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A B S T R A C T   

The influence of heat transfer characteristics of fluids filled with paraffin core-metallic shell nanoencapsulated 
phase change material (PCM) on photothermal conversion and storage in a volumetrically heated solar system is 
numerically analysed. The results show that nanoencapsulated paraffin/Al, paraffin/Au, paraffin/Ag, and 
paraffin/Cu filled heat transfer fluids enhance the energy storage by 68, 73, 92 and 86 %, respectively as 
compared with the water-based Al, Au, Ag and Cu nanofluids. It is found that the phase change slurry (PCS) 
improves the temperature and storage gain, as the utilization of nanoencapsulated PCM and the rise in PCM mass 
concentration enhance the solar energy absorption power of the slurry. The maximum enhancement in stored 
energy is also observed for paraffin/Cu PCM filled slurry for a particle diameter of 15 nm. The enhancement in 
mass concentration of paraffin from 5 to 20 %, improves the thermal performance from 312 to 554 % compared 
to pure water, respectively. Increasing the size of the core/shell architecture of the PCM, however, reduces the 
surface area-to-volume ratio of the capsule, causing aggregation of the particles and decreasing the heat transfer 
between the capsule and the host fluid. This in turn results in decrease in temperature gain. Furthermore, it is 
noticed that the merger of mono- and hybrid- nanoparticles augments the thermal performance of the PCS. The 
findings of the study indicate that the paraffin core-metallic shell nanoencapsulated PCMs would significantly 
enhance the performance of advanced photothermal energy conversion and storage devices.   

1. Introduction 

The harms of fossil fuels to the environment, the increase in their 
prices and their depletion have revealed the importance of utilizing 
alternative energy sources [1,2,3]. Therefore, the use of decarbonizing 
technologies contributes to both the reduction of global temperature rise 
and carbon emissions by reducing the dependence on fossil fuels [4,5]. 
These technologies [6], if used in sustainable energy production, will 
contribute to reducing carbon emissions. Renewable energy is 
increasing in use because it is obtained from environmentally friendly 
and natural resources. 

Today, solar energy contributes a significant share to environmen
tally friendly and sustainable energy and will continue to do so by 
reducing carbon dioxide emissions [7]. Sunlight must be caught, how
ever, to benefit from the abundant solar energy, surface-based solar 
collectors (SBSCs), also known as conventional solar collectors that 

capture sunlight through the absorption plate and transfer it to the heat 
transfer fluid are desired. Since the temperature variation between the 
absorption plate and the working fluid is high, the collector efficiency is 
usually low [8]. To overcome this limitation, however, direct absorption 
solar collectors (DASCs) that can absorb the solar irradiation directly 
using the working fluid are employed [9]. The DASCs can improve the 
collector efficiency by reducing the temperature variation [10]. 

Nanoparticles can be added to the host fluid [11] and employed [12] 
as a heat transfer medium to increase the thermal performance of DASCs 
[13,14]. Zeiny et al. [15] experimentally examined the thermal behav
iour of the water based fluids containing various nanoparticles such as 
carbon black, gold-copper hybrid, copper, and gold. The results 
demonstrated that hybrid nanoparticles did not enhance the solar con
version efficiency due to the particle fraction’s dilution. Carbon black 
nanofluid was found to be the best among them due to its cost and ef
ficiency. The experimental and numerical study of Jin et al. [16] ana
lysed the influence of thermal performance of water based gold 
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nanofluid. They developed a theoretical model, which was utilized for 
the prediction of absorption efficiency. It was realized that the tem
perature difference of the nanofluid enhanced with increasing particle 
concentration. Further, it was declared that the photothermal conver
sion efficiency of gold nanofluids reached 76 % at 5.8 ppm concentra
tion. Lenert and Wang [17] conducted experimental research for the 
optimization of the collector based on the carbon-coated absorbing 
nanoparticles dispersed in Therminol VP-1. The influence of nanofluid 
height, radiative intensity and optical thickness were tested through a 
one dimensional heat transfer model. As the solar radiation and nano
fluid height improved, the receiver efficiency was found to increase. 
When the receiver was connected to a power loop and the optical 
thickness and radiation time were optimized, the receiver side efficiency 
was estimated to be higher than 35 %. 

An issue associated with solar energy is the inability to benefit from 
sunlight for 24 h. Therefore, it is desired to use the thermal energy ob
tained from the conversion of solar radiation during night-time [18]. 
Thanks to this storage of thermal energy, it can simultaneously meet 
heating, storage, and energy demands [18]. For this, PCMs that can 
store/release high latent heat during the phase change are utilised [19]. 
Due to these advantages of PCMs [20], their usage in different types of 
solar collectors is increasing [21]. Charvát et al. [22] experimentally and 
numerically analysed the paraffin based PCM flat plate solar collector to 

analyse the impact of latent thermal energy storage. They constructed 
two different solar collectors; the one had a sheet metal based absorber 
plate and the other one had PCM based aluminium panels. The results 
indicated that the peak-to-peak amplitudes of the outlet temperature of 
the fluid diminished from 284.15 ◦C to 278.15 ◦C when PCM was 
employed. They revealed that when the fluid temperature increased 
along the absorber plate, it could be more appropriate to apply PCMs 
with different phase transition temperatures. Essa et al. [23] compared 
the thermal performances of a two fins U-tube direct flow collector with 
and without PCM by varying flow rates (0.25, 0.35, and 1.2 LPM). The 
experimental results revealed that the PCM was melted, and the 
maximum efficiency at low flow rates was noted. Although the phase 
change transition was not completed as the flow rates increased, the 
useful heat and system efficiency improved. A numerical investigation 
was employed to study the influence of combined PCM on photovoltaic 
thermal system by Kazemian et al. [24]. The effect of thermal conduc
tivity and enthalpy of fusion of PCM, melting temperature, mass flow 
rate and solar radiation were investigated. It was found that the surface 
and cooler outlet temperatures of the photovoltaic thermal system in
tegrated with PCM were lower than the system without PCM. The 
electrical and thermal efficiencies improved by 1.34  % and 6.59 %, 
respectively when the thermal conductivity was augmented from 0.1 W/ 
mK to 0.5 W/mK. 

