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A B S T R A C T

The photo-thermal conversion performance (PTCP) of water-based nanofluids in a volumetrically heated solar
collector (VHSC) is evaluated. The influences of nanoparticle volume concentration (NVC), particle size, Rey-
nolds number, operating temperature, and collector geometry on the PTCP are numerically investigated. The
utilization of nanoparticles and improving their concentration is found to enhance the photo-thermal conversion
efficiency (PTCE) of the collector by augmenting the energy from the sun of the working fluid due to the
radiation-nanoparticle interactions. The PTCE enhancement of Graphite, TiO2 and Ag nanoparticles dispersed in
water is respectively 1.37, 1.33 and 1.29 times better, compared to that of water. This is further augmented by
adding MgO nanoparticles to TiO2, Graphite and Ag particles, resulting in 1.69, 1.67 and 1.59x improved effi-
ciency. Enhancing the flow rate of the fluids also contributes to the PTCE by reducing the losses of thermal from
the collector to the ambient. Besides, the enhanced nanoparticle size increases the overall PTCP as it enables the
nanofluid to absorb more solar energy. Enhancing the collector length accelerates the thermal loss to the
ambient, as a result the system performance diminishes. It is also regarded that the heat absorption of the
nanofluid declines with improving inlet temperature of the working fluid.

1. Introduction

Solar energy is one of the most important sources of non-
conventional energy because of its clean, widespread, and abundant
properties [1]. Given the today’s increasing energy use and demand, it
can be regarded as one of the best natural resources in terms of pro-
tecting the environment and preventing energy deficiency among
renewable energy sources [2]. However, for this, solar radiation must be
captured and converted into thermal energy via a solar collector. In a
surface-based solar collector (SBSC), solar irradiation is absorbed
through an absorber surface and then transferred to heat transfer fluid
via conduction and convection heat transfer from the absorber. Hence,
the PTCP of the collector is adversely altered by the increased thermal
loss between the working fluid and absorber. A direct absorption solar
collector (DASC) is used [3,4] to diminish the thermal loss and enhance
the PTCE of the collector. In that, solar irradiance was directly absorbed
by the fluid, resulted in the enhanced PTCE compared to a SBSC [5,6].

However, the most important factor that impacts the PTCP of DASCs
is the optical and thermal characteristics of heat transfer fluid such as
density or attenuation capacity [7,8]. Because a conventional working

fluid has a low absorptivity to absorb solar irradiation, the PTCE is low.
When water is compared to other base fluids such as ethylene glycol, and
Therminol VP-1, although it ranks as the best absorber, it absorbs just
13 % of solar energy [9]. However, with the development of nano-
technology, by adding nanoparticles to a host fluid, the heat transfer
fluid’s optical performance is improved [10]. Besides, nanofluids in-
crease the heat transfer process because of their high surface area and
thermal conductivity. Cao et al. [11] experimentally scrutinized the
radiative properties of ionic liquid-based nanofluids. The results showed
that the absorption properties of working fluid diminished with
increasing cation or anion radius and were affected by high viscosity.
They also found that the absorption efficiency and extinction co-
efficients have the same trend. Karami et al. [12] experimentally ana-
lysed the characteristics of carbon nanoballs (CNBs)/water and CNBs/
ethylene glycol nanofluids. They found that, on average, the extinction
coefficient of ethylene glycol and water was increased by 3.4 1 cm− 1 and
3.9 1 cm− 1, respectively with an addition of 300 ppm CNBs. Gan and
Qiao [13] experimentally evaluated the radiative heat transfer and op-
tical properties of carbon-based nanofluids in the UV–vis range. The
findings showed that multiwalled carbon nanotubes (MWCNTs)/
ethanol-based or carbon nanoparticles (CNPs)/ethanol-based nanofluids
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have higher evaporation ratio than pure ethanol. In addition, MWCNTs/
ethanol-based nanofluids had a higher droplet temperature when
compared to CNPs or aluminium (Al) nanoparticles. They used the
Rayleigh approach to measure optical properties, and MWCNTs were
found to have the best nanoparticles for radiation absorption.

