stronger
heat source penetrates the energy storage material. This provides an
increase in the average temperature increment by improving the heat
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flow. Further, weakening the heat source impact causes the solid PCM to
begin to melt later. In other words, it means an increase in the duration
of the storage material in the liquid + solid phase. This time, which
increases with weak radiation, prevents further heat gain of the PCM,
which has become completely molten. Finally, the studied PCM average
temperature behaviour, that enhances as a function of time, is consistent
with the investigation of Siyabi et al. [55] and Sodhi et al. [56] who
investigated the melting behaviour of PCM.

As illustrated in Fig. 7, the wind speed variation, which is another
aspect altering the material’s thermal capacity, on the average tem-
perature increment is different. As the wind speed decreases or en-
hances, the heat dissipation from the storage cavity’s glass panel to
atmosphere alters. An enhancement in the speed from 1 to 4 m/s means
that more intense convection currents fluctuate the collector. These
increasing currents augments the heat losses to the surrounding and
diminish the PCM temperature increment, thus reducing the liquid co-
conut oil’s heat capacity. This finding is also consistent with the ex-
amination of Liu et al. [57] and Khanna et al. [58].

4.2. Validation

The specific heat capacity model is validated using liquid/melt
fraction of the solid coconut oil. The liquid fraction represents the ratio
of the total volume of a PCM occupied by liquid. It is affected by the
solidification, melting and instant temperature of the PCM. Therefore, it
can be defined as [59]:

0 T<T;
T—T,
= T,<T<T 2
r=\7-r, F<T<T (20)
1 T>T,

Fig. 8 compares the melt fractions of coconut oil experimentally and
numerically. It is seen that a good validation is obtained. In Fig. 8(a), it is
displayed that the solid PCM begins to melt earlier with the improve-
ment of the heat flux. This is because the heat source influences the PCM
more intensely. The PCM’s temperature increment, which starts to melt
early, augments with the improved heat flux as in Fig. 6(b). In addition,
the diminish in the wind speed means less heat losses. As indicated in
Fig. 8(b), the temperature gain of PCM, which melts later with
enhancing the wind speed, decreases compared to the others as in Fig. 7.
Moreover, the liquid fraction performance as a function of period is
coherent with that of Tao et al. [60] and Sodhi and Muthukumar [56].
Lastly, the augmented wind speed/heat flux and time-dependent alter-
ations of melt fraction is assisted by the work of Liu et al. [57].

The mean absolute error (MAE) can be calculated to evaluate the
reliability of the numerical model as a statistical analysis and is
computed as [61]:

1 lata
MAE= ZNd (Tnum.n - Te)q),n) (21)

N, data n=1

where Ty, and Ty, are the experimental and numerical temperature
results respectively, and Ny, is the total quantity of temperature
recorded during the experiment. The numerical results as illustrated in
Fig. 8 agree well with the experimental analysis as MAE is only less than
0.65.

The experimental scrutiny enacted by Goel et al. [62] is chosen to
verify specific heat capacity method based on MPCS with the flat tube of
length 0.3 m and diameter 3.14 mm. Water and N-eicosane are adopted
for base fluid and PCM, respectively. The rate of the suspension’s sen-
sible heat capacity to its latent heat represents the Stefan number. The
current wall temperature results coordinate with the benchmark model
(Fig. 9(a)). The water based SiO5/Au core/shell configuration is chosen
for the radiation model which is conducted by Lee et al. [63]. The ra-
diation penetrates the collector’s upper panel with 1367 W/m? and has
heat dissipation to the surrounding as 10 W/m2?K. The ambient
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Fig. 10. Thermal capacity interpretation of nanofluid and nano-enhanced bio-
based PCM slurry.

temperature as 293.15 K is equal to fluid inlet temperature. The
computational results coexist well with literature as an average error of
8.5 % (Fig. 9(b)).