Nomenclature 

Iλ Radiation intensity (W/m2µm) 
k Absorption index 
Kaλ Absorption coefficient (1/m) 
s→’ Scattering direction vector 
NT Particle number in unit volume 
α Polarizability 
R Effective mean free path 
τbulk Bulk metal free electron scattering time 
Ibλ Black body intensity (W/m2µm) 
Keλ Extinction coefficient (1/m) 
r Radius 
T Temperature (K) 
Cabs Absorption cross sections (cm2) 
l∞ Bulk free electron mean free path 
E Enhancement 
s→ Direction vector 
P Ratio of shell volume to total particle volume 
q Heat (J/kg) 
Cp Specific heat (J/kgK) 
cm Mass concentration 
d Diameter 
Qsca Scattering efficiency of core/shell 
k Thermal conductivity (W/mK) 
γ(R) Scattering rate 
H Latent heat of fusion (J/kg) 
FVM Finite volume method 
p Pressure (Pa) 
y Core-shell weight ratio 
T0 Initial temperature (K) 
Vf Fermi velocity 
ΔH Total enthalpy change (J/kg) 
Gr Grashof number 
Csca Scattering cross sections (cm2) 
Ste Stefan number 
r→ Position vector 
Qabs Absorption efficiency of core/shell 

h Convective heat transfer coefficient 
cv Volume concentration 
αλ Spectral absorption coefficient (1/m) 
γ∞ Inverse of the bulk relaxation time 
n Refractive index 
u, v Velocity vectors (m/s) 
σs Scattering coefficient (1/m) 
g Gravitational acceleration (m/s2) 
Pr Prandtl number 
A Geometric parameter 
wp Bulk plasma frequency 
Cext Extinction cross sections (cm2) 
Re Reynolds number 
PCS Phase change slurry 
q’’ Heat flux (W/m2) 
PCM Phase change material 

Greek symbols 
Ω′ Solid angle 
ρ Density (kg/m3) 
σ Stefan-Boltzmann (5.67× 10− 8 W/m2K4)

μ Dynamic viscosity (Ns/m2) 
λ Wavelength of incident light (µm) 
Φ Dissipation functions 
β Thermal expansion coefficient (1/K) 
Φ Phase function 
ε Emissivity 

Subscripts 
s Shell 
f Base fluid 
b Slurry 
p Particle 
1 Solidus 
2 Liquidus 
r Radiative 
amb Ambient 
c Core  
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PCMs with low thermal conductivity, however, cannot interact 
directly with heat transfer fluid due to leakage during phase change 
[25]. Encapsulation techniques can be applied that can augment the 
thermal performance of PCMs by encasing them in a shell. By doing so, 
we could preserve shape of PCM and prevent leaks [25]. Thus, the 
encapsulated PCM can be easily incorporated into the heat transfer fluid. 
Latent functional thermal fluids (LFTLs) formed by dispersing encap
sulated PCMs in the heat transfer fluid are a type of phase change slurries 
(PCSs). Since PCSs have higher thermal performance than pure heat 
transfer fluids, they can be employed as a working fluid to enhance the 
overall efficiency of solar energy systems [26,27,28]. Yu et al. [29] 
analysed the microencapsulated phase change material (MPCM) slurry 
and investigated the thermal performance of a photovoltaic/thermal 
(PV/T) module by varying fluid velocities, melting temperatures and 
slurry concentrations. The numerical results exhibited that increasing 
concentration boosted the energy and exergy efficiencies. It was found 
that the best electrical and thermal efficiencies were obtained at low 
melting temperature while a higher liquidus temperature would be 
chosen for exergy improvement. The highest enhancements in exergy 
and energy efficiencies were 3.23 % and 8.3 %, respectively. The effect 
of microencapsulated phase change slurry (MPCS) on electrical and 
thermal capacities of a photovoltaic thermal solar collector were 
numerically explored by Liu et al. [30]. Overall, the electrical and 

thermal efficiencies, fluid’s pressure drop and outlet temperature, and 
solar cell temperature were measured. The results revealed that when 
MPCS was used, the collector performance (electrical and thermal) was 
improved since the change in temperature of both fluid and PV cells was 
less compared to water. The highest net efficiency was obtained at slurry 
concentration of 10 wt%, piping height of 10 mm and flow rate of 0.02 
kg/s. The maximum average exergy efficiency 11.4 % was found during 
the morning. Furthermore, it was the average efficiency was found to be 
80.57 % at 11am. 

In direct absorption solar energy systems, since the absorbing envi
ronment of solar radiation is employed both as a working fluid and as a 
storage medium, PCSs can be adapted to the system, improving both 
collector performance and latent heat storage. Wang et al. [31] per
formed an experiment and investigated the impact of microencapsulated 
phase change materials (MPCMs) dispersed in multi-walled carbon 
nanotube (MWCNT) nanofluid on photothermal conversion efficiency. 
The results displayed that the temperature gain diminished with the use 
of MPCM-MWCNT slurry due to the heat absorption and surface 
reflectance of MPCM. It was seen that the MPCM-MWCNT slurry’s ter
minal temperature with 15 wt% MPCMs was 4.6 ◦C higher than the 
ethanol/water mixture. The effect of microencapsulated paraffin/Cu- 
Cu2O/CNTs PCM dispersed in water on thermal performance was con
ducted by Xu et al. [32]. While paraffin was used as core, Cu, carbon 

Fig. 1. (a) The graphic illustration of PCS-based direct absorption solar collector, (b) encapsulated PCM.  
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nanotubes (CNTs), and Cu2O were chosen as shell material. According to 
the experimental results, this kind of heat transfer fluids enhanced the 
light absorption, thermal conductivity, photothermal conversion, and 
specific heat of the total system. Liu et al. [33] experimentally analysed 
the thermal performance of the paraffin/MF/graphite micro
encapsulated PCC dispersed in ionic liquid, where paraffin and graphite 
nanoparticles filled melamine–formaldehyde (MF) were used as a core 
and shell, respectively, as a heat transfer fluid. The outcomes revealed 
that the PCC increased the fluid’s temperature from 30 to 113 ◦C. It was 
found that the storage capacity of the pure ionic liquid was half that of 
the composite based-ionic fluid. 

