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A B S T R A C T   

In this study, the photo-thermal conversion performance of volumetrically heated solar collector with mono- 
nanoparticle and hybrid-nanoparticle filled fluids desired for a direct solar energy system is numerically 
investigated. Considering the scattering and absorption characteristics of the heat transfer fluid in the translucent 
medium, its thermal performance in the collector is analysed solving the radiative transport, energy, and Navier- 
Stokes equations. A systematic parametric study is conducted by selectively changing the fluid type, volume 
concentration nanoparticle, operating temperature, and collector length to evaluate their influence on the 
thermal capacity of the collector. The results reveal that the use of nanoparticles and the increase in volume 
concentration improves the solar energy absorption capacity of the heat transfer nanofluids, thus increasing the 
photo-thermal conversion performance. Besides, it is found that the increase in the fluid inlet temperature in
creases the heat losses, resulting in a decrease in the amount of usable heat generated from solar energy. 
Furthermore, although the heat gain and useful heat generation of the fluid increase as the collector length 
increases, the thermal performance of the collector decreases due to increasing heat losses. Moreover, it is shown 
that the performance evaluation criterion (PEC) of water-based Graphite, TiO2 and Ag mono nanofluids is 1.6, 
1.56, and 1.43, respectively while water-based Graphite + MgO, TiO2 + MgO and Ag + MgO blended nanofluids 
is 1.68, 1.66, and 1.58, respectively. Because the blended nanoparticles increase the solar energy absorption 
capacity, both the thermal performance of the collector and the sensible energy storage capacity are enhanced. 
The findings of the study suggest that hybrid nanofluids can be considered as an effective heat transfer fluid that 
can be used in solar energy applications.   

Introduction 

Increasing energy demands cause both an increase in the use of fossil 
fuels and costs [1,2]. However, due to the limited reserve of fossil fuels 
and their harm to the environment such as greenhouse emissions, the 
importance of researching and utilizing energy sources that can be al
ternatives to the traditional fuels has emerged [3,4]. Therefore, such 
non-traditional energy sources, known as renewable energy, is 
increasing in use because of its various advantages such as sustainabil
ity, environmental friendliness, easy availability and generatability, 
contributing to the economic growth [5,6]. 

Among various renewable energy sources, solar energy has an 
important position as a heat and electricity source. In order to benefit 
from these advantages of solar energy, first of all, it needs to be 
collected. For this, it is necessary to use solar collectors that can convert 

solar radiation into thermal energy. In conventional solar collectors, 
where the solar energy is first absorbed by the absorber surface and 
transferred to the heat transfer fluid, the efficiency of the collector de
creases owing to the heat losses due to the high temperature difference 
between the heat transfer fluid and the absorber plate [7]. The direct 
absorption of solar radiation by the heat transfer fluid, however, offers 
the opportunity to minimize the heat losses. In these systems, which are 
called direct absorption solar collectors, the heat transfer fluid can 
improve the thermal performance of the collector since it acts as both an 
absorbing medium and a working fluid [8]. 

The heat transfer fluid in closed media can move in the cavity with 
the effect of natural convection due to the temperature difference. In 
media where solar energy is directly absorbed by the heat transfer fluid, 
besides natural convection, radiation also has an effect. Hence, the ab
sorption capacity of the working fluid is important in direct absorption 
systems where the combined effect of radiation and free convection is 
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observed. Therefore, the addition of nanoparticles to pure fluids can 
improve the thermal performance of the cavity as well as the capacity of 
the fluid to absorb solar energy [9,10,11,12,13,14,15]. Hatami and Jing 
[14] numerically examined the thermal capacity of the solar collector 
with different nanoparticle types that are TiO2, Al2O3 and CuO via finite 
element analysis. As different wall types and boundary conditions were 
used, the mean and local Nusselt numbers were calculated. The results 
revealed that the collector with wavy bottom wall had the maximum 
Nusselt number compared to that of flat collector. In addition, water 
based TiO2 nanofluid had the highest Nusselt number. Absorption ca
pacities of Ag, ZnO and TiO2 nanoparticles were analysed by Chen et al. 
[15] by performing experiments. They found that Ag nanoparticles had 
better thermal efficiency at low/very low particle concentrations, and it 
increased with increasing nanoparticle concentration. The photo- 
thermal conversion efficiency of water-based Ag nanofluid was 
84.61% after 5 min of radiation. 