4.3. Numerical analysis of solar-to-thermal energy conversion and storage
capacity

The validation studies confirm that the present numerical scheme
can be extended to further in-depth examination of the influence of
coconut oil based nanoencapsulated phase change slurry on solar-to-
thermal energy conversion and storage performance. PCM mass con-
centration, shell type, particle dimension, nanoparticle impact and heat
flux, therefore, are considered as the main factors that can alters the
system capacity. The nanocapsules’ size is also akin to another research
such as [37,64-67].

4.3.1. Comparative analysis of phase change slurry and nanofluid

The solar thermal energy storage capacity is analysed using slurry
and nanofluid and compared. Ag, Al, Au, and Cu nanofluids are obtained
by dispersing different types of metallic nanoparticles into the water.
These metallic materials are used as shell material by surrounding the
PCM in order to prevent the mixing of coconut oil selected as PCM with
the base fluid throughout the form transformation from solid to liquid
state and to improve its thermophysical properties. Nano-advanced bio-
based PCM capsules, thus, are acquired. Au, Cu, Ag, and Al based slurries
are formed by dispersing these nanocapsules into the system in which
water is selected as the host fluid. As clarified in Fig. 10, the stored
thermal energy augmentations of Au, Cu, Ag, and Al water-based
nanofluids are 3.5, 3.6, 3.2, and 2.1 respectively. The storage
enhancement in the thermal energy, however, improves by 137, 128,
224, 153 % respectively, with the augmentation of Au, Cu, Al, and Ag-
shelled coconut oil-based composite confinements to water. This
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Fig. 11. Impact of different shell materials on nanoencapsulated bio-based
PCM'’s optical properties as a function of wavelength.

improvement, which takes place visibly, is the coconut oil’s high latent
heat capacity. This ability enhances the system’s storage capacity by
absorbing this latent heat when it approaches the phase transformation
temperature of solid coconut oil. Hence, it is clearly seen that the PCM-
based slurries considerably augment the solar energy conversion and
storage compared to nanofluids.

4.3.2. Effect of inclination angle coupled with shell character on thermal
performance

The impact of different shell materials coupled with varying PCM
mass concentration is analysed in the tilted solar energy storage system
in this part. While the coconut oil is employed as PCM, the nano-
encapsulated PCMs are prepared by choosing silver (Ag), aluminum
(Al), copper (Cu), and gold (Au) particles as shell materials, and slurry is
obtained by dispersing them uniformly in pure water. In addition, 5, 10,
15 and 20 % are determined as PCM mass concentrations to prevent the
fluid’s non-Newtonian behaviour [68].

The combined effect of PCM and shell materials on optical perfor-
mance is, firstly, shown in Fig. 11. The results indicate that the atten-
uation/extinction coefficients of the nanocapsules shift towards the long
wave region (red). Ag, Al, Cu and Au particles activate free electrons in
their shell structures due to their metallic properties under the influence
of sunlight. This is a denouement of the surface plasmon resonance
impact, that incites different peak positions to occur. The shifting and
peak formation of the core/shell confinement are also consistent with
those reported in Wu et al. [34]. Even though the Ag and Al shelled
coconut oil tendencies in the extinction coefficient appear to be the
identical (the absence of a peak), it is observed that the peaks are more
prominent in Au and Cu shell materials. This is likely due to their
stronger optical properties. It is also noticed that Al particles have the
lowest attenuation coefficient due to their low optical properties.

After examining the nanocapsules’ optical properties, it is necessary



O. Kazaz et al.

Ag

Energy storage enhancement

== 5% =fe=10% == 15% =de=20%

0 15 30 45 60
Inclination angle (degrees)

Energy storage enhancement

=t 5% =dir=10% =dir=15% =d=20%

0 15 30 45 60

Inclination angle (degrees)

Energy storage enhancement

“d=5% =dr=10% == 15% =dr=20%
\ s

0 15 30 45 60
Inclination angle (degrees)

Energy storage enhancement

=r=5% =fr=10% =dr=15% =d=20%

0 15 30 45 60
Inclination angle (degrees)