1.1. Contribution of this paper 

As stated in the literature review, although there are studies on 
nanofluid-based DASCs and PCM and PCS based solar energy systems, 
there are still significant research gaps regarding the thermophysical 
behaviour and applications of LFTFs in DASC collectors. Therefore, the 
current study focuses on nanoencapsulation of PCM with inorganic shell 
materials. Such nanoencapsulated PCM is dispersed in a base fluid (also 
referred to as PCS) and the utilization of this material as a new working 
fluid in a DASC is demonstrated. The impacts of thermophysical and 
optical characteristics of PCS on the photothermal conversion and 
storage performance of the system are evaluated. Besides, PCM size 
changes need to be investigated as they alter the thermophysical and 
optical characteristics of the slurry. Since the PCM mass concentration 
also impacts the specific heat performance of the heat transfer fluid, it is 
a matter of curiosity to what extent it influences the system 
performance. 

Furthermore, the effect of nano encapsulated PCM with metallic shell 
on the phase change process due to mass concentration, size change of 
the PCM and different shell materials, as well as the radiation heating, 
needs to be studied to get the best performance augmentation. More
over, the effect of hybrid slurries formed with nanoparticles dispersed in 
host fluid based nano encapsulated PCMs needs to study to enhance the 
energy conversion performance. Last but not the least, it is required to 
analyse the influence of thermal radiation coupled with natural con
vection on volumetrically heated LFTFs since when this combined effect 
penetrates the nano-size paraffin with metallic shell nano-capsules, its 
impression on the thermal performance of the collector is unknown. 
When these are evaluated, the aspiration of the present research is to fill 
these knowledge gaps regarding the photothermal conversion and 
storage performance of PCSs in DASC using a comprehensive parametric 
study and numerical simulations. 

2. Modelling and methodology 

Fig. 1(a) represents that sunlight penetrates a 2D DASC of length L 
and height H vertically. The collector is filled with PCS which is heated 
by irradiation thanks to the highly transparent glass surface. Since it is 
utilized for storage applications, the bottom and side walls are adiabatic 
while the heat loss occurs through the glass wall towards the ambient by 
a combined radiation and convection. Furthermore, as shown in Fig. 1 
(b), the encapsulated PCM comprises two parts; the shell and the solid 
core PCM. As the temperature of the solid PCM approaches its melting 
temperature, the PCM begins to melt and transforms into liquid PCM. 
However, the shell that encases the PCM prevents leakage during the 
phase transformation, preventing its mixing with the base fluid. An 
aspect ratio (L/H) of 10 is selected as suggested elsewhere [13]. 

The Radiative Transport Equation (RTE) is employed to determine 
the radiation’s spectral inside the translucent medium, and can be 
indicated as [34]: 

∇ • (Iλ( r→, s→) s→)+(αλ + σs)Iλ( r→, s→)

= αλn2Ibλ +
σs

4π

∫ 4π

0
Iλ( r,→ s→’

)Φ( s→• s→’
)dΩ’ (1) 

The base fluids’ scattering effects can be disregarded due to the 
domination of absorption into the attenuation, thus the extinction co
efficient of pure fluids is given as [35]: 

Keλ,bf = Kaλ,bf =
4πk

λ
(2) 

The absorption and scattering efficiencies for core–shell structures 
can be obtained with the dipole model [36,37]: 

Qsca = Csca/
(
πa2) =

k4

6π|α|
2
/
(
πa2) =

128π5

3λ4 ε2
3r6

2

⃒
⃒
⃒
⃒

ε2εα − ε3εb

ε2εα + 2ε3εb

⃒
⃒
⃒
⃒

2

/
(
πa2) (3)  

Qabs = Cabs/
(
πa2) = kIm(α)/

(
πa2) =

8π2 ̅̅̅̅̅
∊3

√

λ
r3

2Im
(

ε2εα − ε3εb

ε2εα + 2ε3εb

)/
(
πa2)

(4) 

where Csca and Cabs scattering and absorption cross sections, respec
tively. k = 2πn/λ and α is the polarizability, and given as [38]: 

α = 4πr3
2 [(ε2εα − ε3εb)/(ε2εα + 2ε3εb) ] (5) 

where εα and εb are the effective dielectric functions, and are given as 
[38]: 

εα = ε1(3 − 2P)+ 2ε2P (6)  

εb = ε1P+ ε2(3 − P) (7)  

P = 1 − (r1/r2)
3 (8) 

where ε1, ε2 and ε3 are dielectric functions of core, shell, and outer 
region, respectively. r1 and r2 are radii of core and shell, respectively, 
and P is the ratio of shell volume to total volume of core–shell particle. 

The extinction coefficient of the core–shell structure is given by [39]: 

Keλ = CextNT =
(
πa2(Qabs + Qsca)

)(
6n/πD3) (9) 

where n is the concentration of the shell. 
As a result, the fluid’s total extinction coefficient can be written as 

the sum of both the particles and the base fluid: 

Ktotal,eλ = Kf ,eλ +Keλ (10) 

The scattering and absorption coefficients of the core–shell struc
tures, however, depend on the dielectric function of the metallic shells. 
Since the metallic particles’ dielectric function is size dependent, it can 
differ from the bulk material. Therefore, dielectric functions are calcu
lated using the modified Drude model to show the effect of size- 
dependent optical properties of the metallic shell [38]. 