Because the fluid velocity can affect the thermal performance of the 
collector, on the other hand, flow conditions can be considered as 
another parameter affecting the photothermal conversion performance 
of the direct absorption solar collectors [16,17,18,19]. Gorji and Ranj
bar [18] experimentally investigated the effects of nanoparticle con
centration, solar flux, and flow rate on solar-thermal capacity. The 
results showed that water-based magnetite nanofluids had better exergy 

and thermal efficiencies compared to the graphite and silver nanofluids. 
It was also found that the thermal efficiency decreased despite enhanced 
exergy efficiency with increasing solar flux. It was further seen that 
increasing the nanoparticle concentration by more than 25–30 ppm did 
not cause any significant improvements in the thermal and exergy effi
ciencies. Luo et al. [19] both experimentally and numerically analysed 
the thermal performance of oil based TiO2, Al2O3, Ag, Cu, SiO2, graphite 
nanoparticles, and carbon nanotubes. The results indicated that the 
photo-thermal conversion efficiencies were 122.7% and 117.5% for 
nanofluids with 0.01 vol% graphite and 0.5 vol% Al2O3, respectively. It 
was found that the nanoparticles improved the exit temperature and 
efficiency by 30–100 K and 2–25%, respectively, compared to the base 
oil. 

Type of fluid used in solar energy systems are the most important 
elements that affect the efficiency of heat transfer. As a result, investi
gation of the effect of hybrid nanoparticles in the fluid on the thermal 
performance in different types of solar collectors has been carried out in 
recent years [20,21,22,23]. Hybrid nanoparticles not only have the 
potential to improve the thermal properties of the working fluid, but 
they can also improve fluid’s absorption capacity in direct absorption 
systems. The effects of SiO2/Ag and CuO nanoparticles on thermo
physical and optical properties and photo-thermal conversion efficiency 
were explored by Joseph et al. [24] via experiments in a motionless 

Nomenclature 

L Length of the collector (m) 
H Height of the collector (m) 
AR Aspect ratio 
Iλ Radiation intensity (W/m2µm) 
r→ Position vector 
s→ Direction vector 
Ibλ Black body intensity (W/m2µm) 
n Refractive index 

s→
′

Scattering direction vector 
σs Scattering coefficient (1/m) 
αλ Spectral absorption coefficient (1/m) 
k Absorption index 
n Refractive index 
fv Particle volume concentration 
Qeλ Extinction efficiency 
D Diameter of the particle (m) 
m Normalized refractive index of the particle to the fluid 
α Size parameter 
Qaλ Absorption efficiency 
Qsλ Scattering efficiency 
Keλ Extinction coefficient (1/m) 
Kaλ Absorption coefficient (1/m) 
Ksλ Scattering coefficient (1/m) 
Cp Specific heat (J/kgK) 
K Thermal conductivity (W/mK) 
h Convective heat transfer coefficient 
ε Dielectric constant 
r Radius of the nanoparticle 
u, v Velocity vectors (m/s) 
p Pressure (Pa) 
G Gravitational acceleration (m/s2) 
T Temperature (K) 
V Velocity of the working fluid (m/s), 
q Heat flux (W/m2) 
Dh Hydraulic diameter (m) 
L Length (m) 

G Solar intensity (W/m2) 
ΔP Pressure loss (Pa) 
ΔH Enthalpy change (J/kg) 
ṁ Mass flow rate (kg/s) 
Q̇s Rate of stored energy (W) 
Q Rate of useful heat (W) 
PEC Performance evaluation criterion 
H Total heat loss (W/m2) 

Greek symbols 
ρ Density (kg/m3) 
μ Dynamic viscosity (Ns/m2) 
Φ Dissipation functions 
σ Stefan-Boltzmann(5.67× 10− 8 W/m2K4)

ε Emissivity 
φ Nanoparticle concentration 
λ Wavelength of incident light (µm) 
Φ Phase function 
Ω′ Solid angle 
ρ Density (kg/m3) 
kB Boltzmann constant (1.3807× 10− 23 J/K)

Subscripts 
nf Nanofluid 
p Nanoparticle 
f Base fluid 
amb Ambient 
hnf Hybrid nanofluid 
eff Effective 
s1 First nanoparticle 
s2 Second nanoparticle 
s Stored 
h Hot 
c Cold 
conv Convective 
rad Radiative 
in Inlet 
out Outlet  
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direct absorption solar collector. It was found that solar radiation ca
pacity of SiO2/Ag nanoparticles-based fluids increased with the addition 
of CuO nanoparticles. It was further observed that the optical and 
thermal properties altered by the surfactant’s fraction, and the thermal 
efficiency improved due to the absorbance capacity of nanoparticles. 
Furthermore, an experimental study on direct absorption solar collector 
for the investigation of entropy and exergy was performed by Karami 
[25] with blended nanoparticles of Fe3O4/SiO2 dispersed in water. 
Different nanofluid concentrations (e.g. 500 ppm, 1000 ppm, and 2000 
ppm), and different flow rates (e.g 0.0075, 0.0.015, and 0.0225 kg/s) 
were used. The results demonstrated that the efficiency enhanced with 
the increase of both the particle concentration and flow rate. When the 
volume concertation increased from 0 to 2000 ppm, it was observed that 
the augmentation of exergy efficiency increased to 66.4% at a mass flow 
rate of 0.0225 kg/s. 