Energy 305 (2024) 132290

e
w
£
8
=
©
&
=
CY
=
o
oo
®
z
y=5% =diy=10% =dr=15% =de=20%
1 ) )
0 15 30 45 60
Inclination angle (degrees)
2.2
Al
€
[
£
0
o
[
o
" o
=
[
[
T
a0
o
©
I
=lr=5% =fr=10% =dr=15% =d=20%
1 L L
0 15 30 45 60
Inclination angle (degrees)
c
Q
£
@
o
=
©
€=
[
L
=
T
oo
%14
x
== 5% =de=10% == 15% =dr=20%
1 ) " .
0 15 30 45 60
Inclination angle (degrees)
e
Q
£
@
o
c
©
o
[
g
=
T
oo
=14
T
== 5% =de=10% == 15% =d=20%

0 15 30 45 60
Inclination angle (degrees)

Fig. 12. Effects of PCM mass fraction, shell matter, and inclination angle on solar thermal storage (left pillar) and heat gain (right pillar) augmentations.

to investigate the slurry’s thermal performance. The slurry’s thermo-
physical properties and the tilt angle of the storage system affect the
thermal capacity as well as the optical behaviour.

Al shelled nanocapsules have the lowest attenuation coefficient as
indicated in Fig. 11. It is also not surprising that the coconut oil/Al slurry
has the poor thermal performance as a result of these two combined
effects, with Al particles having a lower thermal conductivity coefficient
(Fig. 12). The energy storage enhancement is 4.45, 3.56, 4.73, and 4.66
of nano-enhanced coconut oil/Ag, coconut oil/Au, coconut o0il/Al, and
coconut oil/Cu based slurries, respectively when the inclination angle
and PCM mass concentration are 0° and 0.05, respectively. In addition to
the insufficient absorption of solar rays by the Al shelled nanocapsules,
the inadequate heat exchange between the base fluid and the nano-
capsules causes the solar energy to thermal energy conversion to occur
at a minimum. Furthermore, the coconut oil/Au and coconut oil/Cu
slurries are realized to have alike and better performance (Fig. 12). The
average extinction coefficient of Cu and Au shelled nanocapsules is quite
same. Although the Ag particles’ thermal conductivity is higher, the

average extinction coefficient is lower than the Cu and Au shelled
nanocapsules. This provokes less sunbeam to be absorbed by the slurry.
The coconut oil/Ag slurry’s capacity, thus, remains low.

The PCM mass concentration alters the enthalpy and temperature
increments of the slurry. In terms of fixed slope, it is recognized that as
the mass fraction improves to 20 %, it diminishes the heat gain and
improves the thermal storage (Fig. 12). While the coconut oil transforms
from solid to liquid state, there is not much alteration in the temperature
change during phase transformation due to its latent thermal capacity.
Therefore, when the core in the core/shell structure is filled with higher
PCM concentrations, it enhances the slurry’s enthalpy gain and provides
more thermal energy to be stored. The coconut oil/Au based slurry’s
thermal energy storage capacity is enhanced from 4.73 to 8.26 by aug-
menting the mass concentration as seen in Fig. 12. Improving the con-
centration, on the contrary, increases the heat losses to atmosphere by
inducing the temperature to increase more on the upper surface of the
slurry in the storage system. This compels the heat gain improvement to
be adversely affected. As illustrated in Fig. 12, the useful heat gain
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ability of Au shell-based slurry in diminished from 2.41 to 2.12 as the
mass concentration augments. These positive and negative outcomes are
consisted with the study of Kazaz et al. [37] who found that as the
concentration is enhanced, while the heat loss is negatively affected, the
thermal storage is improved.

The change in the tilt angle directly also influences the temperature
gain of the storage system. At constant mass concentration and same
slurry type, improving the inclination angle from 0 to 60  adversely
alters the merged free convection and radiation heat transfer in the
cavity. As the inclination angle augments, the buoyancy forces’ impact
within the collector diminishes and natural convection decreases. Due to
this reduced effect, it declines the slurry heat increment by lessening the
heat that the nanocapsules can generate by radiation. Enhancing the
inclination angle, thus, reduces the sun to thermal energy conversion,
resulting in insufficient storage (Fig. 12). This reduction in the thermal
performance due to the slope angle accords with the findings of Mamun
et al. [69].