ε(w) = εbulk(w)+
w2

p

w2 + iwγ∞
−

w2
p

w2 + iwγ(R)
(11) 

where wp is bulk plasma frequency, εbulk is the dielectric function of 
the metallic shell, γ∞ is inverse of the bulk relaxation time [37], γ(R) is 
the scattering rate [37], and R is the effective average free path [40]. 

R =
1
2
[
(rshell − rcore)

(
r2

shell − r2
core

) ]1/3 (12)  

γ∞ =
1

τbulk
=

1
l∞/Vf

(13)  

γ(R) =
1

l∞/Vf
+

AVf

R
(14) 

where l∞ is the bulk free electron mean free path, Vf is the Fermi 
velocity, A is the geometric parameter as [37], and τbulk is the metal free 
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electron scattering time. The Fermi velocity, bulk plasma frequency, and 
bulk mean free path for each material are given in Table 1. The optical 
properties of the shell, core and base materials can be found elsewhere 
[41,42,43,44]. 

The PCS is supposed to be Newtonian, incompressible, single phase, 
and laminar. The governing and energy equations are indicated as: 

Continuity equation: 

∂u
∂x

+
∂v
∂y

= 0 (15) 

x-momentum equation: 

u
∂u
∂x

+ v
∂u
∂y

= −
1

ρPCS

∂p
∂x

+
μPCS

ρPCS

(
∂2u
∂x2 +

∂2u
∂y2

)

(16) 

y-momentum equation: 

u
∂v
∂x

+ v
∂v
∂y

= −
1

ρPCS

∂p
∂y

+
μPCS

ρPCS

(
∂2v
∂x2 +

∂2v
∂y2

)

+
(ρβ)PCS

ρPCS
g(T − T0) (17) 

Conservation of energy: 

ρPCSCpPCS

(

u
∂T
∂x

+ v
∂T
∂y

)

= kPCS

(
∂2T
∂x2 +

∂2T
∂y2

)

− ∇ • qr (18) 

The boundary conditions are represented as: 
at all solid walls: 

u = v = 0 (19) 

at the upper wall: 

q = h(T − Tamb)+ εσ(T4 − T4
amb) (20) 

at the bottom wall: 

∂T
∂y

= 0 (21) 

at the side walls: 

∂T
∂x

= 0 (22) 

The convective heat transfer coefficient, h, is calculated by Duffie 
correlation [46]: 

h = 5.7+ 3.8v (23) 

The density of PCS, ρb, is calculated as [47]: 

ρb =
ρpρf

ρf cm + ρp(1 − cm)
(24) 

where the subscripts f, p, and b denote the base fluid, particle, and 

slurry. cm is the mass concentration. The density of encapsulated PCM, 
ρp, is calculated as [47]: 

ρp =
(1 + y)ρcρs

ρs + yρc
(25) 

where the subscripts c and s denote the core and shell, respectively. y 
is the core–shell weight ratio, and it is calculated as [47]: 
(

dc

dp

)3

=
ρs

ρs + yρc
(26) 

where d is the diameter. 
The thermal conductivity of the PCS, kb, is calculated as [47]: 

kb = kf
kp + 2kf + 2(kp − kf )cv

kp + 2kf − (kp − kf )cv
(27) 

where kp and cv are the thermal conductivity encapsulated PCM and 
volume concentration, respectively. They are calculated as [47]: 

1
kpdp

=
1

kcdc
+

dp − dc

ksdpdc
(28)  

cv =
cmρb

ρp
(29) 

The specific heat of the PCS, Cp,b, depends on the phase change 
process. The general expression of the specific heat can be calculated as 
[47]: 

Cp,b = (1 − cm)Cp,f + cmCp,p (30) 

where Cp,p is the specific heat of encapsulated PCM. If there is no 
phase change process, it is determined as [47]: 

Cp,po =

(
Cp,c + yCp,s

)
ρcρs

(yρc + ρs)ρp
(31) 

When the phase transition occurs, however, the specific heat of 
encapsulated PCM can be defined as: 

Cp,pm =
H

T2 − T1
(32) 

where H, T1 and T2 are the latent heat of PCM, solidus and liquidus 
temperatures, respectively. 

Then the equivalent specific heat capacity of the PCS is expressed as: 

Cp,b = (1 − cm)Cp,f + cmCp,po;T < T1,T > T2  

Cp,b = (1 − cm)Cp,f + cmCp,pm;T1 < T < T2 (33) 

The viscosity of the PCS, μb, is defines as [48]: 

μb =
(
1 − cv − 1.16c2

v

)− 2.5μf (34) 

The thermal volume expansion of the PCS, βb, can be written as [49]: 

βb = (1 − cv)βf + cvβc (35) 

Table 2 also exhibits the thermophysical properties of the materials. 
Besides, the numerical modelling for pure nanofluids is found in the 

published works of authors [55,56]. 
The stored energy of the thermal system can also be determined as 

[57]: 

qs = ΔH (36) 

where ΔH is the enthalpy change and based on the results of the 
numerical simulations/ANSYS Fluent. 

Finally, the thermal enhancement of the DASC between the cases of 
the PCS and base fluid is described as: 

Table 1 
Fermi velocity, bulk plasma frequency, and bulk mean free path of materials 
[45].   

Ag Al Au Cu 

Bulk mean free path (nm) 52 16 42 42 
Fermi velocity (106 m/s) 1.39 2.03 1.38 1.57 
Bulk plasma frequency (1016 Hz) 1.36 2.4 1.37 1.64  

Table 2 
Thermophysical properties of the core and shell materials [50,51,52,53,54].   

ρ (kg/m3) k (W/mK) Cp (J/kgK) H (J/kg) 

n-Octadecane (solid) 814 0.35 2140 245,000 
n-Octadecane (liquid) 775 0.149 2660  
Al 2700 247 900  
Ag 10,500 429 235  
Au 19,320 314.4 128.8  
Cu 8954 400 383   
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E =
(thermal variable)PCS − (thermal variable)host fluid

(thermal variable)host fluid
(37) 

where the thermal variable demonstrates here either the tempera
ture gain as the temperature change between the final and initial tem
peratures of the PCS or energy storage. 