Qin et al. [14] researched the absorption performance of plasmonic
nanofluids with different nanoparticle shapes. The numerical results
indicated that the thermal capacity of tetrahedral nanoparticle at a
constant volume fraction of 1 ppm is 20 % and 35 % than nanorod and
nanosphere, respectively. The lightning rod effect could also be
enhanced by the sharper edges. Gimeno-Furió et al. [15] experimentally
analysed the impacts of low carbon NVCs (3 and 33 ml/g) on the optical
properties and PTCP in a low temperature DASC. Carbon nanoparticles
added at high volume NPV enhanced the absorption coefficient of pure
water by 3200 %. It was found that the temperature of water, low and
high concentration nanofluids attains at 9.3 ◦C, 20 ◦C and 24.2 ◦C,
respectively at the end of a radiation period of 6000 s. Wang et al. [16]
investigated MXene and graphene nanofluids with different NVCs of 5,
10, 20, 40, 60 ppm in application of DASC. The experimental results
indicated that MXene nanofluid has better PTCP at the same NVC of 20
ppm as 63.35 %. It was also found that as the NVC and temperature
increase, the thermal conductivity of these nanofluids enhance. Zhu
et al. [17] demonstrated the usage of ZIF-8-derived N-doped graphitic
polyhedrons (ZNGs) as carbon matrix, Ag-Au/ZNGs nanocomposites
with different weight fractions of 10, 30, 50, 70, 100 ppm for the

Nomenclature

Q̇usefulheat Useful heat (W)
L Collector length (m)
r→ Position vector
U Fluid velocity (m/s)
Iλ Radiation intensity (W/m2µm)
PTCE Photo-thermal conversion efficiency
m Normalized refractive index of the particle to the fluid
T Temperature
FVM Finite volume method
Ibλ Black body intensity (W/m2µm)
s→ Direction vector
E Enhancement
PTCP Photo-thermal conversion performance
Kaλ Absorption coefficient (1/m)
Cp Specific heat (J/kgK)
Qaλ Absorption efficiency
NVC Nanoparticle volume concentration
Ksλ Scattering coefficient (1/m)
α Size parameter
RTE Radiative transport equation
k Thermal conductivity (W/mK)
w Wind speed (5 m/s)
G Solar density (W/m2)
Qsλ Scattering efficiency
n Refractive index
ṁ Mass flow rate (kg/s)
D Particle diameter (m)

s→ʹ Scattering direction vector
L/H Aspect ratio
Keλ Extinction coefficient (1/m)
VHSC Volumetrically heated solar collector
Qeλ Extinction efficiency
p Pressure (Pa)
A Top surface area (m2)
u, v Velocity vectors (m/s)
H Collector height (m)
h Convective heat transfer coefficient (W/m2K)
ΔT Temperature difference
fv Particle volume fraction

Greek symbols
Φ Phase function
λ Wavelength of incident light (µm)
ε Emissivity (0.95)
σ Stefan Boltzmann(5.67× 10− 8 W/m2K4)
Ωʹ Solid angle
μ Dynamic viscosity (Ns/m2)
ρ Density (kg/m3)

Subscripts
r Radiative
in Inlet
amb Ambient
out Outlet
nf Nanofluid

Fig. 1. The schematic of a 2D DASC.

Table 1
Thermophysical properties of nanoparticles [30,31,32,33].

Properties Ag MgO Graphite TiO2

k(W/mK) 429 45 1950 8.9538
ρ(kg/m3) 10,500 3560 2210 4250
Cp(J/kgK) 235 955 709 686.2

Fig. 2. Mesh generation inside the DASC.
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application of solar energy. The experimental results further revealed
that Ag-Au/ZNGs, monometallic ZNGs nanofluids and ZNGs nanofluids
have better thermal performance than pure ethylene glycol. The thermal
performance of Ag-Au/ZNGs nanofluids was 5 % and 36 % higher than
ZNGs ethylene glycol nanofluid and pure ethylene glycol, respectively.