The performances of different types of slurries are compared in terms
of constant angle in Fig. 13. The PCM mass concentration effect
changing at constant tilt angle is demonstrated in Fig. 13(a and b), while
the impact of combined constant mass concentration and tilt angle is
illustrated in Fig. 13(c). Enhancing the mass concentration augments the
nanocapsules’ thermal energy conversion capacity, improving the slur-
ry’s enthalpy gain and augmenting the thermal energy it can absorb
(Fig. 13(b)). However, since this transformation causes too much heat
gain on the cavity’s upper wall, it increases the heat losses to the sur-
roundings, and diminishes the slurry’s useful heat performance (Fig. 13
(a)). Moreover, since Al particles have low optical characteristics and
thermal conductivity, the thermal characteristics of coconut oil/Al
nanoencapsulated slurry are at the lowest level as temperature gain of
37.17 K and heat generation of 49.35 kW/m?> (Fig. 13(c)).

4.3.3. Effect of combined inclination angle and core size on thermal
performance

The essential factor altering the solar energy to thermal energy
conversion is the characteristics of the fluid. The fluid’s optical and
thermophysical properties contribute to augmenting these capabilities.
In the previous section, the coconut oil/Al nanoencapsulated slurry has
the lowest capacity. One of the points affecting this performance is the
core size. Since the core size not only impacts the optical characteristics
but also the thermophysical properties, it is a matter of phenomenon
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Fig. 14. Impact of SA/V on optical properties a function of wavelength.

what effect it will have on the thermal performance.

The variation of core dimension on the extinction coefficient is given
as a function of wavelength in Fig. 14. The coconut o0il’s diameter (SA/V,
m’l) is defined as 10 (0.3), 20 (0.2), 30 (0.15) and 40 nm (0.12). An
increase in the total size means a decline in the SA/V. When the core size
is 10 and 20 nm, the extinction coefficient increases up to 640 nm with
enhancing wavelength, while it decreases along the wavelength at 30
and 40 nm. The probable reason for this is that the Al particles with
metallic properties become active in the shell due to the solar radiation
and provoke a small peak at 640 nm in wavelength. It is noticed that this
peak observation is also obtained in the examination of Wu et al. [34]. It
is also recognized that the average attenuation augments with the
enhancement of the particle dimension. This finding further supports the
viewpoint of Wu et al. [34].

The fluid’s optical properties are not a factor impacting the photo-
thermal conversion alone, but its thermophysical properties should also
be considered. These two combined effects, thus, allow an understand-
ing of the thermal performance. Fig. 15 exhibits the core size’s behav-
iour on the photothermal conversion characteristics with varying
inclination angle. It is obtained that the thermal performance decreases
slowly with the improved core size at the fixed tilt angle. Enhancing the
coconut oil diameter increases the particle diameter, leading to an
improvement in the particle’s volume. This volume increase, which
provokes a decrease in the SA/V, causes agglomeration of the uniformly
dispersed nanocapsules in the fluid. This situation deteriorates the heat
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transfer between nanocapsules and water, preventing the enhancement
in the slurry’s temperature augmentation (Fig. 15(a)). Due to the
decreasing temperature gain, it also alters the slurry’s heat increment
relatively negatively (Fig. 15(b)). Besides, since the slurry’s temperature
gain influences the enthalpy change negatively, the thermal energy
storage also diminishes slowly with augmenting diameter (Fig. 15(c)).
This thermal reduction is consisted with data obtained in earlier in-
spection of Ashraf et al. [70] who reported that as the particle dimension
is augmented, the agglomeration deteriorates the system capacity.