3. Computational model 

The governing equations are solved using ANSYS Fluent 2020 R1 
which is based on the FVM. The Discrete Ordinates (DO) method is 
chosen to resolve the RTE that contains influences of absorbing, scat
tering, and emitting factors. The SIMPLE algorithm is utilized for the 

Fig. 2. 2D mesh structure.  

Fig. 3. Variation in velocity and volumetrically absorbed radiation for PCS (left column) and hybrid PCS (right column) with different mesh densities.  

Fig. 4. Comparisons between current and experimental results [47].  

O. Kazaz et al.                                                                                                                                                                                                                                  



Journal of Molecular Liquids 385 (2023) 122385

7

velocity–pressure coupling. The second-order upwind differencing 
scheme is employed to discretize the equations so as to get more 
acceptable results. PRESTO! and Least Squares Cell Based are made use 
of for pressure and gradient, respectively. The convergence values are 
set below 10− 5 for the continuity and momentum equations and below 
10− 6 DO and energy equations to achieve better results. 3X3 Pixels and 
5x5 Divisions are chosen to achieve more precise results [34]. Moreover, 
the detailed information for the resolution of governing and energy 
equations is found in the previous studies of Kazaz et al [55,56]. 

3.1. Mesh dependency test 

A grid sensitivity examination is performed before performing the 
simulations to confirm that the results are independent of the mesh 
density. The non-uniform mesh within the computational domain is 
created, and the 2D schematic representation of the mesh structure is 
demonstrated in Fig. 2. The grid refinement results are compared. As 
illustrated Fig. 3, the mesh numbers of 49000, 81000, 121000 and 
169000 are chosen for both fluid types: PCS and nanoparticle-based PCS, 
and the temperature and volumetric absorbed radiation are compared 
for the grid refinement results. The mesh numbers of 81000, therefore, is 
chosen for the further simulations to get more accurate and reliable 
results and reduce the computational time. 

3.2. Model validation 

The experimental results reported by Chen et al. [47] were utilized to 
validate the equivalent specific heat capacity predicted in this study for 

Fig. 5. Comparison of the collector efficiency with benchmark results [58,59].  

Table 3 
Comparison of findings for mean Nusselt number with literature.   

Present Khanafer et al. [50] 

Gr =103  2.1  2.2 
Gr =104  4.3  4.4 
Gr =105  8.6  9.1  

Fig. 6. Effect of core size (surface-to-volume ratio of the nano capsule, m− 1) on absorption cross section with different shell materials.  
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the first validation case. The experimental study considered a circular 
tube of 4 mm diameter and 1.46 m length. The microparticles comprised 
Amino Plastics (Urea-formaldehyde) shell and industrial-grade 1- 
bromo-hexadecane (C16H33Br) core and water was selected for the 
host fluid. Dimensionless wall temperature 

(
θw,x =

(
Tw,x − Tb,i

)/(
q’’

wr/
kb
) )

and dimensionless axial length (x+ = (x/r)/(RebPrbo) ) were used to 
analyse the results. Fig. 4 compares the dimensionless wall temperature 
with dimensionless length for Stefan number 1.21, 1.09, and 1.12 using 
a microencapsulated phase change material mass concentration of 15.8 
%. 

The study of Lee et al. [58], which performs numerical investigation 
to verify the radiation/optical model, was chosen for the second vali
dation. The SiO2/Au core/shell capsules as non-metallic and metallic 
materials, respectively dispersed in pure water enters the DASC in which 
the heat loss coefficient of 6 Wm− 2K− 1 takes place from glass wall to the 
atmosphere. The glass wall is also exposed to solar irradiation density of 

1367 W/m2. The working fluid’s inlet temperature is 293.15 K. The 
comparative results between current and benchmark cases for collector 
efficiency is displayed in Fig. 5(a) as the maximum error of 9.1 %. 
Further, the current results are compared with the experimental results 
of Otanicar et al. [59] for the radiation model. The Graphite/water 
working fluid with a flow rate of 0.7 ml/minute enters the DASC in 
which the heat loss of 23 Wm− 2K− 1 takes place from glass wall to the 
atmosphere by a combined convection and radiation. The comparative 
results between current and benchmark [59] cases for collector effi
ciency are displayed in Fig. 5(b) as the maximum error of 11 %. 

The fourth validation study compares results with those of Khanafer 
et al. [50] to examine the investigate of free convection in a square 
closed cavity. The cavity is filled with Cu/water nanofluid with a par
ticle fraction of 5 %. The bottom and top plates of the enclosure are 
adiabatic whereas side walls are kept at constant cold and hot temper
atures. The average convective Nusselt numbers on the hot wall pre
diction is summarised in Table 3. As distinguished in validation studies, 
the current findings match well with the benchmark cases as the 
maximum and mean errors of 5.49 % and 4.03 %, respectively. 

4. Results and discussion 

This part first emphasizes the optical properties of the core/shell 
structure, then compares the performance of nanofluids and phase 
change slurry and highlights the effects of nano capsule size, different 
shell material types, mass concentration of PCM, and hybrid phase 
change slurry on photothermal conversion and storage. The size of the 
core and core/shell structure is also compatible with other studies such 
as [39,60,61,62]. 

4.1. Optical properties 

The core/shell structure consisting of paraffin (PCM) core and silver 
(Ag), aluminium (Al), copper (Cu), and gold (Au) shells. Since both the 
core and shell materials have different optical properties, the optical 
characteristics of the core–shell constructions formed by different types 

Fig. 7. Effect of core size (surface-to-volume ratio of the nano capsule, m− 1) on extinction coefficient with different shell materials.  