As per the literature review, although, that the thermal energy is 
generated by using single nanoparticles in most of the studies, detailed 
understanding of the use of blended nanoparticles in the application of 
direct absorption solar systems is still missing. Because hybrid nano
particles are a combination of different types of particles, their ther
mophysical and optical properties are different from those of their 
constituents. As a result, their effects on the thermal performance of the 
collector may be different. Besides, although the thermal conversion 
performance of nanofluids under static conditions has been widely 
explored, the influence of the flow velocity, the collector geometry and 
working conditions on solar energy absorption characteristics of nano
fluids is not yet fully understood. Changing the concentration of nano
particles means a change in the flow rate, since the thermophysical 
properties of the nanofluid change. So, an increase or decrease of the 
flow rate could also affect the heating time of the nanofluid by the solar 
energy and consequently, the flow time in the collector – the effect of 
which in combination with the flow velocity needs to be investigated. 

Additionally, nanoparticle volume concentration is a factor that 
directly affects both the thermophysical and optical properties of the 
heat transfer fluid. The capacity of the volumetrically heated nanofluid 

to capture solar energy further depends on the volume concentration. 
Therefore, high concentration is favourable to increase the efficiency of 
photo-thermal transformation that takes place at low concentrations. 
However, to what extent or how the effect of this high concentration can 
affect the thermal performance of the collect is still fully addressed. This 
also poses further challenges on the overall system performance, when 
this is combined with the effects of collector geometry and operating 
temperature of hybrid nanoparticles. Finally, the combined effect of 
direct heating, radiation, forced convection and heat losses in volu
metric solar collectors is still unknown when a translucent medium 
absorbs, emits, or scatters radiation. In this case, the irradiation power 
cannot remain constant [26], so the heat transfer and flow properties of 
the fluid in the collector continuously change. Therefore, further 
research is required to examine the influence of this combined effect on 
the thermal performance of hybrid particles incorporated nanofluids. 
Consequently, the main aim of the current study is to investigate the 
photo-thermal conversion performances of volumetrically heated 
nanofluids by filling the specified knowledge gaps. 

Problem statement and mathematical modelling 

A 2D volumetric solar collector in which solar radiation passes 
vertically through nanoparticle filled heat transfer fluid, as shown in 
Fig. 1(a). The top surface is surrounded by a highly transparent glass 
plate to facilitate absorption of radiation by the working fluid, and there 
is also a combined radiation and convection heat loss from the glass to 
the atmosphere. The process of capturing radiation is illustrated in Fig. 1 
(b) [27], and the nanoparticles with increasing energy start to augment 
the temperature of the nanofluid by colliding with each other. Extant 
works indicate that the aspect ratio (L/H) of the cavity is about 10 [28]. 

The Radiative Transfer Equation (RTE) is applied to assess the 
spectral attenuation of radiation within the semi-translucent medium, 
and it can be expressed as [29]: 

Fig. 1. (a) A 2D schematic of a volumetric collector, (b) Impact and action of radiation on a nanoparticle inside the heat transfer fluid.  
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∇ • (Iλ( r→, s→) s→)+ (αλ + σs)Iλ( r→, s→)

= αλn2Ibλ +
σs

4π

∫ 4π

0
Iλ( r,→ s→

′

)Φ( s→• s→
′

)dΩ
′ (1)  

where Iλ is the radiation intensity, r→ is the position vector, s→ is the di
rection vector, αλ is the spectral absorption co-efficient,σs is the scat

tering co-efficient, Ibλ is the black body radiation intensity, s→
′

is the 
scattering direction vector, n is the refractive index, Φ is the phase 
function and Ω′ is the solid angle. 

Scattering effects of the host fluid can be ignored since the absorption 
dominates the attenuation in pure fluids so that the extinction coeffi
cient can be described as [30]: 

Keλ,bf = Kaλ,bf =
4πk

λ
(2) 

Nanoparticles, however, affect attenuation due to both scattering 
and absorption properties. Therefore, some factors such as particle 
concentration can affect the semi-translucent medium. The Rayleigh 
scattering can be used for small particles in order to calculate the optical 
properties of nanofluids [31,32]. 