In addition to the nanoparticles’ optical properties and absorption
characteristics, the flow rate of the fluid flowing in solar collectors is
another factor that affects the PTCP by changing the fluid’s exit tem-
perature. Gupta et al. [18] analysed the PTCP of DASC using water based
Al2O3 nanofluid of various NVCs (0.001 %, 0.005 %, 0.01 % and 0.02 %)
with a diameter of 20 nm. Their experimental findings revealed that the
PTCE was augmented by using nanofluids. Especially, the augmentation
of PTCE was found to be 32.3 % and 12.8 % for 10 and 100 ppm,
respectively, although it was discovered that the PTCE was negatively
affected by NVCs. Thakur et al. [19] implemented experimental research
in a microchannel-based DASC using silica/fly ash and alumina/fly ash
nanofluids. The results revealed that the PTCE was 59.23 % and 72.82 %
for silica/fly ash and alumina/fly ash nanofluids, respectively. It was
also found that the exergy efficiency is 68.09 % and 73 % and for silica/
fly ash and alumina/fly ash nanofluids, respectively. Vakili et al. [20]

explored the PTCP of VHSC using graphene/deionized water nanofluid
with weight concentrations of 0.05 %, 0.1 % and 0.5 % at various mass
flow rates and inlet temperatures. Their experimental findings discov-
ered that nanoparticle addiction enhanced the collector’s PTCP, and the
“zero-loss” efficiencies were 83.5 %, 89.7 % and 93.2 % with concen-
trations of 0.05 %, 0.1 % and 0.5 %, respectively.

1.1. Contributions of this study

As mentioned by the literature review, nanoparticles have the
capability to augment both the thermal and optical characteristics of the
host fluid. Most studies show that absorption and thermal performances
of mono nanofluids are examined under motionless conditions, how-
ever, the working fluid’s velocity is a critical element that could affect
the PTCE. Especially when the change of a collector length combined
with the working fluid’s thermal abilities is influenced by the working
factors like temperature, it is currently unknown how these changing
conditions affect the overall thermal/optical performance of hybrid
nanofluid.

Moreover, there is still a lack of information and clear knowledge gap

Fig. 3. Variations of temperature, velocity, and volumetric absorbed radiation with different grid numbers of 4000, 16000, 36000, 64,000 using pure water (left) and
Graphite/water nanofluid (right).
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in the published literatures about the choice of hybrid particles and
influence they would have on the optical characteristics. Interaction of
radiation with hybrid particles, therefore, needs to be understood.

Furthermore, the NVC is another important factor that could affect
the flow, optical and thermal abilities of heat transfer fluid. It is also
currently unknown how the PTCP of nanoparticles prepared at a low
NVC will affect a collector when the high NVC is employed.

Last but not the least, the major contribution of the current investi-
gation is that the combined impacts of volumetric absorption and
thermal radiation on the PTCP under these research gaps, as well as the
impacts on collector’s length, nanoparticle size and operating temper-
ature, still needs to be investigated due to the lack of information in the
published studies. Due to the inadequate understanding of the effects of
these coupled impacts on the fluid-flow physics, this is another point
that needs to be examined. In light of this, the target of this investigation
is to focus on the examination of the effects of coupled convection and
radiation heat transfer and flow on the nanoparticle-based photothermal
capacity by applying a comprehensive numerical method. It is also of
special importance to elucidate for the first-time the influence of MgO
nanoparticles in a VHSC.

2. Modelling and methodology

As illustrated in Fig. 1, a 2D fluid flow and heat transfer model is
established and resolved numerically to evaluate the PTCP of a DASC
having the L/H of 10 [21]. As the sunbeam penetrates the solar collector
vertically, the upper plate of the is enveloped with a translucent glass

coating, enabling most sunlight to be absorbed by the nanofluid. Any
ambient thermal loss occurs through combined radiation and
convection.