Fig. 8. Comparative thermal performance analysis of nanofluid and PCS.  
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of shell materials with paraffin also differ. 
The impacts of shell material and core size on optical properties are 

demonstrated in Fig. 6. The diameter of the PCM (or surface area-to- 
volume ratio of the nano capsule) are considered as 5 nm (0.4 m− 1), 
15 nm (0.24 m− 1), 25 nm (0.17 m− 1) and 35 nm (0.13 m− 1). The dif
ferences in the effects of increasing core size and changing shell mate
rials on both the scattering and absorption cross sections between the 
wavelengths can be explained as the surface plasmon resonance effect as 
seen in Fig. 6. Since the materials used as the shell structure are metallic, 
they have free electrons in their surface layers. This surface layer, which 
is exposed to sunlight, creates the vibration frequency between radiation 

and electrons, stimulating the surface plasmon resonance and providing 
the formation of absorption peak positions. As shown in Fig. 6, the ab
sorption peaks are seen in a certain way, especially in the absorption 
section. Enhancing core size causes the surface area-to-volume ratio 
decrease, the peaks become more pronounced, and the core diameter is 
35 nm, that is, if the surface area-to-volume ratio of PCM is minimum as 
0.13 m− 1, it takes the maximum value. This finding is consisted with that 
of Wu et al. [39] who explored that it is augmented with enhancing total 
size. While the maximum peak in paraffin/Ag core/shell structure 
occurred at 525 nm wavelength, it occurred at 675 nm wavelength in 
paraffin/Au and paraffin/Cu structures. However, a more uniform 

Fig. 9. Effect of shell material and PCM mass concentration on temperature gain (left column) and stored energy (right column) enhancements.  
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absorption curve in the paraffin/Al core/shell structure is observed at 
300 nm wavelength compared to other structures. The reason for this 
can be understood from Table 1. It is seen that the Al material has the 
highest bulk plasma frequency. Besides, when the surface area/volume 
ratio of PCM is 0.4 m− 1 and 0.24 m− 1, it is seen that the peaks are less 
prominent. 

The effect of paraffin-based core/shell structure with varying core 
diameter of different shell materials on the extinction/attenuation co
efficient is demonstrated in Fig. 7. The surface plasmon resonance, 
which is activated due to the interaction of the electrons in the metal 
shells with the irradiation, creates the absorption peak positions and 
shifted these peak waves to larger wavelengths with the increase of the 
core diameter. As seen in Fig. 7, enhancing the paraffin size from 5 nm to 
25 nm in Ag shell material causes a decrease in the surface area-to- 
volume ratio of the PCM from 0.4 m− 1 to 0.17 m− 1, shifting the peak 
position of the paraffin/Ag core/shell structure from 400 nm wave
length to 525 nm wavelength. This finding that shifts with enhancing the 
total size is also declared by Lv. Et al. [37] and Wu et al. [39]. Although 
the trend in the extinction coefficient of Au and Cu-shelled paraffin 
structures seems to be the same, it is discovered that the peak positions 
in the trend paraffin/Cu structure are more prominent. In the paraffin/ 
Al core/shell structure, the extinction coefficient decreases with 
increasing wavelength, while the diminish in the surface area-to-volume 
ratio improves the extinction coefficient. However, it is noticed that the 
attenuation coefficient of the paraffin/Ag core/shell structure increases 
up to the wavelength at which the peak of the plasma resonance is 
maximum, while it starts to decrease after it becomes maximum. 
Further, the rise in the mean attenuation coefficient with the improve
ment of the capsule size is supported by the study of Wu et al [39] as 
illustrated in Fig. 7. Finally, the attenuation coefficient is equal to the 
mean coefficient between these wavelengths [63]. 

4.2. Comparison of nanofluid and phase change slurry 

Comparative analysis of the system in which nanofluid and phase 
change slurry (PCS) are used as heat transfer fluids is done. Nanofluids 
are obtained with Al, Au, Ag and Cu nanoparticles dispersed in water. In 
order to get encapsulated PCM, these nanoparticles are also added to the 
paraffin core as a shell, forming a core/shell construction and dispersed 
in water, and thus the PCS is obtained. As indicated in Fig. 8, the energy 
storage improvements of water-based Al, Au, Ag and Cu nanofluids are 
2.06, 2.3, 2.18 and 2.25, respectively. However, paraffin core/shell 
structure with Al, Au, Ag and Cu shell adds to water, the improvement in 
stored energy increases by 68.9, 73, 92.66 and 86.2 %, respectively. The 
reason for such an increase in improvement is the high latent heat ca
pacity of paraffin, that is a PCM. In this way, the PCS significantly en
hances the thermal energy storage according to the nanofluid. 

4.3. Effect of shell material type on phase change slurry 

Core size and shell material type alter the optical characteristics of 
the capsule. The PCM concentration is another factor affecting the core/ 
shell structure. Therefore, the points affecting the thermal performance 
of PCS can be considered as core size, shell material type and mass 
concentration of PCM. The influences of changing core size of PCM with 
mass concentrations of 5, 10, 15 and 20 % on PCS are investigated by 
using Al, Ag, Au, and Cu shell materials. Since higher concentrations 
increase the viscosity of the fluid, leading to non-Newtonian behaviour, 
the maximum mass concentration is chosen as 20 % [64]. 

As indicated in Fig. 7, the extinction coefficient of encapsulated 
PCMs depends on the metallic shell material. Although the extinction 
coefficient of the paraffin/Al capsule is higher at core diameter of 35 nm 
than the other structures, it has the lowest effect on both temperature 

Fig. 10. Temperature (K) contours at core diameter of 5 nm and PCM mass concentration of 5 %.  
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and energy storage improvement due to the poor thermal conductivity 
of the Al material, as seen in Fig. 9. Besides, although the changes in the 
extinction coefficients of paraffin/Cu and paraffin/Au structures are 
almost similar to each other, since the Cu’s thermal conductivity is 
better than the Au, the enhancements of the paraffin/Cu capsule in 
temperature and energy storage are relatively stronger by improving 
photothermal conversion of solar energy. This temperature improve
ment matches that of Xu et al. [32] who compare the thermal behaviour 
of paraffin-based slurry with pure water. 