The extinction coefficient can be described as [30]: 

Keλ,np =
3fvQeλ(a,m)

D
(3)  

where fv is the nanoparticle concentration, Qeλ is the extinction 
efficiency,D is the particle size,α is the size parameter, and m is the 
normalized refractive index of the particle to the fluid. m and α can be 
given as [30]: 

m =
mparticles

nfluid
(4)  

mparticles = n+ ik (5)  

α =
πD
λ

(6)  

where k and n are the absorption and refractive indexes of the nano
particle, respectively. The optical and dielectric constants of the nano
particle and water is taken from literature [33,34,35]. In addition, if the 
dielectric constant, ε, of nanoparticle is known, it can be converted into 
absorption and refractive indexes using Eqs. (7) and (8) [32]: 

n =

((
ε2

1 + ε2
2 + ε1

)1/2

2

)1/2

(7)  

k =

((
ε2

1 + ε2
2 − ε1

)1/2

2

)1/2

(8) 

The extinction efficiency is given by [32]: 

Qeλ = Qaλ +Qsλ (9)  

where Qaλ and Qsλ are the absorption efficiency and scattering efficiency, 
respectively. 

Qaλ = 4αIm
{

m2 − 1
m2 + 2

[

1 +
α2

15

(
m2 − 1
m2 + 2

)
m4 + 27m2 + 38

2m2 + 3

]}

(10)  

Qsλ =
8
3

α4
⃒
⃒
⃒
⃒

(
m2 − 1
m2 + 2

) ⃒
⃒
⃒
⃒

2

(11) 

Using Eqs. (6) and (9) in Equation (3), the extinction coefficient, Keλ, 
can be re-written as: 

Keλ = Kaλ +Ksλ (12)  

where Kaλ and Ksλ are the absorption and scattering coefficients, 

respectively. Note that: 

Kaλ =
12πfv

λ
Im
{

m2 − 1
m2 + 2

[

1 +
π2D2

15λ2

(
m2 − 1
m2 + 2

)
m4 + 27m2 + 38

2m2 + 3

]}

(13)  

and 

Ksλ =
8π4D3fv

λ4

⃒
⃒
⃒
⃒

(
m2 − 1
m2 + 2

) ⃒
⃒
⃒
⃒

2

(14) 

The total extinction coefficient of the nanofluid is the sum of the 
extinction coefficients of host fluid and nanoparticle: 

Keλ,nf = Keλ,np +Keλ,bf (15) 

The total extinction coefficient of hybrid nanofluid is also equal to 
the sum of the extinction coefficient of each nanoparticle, and host fluid 
[36]: 

Keλ,hybridnf = Keλ,bf +Keλ,np1 +Keλ,np2 (16) 

Since water is considered as a semi-transparent medium in the 
wavelength range of 200–1200 nm, when the wavelength shifts to the 
near-infrared region, water becomes an efficient absorber [37]. There
fore, the addition of nanoparticle increases the absorption to a greater 
extent in this wavelength range, and 85% of the solar energy can reach 
the earth’s surface in this wavelength range [38]. 

The nanofluid is assumed to be single-phase, incompressible, 
laminar, and Newtonian. The governing and energy equations are given 
as:  

(i) Continuity equation: 

∂u
∂x

+
∂v
∂y

= 0 (17)    

(ii) x-momentum equation: 

u
∂u
∂x

+ v
∂u
∂y

= −
1

ρnf

∂p
∂x

+
μnf

ρnf

(
∂2u
∂x2 +

∂2u
∂y2

)

(18)    

(iii) y-momentum equation: 

u
∂v
∂x

+ v
∂v
∂y

= −
1

ρnf

∂p
∂y

+
μnf

ρnf

(
∂2v
∂x2 +

∂2v
∂y2

)

(19)    

(iv) Energy conservation equation: 

ρnf cpnf

(

u
∂T
∂x

+ v
∂T
∂y

)

= knf

(
∂2T
∂x2 +

∂2T
∂y2

)

−
∂qr

∂y
(20) 

Furthermore, the boundary conditions are: 
At the inlet: 

u = Uin,T = Tin, v = 0 (21) 

At the outlet: 

p = 0 (22) 

At the top surface: 

q = h(T − Tamb)+ εσ(T4 − T4
amb) (23) 

At the bottom: 

∂T
∂y

= 0 (24)  

At the walls’ surface: 

u = v = 0 (25) 
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where h is the convective heat transfer coefficient, σ is the Stefan- 
Boltzmann constant, 5.67× 10− 8W/m2•K4, and Tamb is the ambient 
temperature. The convection heat transfer coefficient, h, is calculated 
using Duffie correlation as a function of wind speed [39]: 

h = 5.7+ 3.8v (26) 