The RTE is carried out to interpret the irradiation’s spectral attenu-
ation inside the translucent flow status, and is characterized as [22]:

∇ • (Iλ( r→, s→) s→)+ (Kaλ +Ksλ)Iλ( r→, s→)

= Kaλn2Ibλ +
Ksλ
4π

∫ 4π

0
Iλ( r,→ s→ʹ

)Φ( s→• s→ʹ
)dΩʹ (1)

Due to the absorption’s domination towards attenuation, scattering
impacts can be disregarded in water as a pure liquid, thus the extinction
coefficient can be determined as [5]:

Keλ,f = Kaλ,f =
4πk

λ
(2)

The Rayleigh scattering can contribute to the calculation of the
nanoparticles’ optical characteristics [23] since particle size or NVC
alters the nanofluids’ scattering or absorption characteristics. The
extinction coefficient, hence, can be presented as [5]:

Keλ,p =
3fvQeλ(α,m)

D
(3)

where α and m can be identified as [5]:

m =
mparticles

nfluid
(4)

Fig. 4. Comparison of the collector performance vs. particle concentration (a) and particle size (b) results between the present study and the benchmark cases [35,5].

O. Kazaz et al. Journal of Molecular Liquids 411 (2024) 125702 

4 



Fig. 5. Impact of NVC on the optical behaviours of nanofluids.

Fig. 6. Impact of various nanoparticles on the PTCP: (a) temperature rise, (b) heat gain, (c) enhancement of efficiency with varying NVCs.
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mparticles = n+ ik (5)

α =
πD
λ

(6)

where k is the absorption index. The nanoparticles and water’ optical
properties were also obtained from literature [24,25,26] so that the
efficiency of extinction is calculated as [23]:

Qeλ = Qaλ +Qsλ (7)

where

Qsλ =
8
3

α4
⃒
⃒
⃒
⃒

(
m2 − 1
m2 + 2

) ⃒
⃒
⃒
⃒

2

(8)

Qaλ = 4αIm
{
m2 − 1
m2 + 2

[

1+
α2
15

(
m2 − 1
m2 + 2

)
m4 + 27m2 + 38

2m2 + 3

]}

(9)

The sum of the extinction or attenuation coefficient of nanoparticles
and host fluid, therefore, is equal to the nanofluid’s effective extinction
coefficient as:

Keλ,nf = Keλ,p+Keλ,f (10)

The nanofluid flow inside the VHSC is assumed to be steady state,
incompressible, Newtonian, and laminar. The nanoparticles of the
identical size and spherical shape are in thermal balance and in the equal
velocity with the fluid phase. The governing equations are also given as:

∂u
∂x+

∂v
∂y = 0 (11)

u
∂u
∂x+ v

∂u
∂y = −

1
ρnf

∂p
∂x+

μnf
ρnf

(
∂2u
∂x2 +

∂2u
∂y2

)

(12)

u
∂v
∂x+ v

∂v
∂y = −

1
ρnf

∂p
∂y+

μnf
ρnf

(
∂2v
∂x2 +

∂2v
∂y2

)

(13)

ρnf cpnf
(

u
∂T
∂x+ v

∂T
∂y

)

= knf
(

∂2T
∂x2 +

∂2T
∂y2

)

−
∂qr
∂y (14)

The boundary conditions of the system, correspondingly, are:
At the surface of plates:

u = v = 0 (15)

At the bottom:

∂T
∂y = 0 (16)

At the outlet:

p = 0 (17)

At the inlet:

u = Uin,T = Tin, v = 0 (18)

Fig. 7. Temperature (K) profiles of graphite nanofluids at various NVCs.
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At the upper layer panel:

q = h(T − Tamb)+ εσ(T4 − T4amb) (19)

where h is described as [27]:

h = 5.7+3.8w (20)

Moreover, details about the modelling of mono and blended nano-
fluids thermophysical properties were already described in the authors’
previous examinations [28,29]. Further, the nanoparticles’ thermo-
physical properties are given in Table 1.