Furthermore, it is illustrated in Fig. 9 that both the temperature and 
energy storage augmentation decrease with increasing core size/ 
decreasing surface area-to-volume ratio. Increasing core size also en
hances the size of the capsule. The increased amount of total size boosts 
the volume of the particle at constant concentration, resulting in a 
decrease in the surface area-to-volume ratio of the core/shell structure. 
The reduced surface area/volume ratio causes the capsules dispersed in 
the heat transfer fluid to agglomerate, creating larger particles. By 
causing an increase in the thermal impediment between these large 
particles and the working fluid, it reduces the heat that the PCM can 
take, reducing the temperature of the system and negatively affecting 
the heat storage. Besides, nano capsules with a high surface area-to- 
volume ratio have a larger surface area per unit volume to spread. 
This accelerates the heat transfer between the capsules and allows it to 
give more heat to the host fluid, and thus it enhances the slurry’s tem
perature. These results reveal those of Ashraf et al. [65] who also 
discovered that enhancing particle size and agglomeration negatively 
affect the performance of the nanocomposites. 

Moreover, the increase in the mass concentration increasing in the 
fixed core size provides the augmentation of the stored energy as 
demonstrated in Fig. 9. But the reason why the improvement in tem
perature remains constant in the same situation can be explained as the 
change in the PCM’s temperature keeps almost steady in the phase 
transition process. 

As seen in Fig. 10, the heat transfer fluid consisting of core/shell 
structures absorbs sunlight from the bottom and side walls of the col
lector and begins to get hotter. Since the collector’s side and base walls 
have high reflectivity, the solar radiation is reflected towards the inside 
of the solar collector, and the slurry transports up due to the thermal 
expansion of the PCS, allowing high temperature gradients to form to
wards the centre of the collector. It is also clearly seen in Fig. 10 that 
different shell materials affect the thermal performance of the collector 
differently. Metallic Al material has a 5 nm core diameter, as it is indi
cated in Fig. 7, its extinction coefficient is lower than other capsules. 
Besides, since the Al material has the lowest thermal conductivity, both 
the heat gain (see Fig. 10) and radiation heat generation (see Fig. 11) of 
the paraffin/Al capsule are the lowest. Furthermore, the thermal per
formances of paraffin/Ag and paraffin/Cu based slurries in the collector 
are similar as seen in Fig. 10 and Fig. 11. Since both the thermal con
ductivities of these two shell materials and the extinction coefficients in 
the core/shell structures are approximately the same, they show such a 
tendency. Moreover, as displayed in Fig. 11, the reason for the heat 
generation by radiation in the collector to decrease with depth is the 
possibility of collision between the capsules and sunlight, resulting in a 
decrease in the light intensity and the maximum heat generation 
occurring around the top plate of the collector. 

4.4. Effect of mono nanoparticle type on phase change slurry 

The most substantial factor affecting the overall photothermal con
version performance of the collector is the heat transfer fluid. The op
tical and thermophysical characteristics of the working fluid can 
contribute to the improvement of this performance. As seen in Fig. 9, the 
slurry consisting of paraffin/Al core/shell structure has the lowest 
thermal performance when compared with other PCS types. To enhance 
this capacity, nanoparticles can be added to the slurry where water is the 
host fluid. These nanoparticles form the hybrid PCS. As the slurry’s 

Fig. 11. Volumetric absorbed radiation (Wm− 3) contours at core diameter of 5 nm and PCM mass concentration of 5 %.  
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extinction capacity is the sum of the attenuation coefficient of the base 
fluid, encapsulated PCM, and nanoparticle, it increases the solar energy 
absorption ability. 

As indicated in Fig. 12, Al, Al2O3, Graphite and MgO nanoparticles 
are dispersed to the paraffin/Al based slurry. In the absence of nano
particles (zero volume concentration), the PCS has the lowest thermal 
capacity. Since the further nanoparticle addition improves both the 
optical and thermophysical characteristics of the hybrid PCS, it aug
ments the solar radiation absorbing power of the new working fluid, 

increasing both the heat gain and the stored energy of the working fluid. 
This enhancement supports confirmation from earlier examination of Li 
et al. [66]. In addition, increasing the mass concentration of PCM from 5 
% to 20 % in both nanoparticle-free and fixed concentration augments 
the heat storage by enhancing the enthalpy difference of the slurry more. 
It is seen that, however, this increase in mass concentration is not too 
much for temperature gain improvement at constant nanoparticle con
centration. It is due to the fact that there is not much change in the 
temperature of the PCM by absorbing a huge quantity of latent heat 

Fig. 12. Effects of addition of mono nanoparticle to PCS and PCM mass concentration on temperature gain (left column) and stored energy (right column) 
enhancements. 
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Fig. 13. Temperature (K) contours at volume concentration of 25 ppm and PCM mass concentration of 15  % (Al, Al2O3, Graphite and MgO).  

Fig. 14. Volumetric absorbed radiation (Wm− 3) contours at volume concentration of 25 ppm and PCM mass concentration of 15 % (Al, Al2O3, Graphite and MgO).  
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during the PCM’s phase change transition from solid to liquid state. 
It is also seen in Fig. 12 that enhancing nanoparticle concentration 

slowly decreases both the temperature and storage gain. Improving 
nanoparticle concentration allows less radiation to penetrate into the 
collector, reducing heat production. This allows more sunlight to be 
absorbed by the hybrid PCS around the top plate, reducing both the 
storage gain and temperature of the fluid. 

Furthermore, as signified in Fig. 13, although the nanoparticle 
addition at constant volume and mass concentration to the slurry makes 
the temperature gains of the hybrid PCS differ, it is observed that there is 
not much fluctuation in the maximum temperatures of the slurries. The 
cause for this can be explained as the phase transition of the PCM by 
keeping its temperature constant during the phase transition period. 
Besides, with the penetration of sunlight into the collector, the heating 
starts from the bottom and side walls, causing the less dense fluid to rise 
while the denser fluid falls, allowing high temperatures to occur inside 
the collector. Due to the coupled convection and radiation heat loss from 
the upper wall of the solar collector to the ambient, the cooling is 
stronger around the upper wall. 