The density, and specific heat of the nanofluid are described by [40]: 

ρnf = ρf (1 − φ)+ ρpφ (27)  

(ρCp)nf =
(
ρCp
)

f (1 − φ)+
(
ρCp
)

pφ (28) 

The density, specific heat, and thermal conductivity of the hybrid 
nanofluid are described as [41]: 

ρhnf = φnp1ρnp1 +φnp2ρnp2 +(1 − φ)ρf (29)  

where, 

φ = φnp1 +φnp2 (30)  

(
ρCp
)

hnf = φnp1ρnp1Cp,np1 +φnp2ρnp2Cp,np2 +(1 − φ)ρf Cp,f (31)  

keff = kstatic + kBrownian (32) 

The static thermal conductivity of nanofluid is described as [42]: 

kstatic = kf
kp + 2kf − 2φ(kf − kp)

kp + 2kf + φ(kf − kp)
(33)  

where kp and kf are the thermal conductivities of the nanoparticle and 
base fluid, respectively. 

The static thermal conductivity of the hybrid nanofluid can be 
expressed as [43]: 

(
khnf
)

static = kbf
ks2 + 2kbf − 2φ2(kbf − ks2)

ks2 + 2kbf + φ2(kbf − ks2)
(34)  

where, 

kbf = kf
ks1 + 2kf − 2φ1(kf − ks1)

ks1 + 2kf + φ1(kf − ks1)
(35)  

where, kbf and kf are the thermal conductivities of the first nanofluid and 
base fluid. ks1 and ks2 also represent the thermal conductivities of first 
and second nanoparticles, respectively. φ1 and φ2 represent the particle 
concentrations. 

The effect of Brownian motion on thermal conductivity is given as 
[44]: 

kBrownian =
ρnpφCp,np

2

̅̅̅̅̅̅̅̅̅̅̅̅̅
kBT

3πrμbf

√

(36)  

where kB is the Boltzmann constant, 1.3807× 10− 23J/K, r is the radius 
of the nanoparticle, μbf is the viscosity of the host fluid, and T is the 
temperature. 

The effective viscosity of the nanofluid is described as [45]: 

μnf = μbf
(
1+ 39.11φ+ 533.9φ2) (37)  

where φ is equal to the total volume concentration of each nanoparticle 
in order to determine the viscosity of the hybrid nanofluid [46]. 

In addition, the thermophysical properties of the nanoparticles are 
shown in Table 1. 

The friction factor (f) can be calculated using the following expres
sion [51]: 

f =
ΔP2Dh

LρV2 (38)  

where ΔP is the pressure drop (Pa), Dh is the hydraulic diameter (m), L is 
the length (m), and V is the velocity (m/s). 

The performance evaluation criterion (PEC) expresses the relation
ship between the friction factor and the efficiency of the working fluid. It 
is calculated as follows [51]: 

PEC =

Q
Qo

(
f
fo

)1/3 (39)  

where subscript o represents the pure water case. Q is the useful heat 
generation and depends on the temperature difference and specific heat 
of the heat transfer fluid. 

Computational model 

ANSYS Fluent 2020 R1 based on the finite volume method is used to 
solve the Navier-Stokes and energy equations. The radiative transfer 
equation that consists of absorbing, emitting, and scattering elements is 
calculated by choosing Discrete Ordinates (DO) method. In the DO 
method, which is the directional variation of the radiation intensity, the 
transfer equation is solved by including the total solid angle range of 4π 
[26]. By integrating the RTE into each wavelength range, the radiation 
spectrum is divided into the wavelength bands by the DO method. Phi 
(Nφ) and Theta (Nθ) divisions are implemented to discretise the octane 
of the angular space and define the control angles. In 2D heat transfer 
and fluid flow solutions, ANSYS Fluent can only resolve 4NθNφ [29]. The 
SIMPLE algorithm is employed for the pressure–velocity coupling with 
the second-order upwind differencing scheme for discretization of 
equations. Least Squares Cell Based and PRESTO! are applied for 
gradient and discretization of the momentum equations, respectively. 
The residual values are that the governing equations are set below 10-5 

while the energy and DO equations are set below 10-6 in order to reduce 
the imbalance of the results. 5x5 Theta and Phi Divisions and 3X3 Theta 
and Phi Pixels are selected to obtain more accurate and reasonable re
sults [29]. 

Grid independence test 

A non-uniform mesh is generated inside the collector domain, as 
shown in Fig. 2(a, b). As seen in Fig. 3, different grid numbers are 
controlled for temperature and velocity using water-based Graphite 
nanofluid in different volume concentrations by applying mesh numbers 
of 4000, 16000, 36,000 and 64000. 