At fixed nanocapsule size, furthermore, reducing the inclination
angle augments the solar energy’s absorption capacity by the slurry,
improving the capacity of the coconut o0il/Al nanoencapsulated slurry
due to the enhanced light-matter interaction. As the tilt angle decreases,
it improves the slurry’s buoyancy effect, and also improves the storage
system’s free convection heat transfer. With the enhancing free
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Fig. 17. Impact of shell thickness with varying inclination angle on (a) temperature, (b) heat, and (c) energy storage enhancements.
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convection, it induces the nanocapsules dispersed in the water to collide
with each other more easily, thus augmenting the capacity of capturing
sunlight. Thus, the heat generation due to the irradiation in the slurry
increases, and the average performance of the slurry improves. For
example, when the core diameter is 20 nm, the improvements in tem-
perature, heat gain, and energy storage of the slurry are found to be
improved from 1.14 to 1.91 (Fig. 15(a)), 1.17 to 1.76 (Fig. 15(b)), 4.64
to 6.54 (Fig. 15(c)) respectively, with the inclination angle decreasing
from 60 to 0°. This thermal enhancement seems to be consistent with the
other research conducted by Hachicha et al. [71].

4.3.4. Effect of combined inclination angle and shell thickness on thermal
performance

Shell thickness is one of the aspects manipulating the nanocapsule’s
optical properties. Fig. 16 indicates the behaviour of varying shell
thickness to the mean extinction coefficient as a function of wavelength.
Shell thicknesses (SA/V, m™!) are determined as 4 (0.33), 8 (0.23), 12
(0.18) and 16 nm (0.14). Changing the shell thickness alters the nano-
capsule’s SA/V. Due to the free electrons of the metallic nanoparticles, it
is observed that the peak formation occurs differently in different shell
thicknesses. It is unearthed that as the shell width augments, the SA/V of
the nanocapsule diminishes, and the peak formation slowly shifts to the
larger wavelength. As the SA/V augments, it shifts to the short wave-
length, with the peak occurring more clearly. This similarity in shifting
is supported by the findings of Lv et al. [33] and Oldenburg et al. [72].

The combined capability of thermophysical and optical properties
determines the slurry’s photothermal conversion. Fig. 17 is analysed as a
function of the changing inclination of the slurry consisting of nano-
capsules with different shell thicknesses. Improving the shell thickness

12

at a constant slope angle decreases the slurry’s thermal power.
Enhancing the particles dimension with shell thickness increases the
nanocapsules’ volume at constant fraction. This induces a shrinkage in
the SA/V of the capsules in the slurry. Nanocapsules, so, cause
agglomeration, resulting in insufficient sunlight absorption. Meagre
heat generation in slurry, consequently, adversely alters the thermal
energy storage system’s power. This negativity corroborates the
perspective of Kazaz et al. [37] who unveiled that the smaller particle
dimension enhances the thermal performance much more.

Moreover, it is marked that the system overall capacity diminishes as
the inclination angle of the cavity where the solar energy is stored in-
creases. As the angle enhances, the effect of the lifting force declines,
thus limiting the movements of the slurry in the cavity. Nano-
encapsulated PCMs dispersed in water, therefore, become more stable,
resulting in a reduction in radiation-induced heat generation. For
example, when the shell thickness is 8 nm, the temperature, heat, and
thermal energy storage gain enhancements of the system decrease from
1.9 to 1.12 (Fig. 17(a)), 1.72 to 1.13 (Fig. 17(b)), and 6.49 to 4.59
(Fig. 17(c)), respectively as the slope augments from 0 to 60°. This
diminish reflects those of Shaik et al. [73] who discovered that the
thermal reduction increases by enhancing the tilt angle.

4.3.5. Effect of combined inclination angle and nanoparticle addition on
thermal performance

Heat transfer fluid can be considered as the most substantial element
affecting the sun to thermal energy conversion as an energy storage
material. Optical and thermophysical properties can be regarded as
factors impacting the fluid’s capacity. Another technique to improve the
performance of coconut oil/Al nanoencapsulated slurry is to form a
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Fig. 21. Temperature (K) contours of coconut oil/Ag slurry at mass concentration of 0.2 for diverse collector slopes: (a) 0, (b) 15, (c) 30, (d) 45 and (e) 60°.

hybrid slurry by adding nanoparticles to the water. The newly formed
slurry’s optical characteristics reflect the properties of each of the
nanoparticle, nanocapsule, and host fluid.