Moreover, the nanoparticle additives increase the working fluid’s 

attenuation coefficient and absorbs more sunlight. It provides an in
crease in the heat that can be produced from this irradiation in the 
collector. As revealed in Fig. 14, the average volumetric heat generation 
is maximum in Al2O3 based hybrid PCS, while it is minimum in Al based 
hybrid PCS. This is because the Al2O3 nanoparticles’ absorption capacity 
is stronger compared to other nanoparticles, while that of Al is the 
lowest. Since the radiation intensity also lessens with the depth, the 
mean volumetric heat generation decreases towards the bottom of the 
collector. 

4.5. Effect of hybrid nanoparticle on phase change slurry 

Hybrid nanoparticles can be employed to raise the thermal capacity 
of the working fluid with low thermal performance. Hybrid nano
particles dispersed in water will increase the working fluid’s ability to 
capture solar energy more, resulting in greater temperature gain. As 
demonstrated in Fig. 12, the thermal performance of the water-dispersed 
Al-based PCS is better than the other fluid types. Therefore, it is a good 
method to examine the analysis of their thermal performance by 
creating hybrid nanoparticle-based slurries by adding Al nanoparticles 

Fig. 15. Effects of addition of hybrid nanoparticle to PCS and PCM mass concentration on temperature gain (left column) and stored energy (right column) 
enhancements. 
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to other fluids. As illustrated in Fig. 15, since the temperature gains of 
the hybrid PCS based on Al2O3 + Al, MgO + Al and Graphite + Al are 
higher than the temperature gains of the hybrid PCS based on Al2O3, 
MgO and Graphite, it improves the thermal capacity of the collector by 
augmenting the photothermal conversion capacity of the collector. For 
instance, at volume concentration of 100 ppm and PCM mass concen
tration of 15/20 %, the temperature improvement of Graphite based PCS 
increases from 1.59 to 1.75 with the addition of Al nanoparticle. Like
wise, the thermal energy storage augmentation boots from 4 to 4.4 at 
volume concentration of 100 ppm and PCM mass concentration of 20 %. 

Furthermore, as seen in Fig. 16, hybrid PCS based on Al2O3 + Al, 
MgO + Al and Graphite + Al creates a more uniform temperature 
gradient than Al2O3, MgO and Graphite-based hybrid PCS by reducing 
the temperature differences inside the collector. Besides, the slurry starts 
to warm up from the collector base and the temperature of the slurry 
increases with the effect of free convection, moves upwards from the 
centre of the collector, and moves in the collector in the horizontal 
direction. 

Moreover, it is seen in Fig. 17 that, since the heat generated by the 
irradiation decreases with the deepness of the solar cavity, the highest 
heat generation occurs at the vicinity of the upper plate. Further, the 
heat generation of the hybrid PCS based on Al2O3 + Al, MgO + Al and 
Graphite + Al is higher than the Al2O3, MgO and Graphite-based hybrid 
PCS with the benefit of Al nanoparticle additives, increasing the solar 
radiation absorption capacity. 

5. Conclusions 

Numerical heat transfer characteristics of a direct absorption solar 
collector using latent functional thermal fluid as the heat transfer fluid 
was carried out. These liquids, formed by the dispersion of nano
encapsulated nanoscale PCMs in the base fluid, are considered as a kind 
of new phase change slurry. The heat transfer and fluid flow charac
teristics were analysed in 2D employing ANSYS Fluent. The influences of 
PCM mass concentration, shell material type, core size and nanoparticle 
on the photothermal conversion behaviour of the latent functional 

Fig. 16. Temperature (K) contours at volume concentration of 25 ppm and PCM mass concentration of 15 % (Al2O3 + Al Graphite + Al and MgO + Al).  

Fig. 17. Volumetric absorbed radiation (Wm− 3) contours at volume concentration of 25 ppm and PCM mass concentration of 15 % (Al2O3 + Al Graphite + Al and 
MgO + Al). 
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thermal fluid, were investigated. The findings unveiled that the thermal 
performance of PCS was better than that of the nanofluid. The solar 
thermal energy storage improvements of Cu, Al, Ag and Au nanofluids 
were 2.25, 2.06, 2.18 and 2.3, respectively, while the performances of 
PCS consisting of Al, Au, Ag and Cu-shelled paraffin core/shell struc
tures were 3.49, 3.98, 4.21 and 4.19, respectively. In addition, the 
presence of free electrons in the metal surface layers created absorption 
peak positions by stimulating the surface plasmon resonance due to the 
interaction of the metallic shell materials with radiation. Besides, 
increasing the core diameter enhanced the overall size of the core/shell 
architecture, resulting in a decrease in the surface area-to-volume ratio 
of the capsule. It was found that the decreasing surface area-to-volume 
ratio caused agglomeration of the capsules, negatively affecting both 
the temperature and storage gains of the system. Furthermore, nano
particles added to water were found to increase the performance of PCS. 
When the volume concentration was 25 ppm and the PCM mass con
centration was 20 %, the heat storage improvements of the Al2O3, MgO 
and Graphite based PCS were 5.2, 5.14 and 4.8, respectively, while the 
Al2O3 + Al, MgO + Al and Graphite + Al hybrid PCS based PCS formed 
by the addition of Al nanoparticle’s enhancements were 5.5, 5.46 and 
5.21. Moreover, it is concluded that the solar radiation capture and 
absorption capacity can be increased in this system, where the latent 
functional thermal fluid can directly absorb solar energy, which uses it 
both as a working fluid and a storage medium. By this enhanced thermal 
performance, PCS can provide considerable advantages for photo
thermal conversion and storage applications by reducing dependence on 
carbon-based fuels. 
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