Model validation 

Some previous studies reported in the literature are used to validate 
the numerical model reported herein. Thus, the work of Otanicar et al. 
[17], which conducted both experimental and numerical analyses of the 
direct absorption solar collector, is chosen for the first validation. The 
nanofluid with mass flow rate of 42 ml/h enters the collector. It receives 
a sunbeam power density of 1000 W/m2 and exhibits a combined radi
ative and convective heat loss of 23 Wm− 2K− 1 due to the glass layer on 
the top wall. The current collector efficiency as a function of particle 
concentration matches well with reference study [17] as shown in 
Fig. 4a. The maximum and average errors of Graphite/water nanofluid 
are also 11% and 6.02%, respectively. Tyagi et al. [30] performed 

Table 1 
Thermophysical properties of nanoparticles [47,48,49,50].  

Properties Graphite TiO2 MgO Ag 

ρ(kg/m3) 2210 4250 3560 10,500 
Cp(J/kgK) 709 686.2 955 235 
k(W/mK) 1950 8.9538 45 429  
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numerical analysis of the direct absorption solar collector using water-Al 
nanofluid and our results are benchmarked with their results in Fig. 4b. 
The top plate is exposed to an irradiation power density of 1000 W/m2 

while the convective heat loss to the atmosphere from the top wall is 6 
Wm− 2K− 1. Fig. 4b compares the current collector efficiency as a func
tion of collector height and is in a good agreement with that reported in 
the literature [30]. As seen in Fig. 4(b), the maximum and mean errors of 
the nanofluid are 6.25% and 4.49%, respectively. 

Results and discussion 

Effect of single nanoparticle on thermal performance 

Since different types of nanoparticles have different optical and 
thermophysical properties, their thermal performances also differ. Fig. 5 
shows the performance of different types of mono nanofluids in the 
collector as a function of volume concentration. The addition of nano
particles to the base fluid improves the extinction coefficient of the heat 
transfer fluid. Thus, it increases the capacity of nanofluid to absorb solar 
energy. As can be seen in Fig. 5a, especially when the volume concen
tration is 1%, since the temperature gain of nanofluid is higher than that 
of pure water, the ratio of temperature gain exceeds 1. As the volume 
concentration of the nanoparticles increases, however, it causes a 
decrease in the temperature gain of the nanofluid, as shown in Fig. 5. 
This can be explained that when the volume concentration of the 
nanoparticles in the fluid is low, sunlight can reach the bottom of the 
collector such as at 1% or 2%, as seen in Fig. 6. Hence, the temperature 
of the nanofluid increases more, causing the fluid in the vicinity of the 
collector base to heat up. The increase in the volume concentration of 
the nanoparticles ensures that the solar radiation cannot penetrate 

further into the collector. This reduces the temperature of the nanofluid 
by allowing more of the radiation to be absorbed by the fluid around the 
upper wall. It ensures that the temperature differences in the collector 
are less due to the reduced temperature gain (see Fig. 6). 

Furthermore, an increase in the volume concentration provides a 
decrease in the top wall temperature of the collector. Due to the 
decreasing temperature, the combined radiation and convection from 
the glass coating of the collector to the atmosphere causes a decrease in 
heat loss (see Fig. 5b). Reduced heat losses contribute to the improve
ment of the thermal performance of the collector, as indicated in Fig. 5c. 
Moreover, the addition of nanoparticles to the host fluid increases the 
capacity of the nanofluid to store solar energy while the stored capacity 
of the pure water is 5.5 W. Therefore, Fig. 5d shows that for solar col
lector that is volumetrically heated, nanofluid can be used both as a heat 
transfer fluid and as a storage medium which depends on the initial and 
final state of the system. 

Effect of blended nanoparticle on thermal performance 

One of the most important factors affecting photo-thermal conver
sion efficiency is the type of heat transfer fluid. Increasing the capacity 
of the fluid to absorb solar energy can improve the conversion perfor
mance. Therefore, it can be beneficial to use hybrid nanoparticles 
instead of mono nanoparticle. In Fig. 5c, since MgO nanoparticles 
improve the efficiency of the collector more than other nanoparticles 
incorporated in water, it can be thought that they can also improve their 
thermal performance when combined with other nanoparticles. There
fore, blended nanoparticles are obtained by combining MgO to Graphite, 
Ag and TiO2 nanoparticles and dispersed in water. In the blended 
mixture formed by adding MgO nanoparticles, temperature gain is 

Fig. 2. Mesh distribution along the collector.  
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increased in each hybrid mixture, as shown in Fig. 7a. With the 
increasing temperature, the heat loss to the environment increases due 
to the increasing upper wall temperature (see the contour in Fig. 8), as 
well as the heat loss rate (Fig. 7b). Besides, hybrid nanoparticles not only 
improve the optical properties of the fluid, but also improve the ther
mophysical properties. Therefore, the blended particles with enhanced 
thermal performances allow for the photo-thermal conversion of the 
collector to be enhanced (Fig. 7c). For example, while the PEC of water/ 
Ag nanofluid is 1.43, it increased to 1.58 with the addition of MgO 
nanoparticle. Furthermore, the blended particles increase the energy 
that can be stored as shown in Fig. 7d, by contributing to the enthalpy 
development in addition to the temperature gain of the fluid. 