Ag, Au, and Cu nanoparticles are dispersed in coconut oil/Al nano-
encapsulated slurry as indicated in Fig. 18. It is seen that the slurry has
the lowest capacity when the volume concentration is zero (no nano-
particle effect). As the particle concentration augments, it helps the
hybrid slurry not only to improve its optical properties, but also to
enhance its thermophysical properties. Thanks to this augmentation, it
enhances both the fluid’s thermal energy storage and heat gain by
increasing the ability of the new type of slurry to absorb solar energy.

The application of hybrid nanoparticles is another way to further
improve the fluid’s capacity. It will improve the slurry’s temperature

14

increment by allowing the slurry to catch more sunlight. In Fig. 18, Ag,
Au and Cu mono nanoparticles are added, while in Fig. 19 blended
particles, which are combinations of these nanoparticles with each
other, are formed and dispersed in water. As seen in Fig. 19, the per-
formances of Ag + Au, Ag + Cu and Au + Cu based hybrid slurries are
found to be better than Ag, Au and Cu based hybrid slurries. For
example, the energy storage improvements of Cu and Ag based slurries
enhance by 4.04 and 4.87 %, respectively, with the insertion of Au
nanoparticles at a volume fraction of 25 ppm and an inclination angle of
15°. Further, the inclusion of Cu nanoparticles augments the recovery of
the Ag based slurry by 4.02 %. The thermal enhancement by mono- and
blended-nanoparticles is confirmed by Kazaz et al. [37].

It is expressed that improving the nanoparticle concentration
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Fig. 22. Volumetric heat generation (Wm2) contours of coconut oil/Ag slurry at mass concentration of 0.2 for diverse collector slopes: (a) 0, (b) 15, (c) 30, (d) 45

and (e) 60°.

deteriorates the system’s capacity in both Figs. 18 and 19. The con-
centration increment incites the slurry in the cavity to absorb the radi-
ation less, reducing the heat generation from the radiation. This is
because as the concentration enhances, the sun’s rays are absorbed more
by the hybrid slurry around the cavity’s upper panel, causing an incre-
ment in the top plate temperature. This augments the heat dissipation
from cavity to surrounding and diminishes the system capacity. The
former examination of Kazaz et al. [44] revealed the similar outcomes.

Finally, improvement in tilt angle is another point that negatively
influences the photothermal conversion. As explained in the previous
sections, the merged impacts of thermal radiation and natural convec-
tion decrease as the inclination angle improves. Due to the impact of the
weak buoyant force, the collision of the molecules and particles forming

15

the slurry is insufficient, causing a lessening in the heat production in
the cavity. The overall conversion performance, thus, is reduced.

4.3.6. Effect of combined inclination angle and solar heat flux on thermal
performance

Solar radiation intensity is one of the natural factors altering the
slurry’s thermal. Solar radiation occurs at the maximum level at noon
and its effect continues increasing and decreasing from sunrise to sunset.
Therefore, it may cause a significant alteration in the temperature gain
of the slurry.

The different radiation’s impact values solar-to-thermal energy
conversion of the slurry is analysed in Fig. 20. Hybrid slurry based on Au
+ Cu blended particles is considered as fluid due to the higher capacity
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Fig. 23. Temperature (K) contours at inclination angle of 15° and mass concentration of 0.15: coconut oil-based (a) Ag, (b) Al, (c) Au, and (d) Cu slurries.

in the previous section. 400, 600, 800 and 1000 W/m? are also deter-
mined as solar radiation intensity. Improving the solar heat flux in-
creases the radiation’s force penetrating the energy storage material and
augments the capacity of the shell structures made of metallic materials
to capture this sunbeam. In parallel with the increase in the energy of
nanocapsules in the slurry due to sunlight, it enhances the fluid’s tem-
perature of the fluid (Fig. 20(a)). This improves the slurry’s useful heat
capacity (Fig. 20(b)). It, thus, augments the slurry’s enthalpy gain,
enhancing its energy storage (Fig. 20(c)).

Further, it is remarked that improving the inclination angle of the
energy storage system at constant radiation intensity compels a diminish
in the performance. The heat transfer in the closed cavity is subject to
the buoyancy force due to the increment in the fluid’s temperature and
radiation. An augmentation in the inclination angle induces a decline in
the buoyant force, thus negatively affecting the natural convection be-
haviours. This obstruction may cause the fluid to move more slowly in
the cavity, thus rendering the collision of nanocapsules ineffective.
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These collisions, which also alter the radiation capture capacity, begin a
shrink in heat production by radiation. The storage system’s power,
hence, is inverse proportion to the tilt angle. For instance, enhancing the
slope angle from 0 to 60 at a fixed radiation heat flux of 1000 W/m?
causes the temperature, useful heat, and enthalpy improvements to
diminish from 2.27 to 1.36 (Fig. 20(a)), 3.01 to 2.28 (Fig. 20(b)), and
7.61 to 5.31 (Fig. 20(c)), respectively.

4.3.7. Understanding the flow physics and heat transfer

As an advantage of numerical studies, it is possible to visualize the
fluid medium. To understand the fluid physics’ effect on heat transfer in
depth, the volumetric absorbed radiation and temperature profiles are
explained in this section. Visualization of the nanoencapsulated PCM
slurry will help prevent this deficiency in the literature.

The impact of varying inclination angle on volumetric absorbed ra-
diation and temperature distributions are exhibited in Fig. 21 and
Figure 22, respectively. Improving the tilt angle (Fig. 21(a-e)) leads to
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Fig. 24. Volumetric heat generation (Wm3) contours at inclination angle of 15° and mass concentration of 0.15: coconut oil-based (a) Ag, (b) Al, (c) Au, and (d)

Cu slurries.

the nanoencapsulated PCM slurry to not absorb enough radiation due to
the reduced penetration of sunlight into the cavity. The slurry’s highest
temperature, therefore, declines from 350 (Fig. 21(a)) to 327 K (Fig. 21
(e)). This decrease in the temperature reduces the slurry’s heat gain and
diminishes its thermal energy storage.

To improve the cavity’s storage capacity, the base and side walls,
which have high reflective characteristics, reflect the sun rays penetrating
the cavity towards the cavity’s interior by striking these plates. The slurry,
whose temperature increases, starts to move upwards from the midpoint
of the cavity due to the lifting force (Fig. 21(a)). However, since the
cavity’s upper panel is covered with a glass plate, it encounters the cold
slurry on the upper plate due to heat losses to the atmosphere. It, thus,
moves the slurry from top to bottom. Enhancing the collector angle, on the
contrary, occasions thermal boundary layers to expand through the
length. With the influence of the buoyant force, hence, hot, and cold areas
are formed in the upper and base parts of the cavity, respectively.
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An augmentation in the inclination angle induces a reduction in the
sunlight intensity impacting the nanocapsules. As seen clearly in Fig. 22,
it causes a decrease in the slurry’s volumetric absorbed radiation and
worsens the thermal energy conversion. Metallic shell materials can
increase the light scattering in the slurry due to surface plasmon reso-
nance because of radiation. Light scattering in the path of the cavity’s
bottom, thus, causes a decrease in light intensity. Therefore, it provides
an enhancement in the energy that can be produced by the radiation
around the upper panel.

The diverse fluids’ influence on temperature dissemination inside
cavity with an tilt angle of 15 is unveiled in Fig. 23, whereas the heat
production from absorbed radiation is illustrated in Fig. 24. It is indi-
cated in Fig. 12 that the absorption capacity improves with the nano-
capsule addition due to the pure water’s low solar energy absorption
ability. The effects of composite PCMs with different metallic shells with
a PCM mass concentration of 15 % are also different. Since the low
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optical properties of the Al particles induce the sun rays to be absorbed
at a lower level compared to other shell materials, radiation heat gen-
eration is insufficient as in Fig. 24(b). In addition, the Al particles’ low
thermal conductivity provokes the low heat transmission in pure water.
The combination of these two characteristics results in the lowest tem-
perature gain of the coconut oil/Al slurry as in Fig. 23(b). As explained
in Fig. 11, nanocapsules formed by using Ag, Au, and Cu materials with
better optical properties in the shell structure can absorb solar radiation
more than coconut o0il/Al capsules. It, thus, enhances the heat genera-
tion in the slurry (Fig. 24(a—c, d)). Thanks to their high thermal con-
ductivity capacities, the slurry’s temperature gain is moderately higher
(Fig. 24(a—c, d)).