Moreover, as indicated in Fig. 8, increasing the volume concentra
tion increases the flow rate of the nanofluid, enabling the heat transfer 
fluid to move faster in the collector. Therefore, the temperature gain of 
the nanofluid decreases as it is inversely proportional to the volume 

concentration. Thus, it causes a decrease in the upper wall temperature 
of the collector. 

Because the thermal performances (PEC) of MgO/water and 
Graphite + MgO/water nanofluids are higher when compared to other 
types of nanofluids, a comparative analysis of both mono and hybrid 
nanoparticles would provide a deeper insight into the thermo-fluid 
behaviour. 

Effect of operating temperature on thermal performance 

Another factor affecting the photo-thermal conversion efficiency is 
the fluid temperature. Since the increase or decrease of the fluid tem
perature causes the thermophysical properties to change, the thermal 
performance of the collector is also affected. Increasing the inlet tem
perature of the fluid causes an increase in the collector glass tempera
ture, increasing the heat loss to the atmosphere, which in turn, decreases 

Fig. 3. Variations of temperature and velocity profiles for Graphite/water nanofluid at volume concentrations of 0% (left column) and 1% (right column) with 
different grid numbers. 

Fig. 4. Comparison of current collector efficiency with that reported in the literature: (a) as a function of volume concentration of particle [17] and (b) as a function 
of collector height [29]. 
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Fig. 5. Effect of water-based mono nanofluids on the thermal performance of the collector: (a) temperature gain rate, (b) heat loss rate, (c) performance evaluation 
criterion (PEC), and (d) stored energy as a function of volume concentration of the nanofluid. 

Fig. 6. Temperature (K) contours of TiO2/water nanofluid at different volume concentrations.  
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Fig. 7. Effect of water-based hybrid nanofluids on the thermal performance of the collector (a) temperature gain rate, (b) heat loss rate, (c) performance evaluation 
criterion (PEC), and (d) stored energy rate with changing volume concentrations. 

Fig. 8. Temperature (K) contours of TiO2 + MgO/water nanofluid at different volume concentrations.  
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the temperature gain of the collector (Figs. 9-10)). But the reason why 
the temperature gain ratio seems to have increased in Fig. 9a shows the 
ratio of nanofluid to pure water. For example, the temperature gain ratio 
of pure water decreases from 2.12 to 1.09, while the temperature gain 
ratio of MgO/water nanofluid declines from 2.5 to 2.09, and the tem
perature gain rate is seen to increase from 1.18 to 1.92. Similarly, the 
heat losses of pure water (from 29 W/m2 to 495 W/m2) and MgO/water 
(from 123 W/m2 to 609 W/m2) fluids increase, and the heat loss rate 
drops from 4.24 to 1.23. Decreased temperature gain ratio and increased 
heat losses cause the nanofluid to lessen the amount of heat absorbed by 
solar radiation. The heat gain of pure water decreased from 5.73 to 2.03 
while the gain of Graphite + MgO blended nanofluid decreased from 
9.05 to 4.89. This drop causes a decrease in both the efficiency of photo- 
thermal conversion and the stored energy. In Fig. 9(c), however, the 
increase in the working temperature shows that there is an increase in 
the PEC. The reason for this is that the graphs show the ratio of nanofluid 
to pure water. As seen in Fig. 9(d), because the enthalpy change depends 
on the temperature gain of the heat transfer fluid, the stored energy 
declines with increasing inlet temperature due to the decreasing the 
temperature increase of the fluid. 

Furthermore, as seen in Fig. 9(c), mono nanofluid performs better 
than hybrid nanofluid, while in Fig. 9(d) it is seen that they have the 
same performance at the same volume concentrations. This is because 
the physical properties of blended nanoparticles are different from mono 
nanoparticles. Due to the homogeneous of MgO nanoparticles in the 
hybrid nanoparticle, the increase in the density and thermal conduc
tivity of the blended nanoparticle may be less compared to the MgO/ 
water nanofluid. Because of these situations, such a trend may be 
obtained. 