5. Conclusions

Conversion of sunlight to heat and thermal storage in a semi-
transparent based low temperature solar system using NBPCMS was
analysed. The combined impacts of natural convection-tilt angle and
solar radiation-particle interaction in a NBPCMS was done by using
coconut oil as PCM for the first time. ANSYS Fluent was deployed to
unravel the 2-D radiation, heat, and flow characteristics. The capsule
size, shell material, inclination angle, solar heat flux, PCM mass con-
centration, nanoparticle and its concentration were considered as the
key elements influencing the overall conversion and storage capacity.
The coconut oil was also employed as a non-paraffin PCM for environ-
mentally friendly energy storage material. The findings revealed that the
NBPCMS augmented the solar system’s capacity. The useful heat ca-
pacity of slurries with Ag, Au, Al, and Cu shell materials was 3.02, 3.12,
2.7 and 3.14 times better than water, respectively due to the optically
functional PCM nanocapsules while the thermal energy storage was
8.85, 9.29, 7.41, and 9.19 times higher. Enhancing the core/shell
confinement dimension determining by the shell thickness and core also
provoked a shrinking in the SA/V, enabling the capsules to build up
bigger structures at host fluid. This diminished the slurry’s thermal
energy storage capacity, reducing the heat generation by radiation.

As the PCM mass fraction augmented from 0.05 to 0.2, the slurry’s
heat gain enhancement diminished while the storage enhanced due to
higher phase transformation. In addition, since different capsules had
different optical and thermophysical characteristics due to dissimilar
shell materials, their slurries performance on conversion and storage
were unlike. For example, the thermal energy storage rate of the slurry-
based Cu, al, Ag and Au shelled coconut oil core/shell confinements
were 6.4, 5.14, 6.16, and 6.48, respectively when the mass concentra-
tion and inclination angle were 10 % and 30°. Besides, nanoparticle
addition to base fluid were noticed to enhance the slurry’s thermal
behaviour. The Au nanoparticle-based hybrid slurry further augmented
the storage capacity of Ag and Cu shelled based slurries by 4.87 % and
4.04 %, respectively at a volume fraction of 25 ppm and a tilt angle of
15°. It was confirmed that the augmentation in the solar ray’s power,
which is a natural factor, from 400 to 1000 W/m?, improves thermal
conversion by enhancing the energy of nanocapsules by absorbing more
intense sun rays. Moreover, it was clearly found that improving the solar
receiver’s slope from 0 to 60° reduces the system’s performance. The
reason for this was that the increasing inclination angle reduced the
buoyancy force, causing the slurry to become more stable, diminishing
the collision of the particles and reducing the heat generation from the
radiation.

Finally, it was observed in the experiments that the melting behav-
iour of solid coconut oil was affected by wind speed and solar radiation.
It was noticed that improving the heat flux caused the solid storage
material to melt earlier and the temperature increment was higher. In
addition, augmenting the wind velocity increased the heat losses to the
atmosphere and induced the melting to start late, thus reducing the
temperature gain. In this study, it is clearly seen that the PCM-based
nanocapsules improve the converting sunlight to heat and storage due
to the surface plasmon resonance vibration of metallic shells. It has been
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found that coconut oil has suitable and superior properties in the use of
PCM. Thus, it has been observed that bio-based PCM and nanocapsules
can be used instead of paraffin-based PCMs and contribute to the
improvement of decarbonization. Furthermore, the implications of this
new kind of heat transfer fluid which is a combination of bio PCM-based
nanocapsules and base fluid remains future concept under flow condi-
tions Herein, the combined impacts of fluid velocity and light-matter
interaction need to be investigated as 3D. The experimental investiga-
tion of these PCM-based nanaocapsules will also be examined.
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