Effect of collector length on thermal performance 

The effect of collector length on the energy conversion performance 
is shown in Fig. 11. An increase in the collector length means an increase 
in the length of the glass plate of the collector. This increasing length 

boosts the amount of solar radiation penetrating per unit area, 
increasing the temperature of the heat transfer fluid. While the tem
perature increase ratio of pure water rises from 3.1 to 11.1 with 
increasing collector length, the temperature of Graphite + MgO/water 
nanofluid increases from 3.4 to 10.9 at volume concentration of 1%, and 
the enhancement rate of nanofluid to pure water is 1.1 and 0.98 for 0.1 
m and 0.35 m lengths, respectively (Fig. 11a). As shown in Fig. 12, the 
temperature enhancement of the fluid causes an increase in the top wall 
temperature of the collector, causing an increase in the heat loss to the 
environment. While the combined radiation and convection heat loss of 
pure water increases with the collector length from 40.9 W/m2 to 141.2 
W/m2, the heat loss of MgO/water nanofluid increases from 141.9 W/ 
m2 to 252.7 W/m2, and the heat loss ratios of nanofluid to pure water 
become 3.5 and 1.79 (Fig. 11b), respectively. The increase in heat loss 
negatively affects the photo-thermal conversion of the collector, 
resulting in a decrease in the thermal performance of the collector 
(Fig. 11(c)). As the collector length increases, on the other hand, the 
fluid’s outlet temperature increases that the stored capacity of the fluid 
enhances (Fig. 11(d)). 

Conclusions 

Herein, the photo-thermal conversion performance of volumetrically 
heated solar collector with mono-nanoparticle and hybrid-nanoparticle 
filled fluids desired for a direct solar energy system was numerically 
investigated. By solving 2D radiation heat transfer and energy equations 
with ANSYS Fluent, the effects of collector length, operating tempera
ture, and volume concentration of nanoparticle on the photo-thermal 
conversion efficiency, are analysed. The addition of nanoparticles to 
pure water increased the extinction coefficient of the nanofluid and 
increased its solar energy absorption capacity. This increase was 
improved by increasing the volume concentration of the particles and 
the addition of blended particles. Besides, the increase in the volume 
concentration decreased the penetration of sunlight with the increase in 
depth of the collector, and most of the sunlight was absorbed by the 

Fig. 9. Effect of working temperature on the thermal performance of the collector (a) temperature gain rate, (b) heat loss rate, (c) performance evaluation criterion 
(PEC), and (d) stored energy rate with changing inlet temperatures. 
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nanofluid at the vicinity of the top wall. Increasing volume concentra
tion caused a decrease in temperature differences in the collector. 
Furthermore, the increase in the working temperature of the fluid 
increased the heat transfer to the environment by increasing the tem
perature of the collector. This has caused a decline in the useful heat 
production of the collector from the solar energy. The increase in col
lector length also negatively affected the photo-thermal conversion 
performance. With increasing collector length, the increase in the 
amount of solar energy absorption of the nanofluid caused an increase in 
the top wall temperature of the collector, increasing the heat losses. 
Moreover, the use of hybrid particles was demonstrated the usability of 
hybrid nanofluids in solar energy applications by increasing the sensible 
energy storage. 

To sum up, the significance of the current research is to physically 
examine the factors affecting the photo-thermal conversion performance 
of volumetrically heated nanofluids in order to filling the research gaps 
as demonstrated in the literature review. This work clearly illustrates 
that the maximum PEC and sensible heat are obtained when the volume 
concentration is 4%. The maximum performance evaluation criterion 
(PEC) is also obtained in the case of operating temperature 

( Tin − Tamb
G

)
and 

collector length of 0.19 m and 0.1 m, respectively, while the maximum 
sensible heat can be found in the case of 0 and 0.35 m. When the volume 
concentration of the Graphite + MgO/water nanofluid is improved from 
1% to 4%, the average PEC and sensible heat storage are 1.62 W and 
9.01 W, respectively. As the operating temperature augments from 0 to 

0.019, the average PEC and sensible heat storage are 1.96 W and 7.19 W, 
respectively. When the collector length increases from 0.1 m to 0.35 m, 
the average PEC and sensible heat storage are 1.57 W and 48.7 W, 
respectively. Finally, the utilisation of phase change materials in volu
metrically heated solar collectors remains a future scope. 
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Fig. 11. Effect of collector length on thermal performance of the collector (a) temperature gain rate, (b) heat loss rate, (c) performance evaluation criterion (PEC), 
and (d) stored energy rate with changing collector distance. 

Fig. 12. Temperature (K) contours of Graphite + MgO nanofluid at different collector lengths.  
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