The PTCE can be defined by [34]:

η =
ṁCp(Tout − Tin)

AG
=

ρHUCp(Tout − Tin)
LG

(21)

The heat generation throughout the photothermal conversion pro-
cess is computed by:

Q̇usefulheat = ṁcpΔT (22)

Finally, enhancement of PTCE of nanofluid in DASC when compared
to the pure water, is expressed as:

E =
thermalvariablenanofluid − thermalvariablewater

thermalvariablewater
(23)

where the thermal variable represents the efficiency.
The numerical procedure which is the pressure based FVM utilized to

resolve the governing equations was detailed in the authors’ earlier in-
vestigations by applying ANSYS Fluent 2020 R1 [28,29]. The method of

Discrete Ordinates (DO) was also employed for solving the RTE
including emitting, scattering, and absorbing aspects. The energy and
DO’ residuals are also remained under 10-6 while for the other equations
are below 10-5 to get more uniform and reliable results.

3. Model validation and grid sensitivity

3.1. Mesh dependency test

A grid independence checking is implemented to obtain the resolu-
tions which are independent to the grid quantities chosen. Fig. 2 pre-
sents the physical domain created by non-uniform grid. The results of
the grid independence test are displayed in Fig. 3, showing the variation
of temperature, velocity, and volumetric absorbed radiation with
different grid sizes which are 4000, 16000, 36000, 64,000 using pure
water and Graphite/water nanofluid. As demonstrated in Fig. 3, the
computational results beyond the chosen mesh numbers of 16,000 do
not vary and therefore one of the three higher resolution grids can be
taken to proceed the simulations. In order to minimise the computa-
tional time, the mesh numbers of 16,000 is therefore selected for the
further calculations.

3.2. Model validation

The current numerical modelling prediction is compared with the
experimental and modelling results in the published papers ([5,35]).
Hereby, the study of Otanicar et al. [35] is selected for the first valida-
tion of the computational results of the PTCP of the DASC using Graphite

Fig. 8. Volumetric absorbed radiation (Wm− 3) profiles of various mono nanofluids for a NVC of 4 ppm.

O. Kazaz et al. Journal of Molecular Liquids 411 (2024) 125702 

7 



nanoparticles and different NVCs. A flow rate of 42 ml/h for the nano-
fluid is used in the DASC and the solar irradiation penetrates at 1000
Wm− 2 while the thermal loss occurring by combined radiation and
convection is measured at h = 23Wm− 2K− 1. As distinguished in Fig. 4a,
the maximum error is 1.23 %, and the present results match well with
the data set [35]. The second validation is performed against the results
of Tyagi et al. [5] in which the PTCE of the DASC is presented for Al/
water nanofluid with different nanoparticle diameters. The upper sur-
face is exposed to irradiance at 1000 Wm− 2 and thermal losses by
convection, h = 6Wm− 2K− 1 while the bottom wall is kept adiabatic. As
presented in Fig. 4b, the maximum error is 8.34 %, and thus the present
collector efficiency is also in good agreement with the second bench-
mark model [5].

4. Results and discussion

This section initially highlights the nanofluids’ optical characteris-
tics, followed by the influences of the nanoparticle type and NVC,
Reynolds number, particle size, operating temperature, and collector
structure on the PTCP.

4.1. Optical properties of nanofluids

The fluids’ optical characteristics depend on the scattering and ab-
sorption coefficients. Since absorption in pure water dominates attenu-
ation, scattering effects in pure water can be neglected. As seen in Fig. 5
(4 ppm), the pure water’s attenuation coefficient depends on the ab-
sorption coefficient. Water is deemed as a semi-transparent media at
solar spectra wavelengths in the range of 200–1200 nm, and water turns
into an effective absorber once solar radiation spectrum switches to
near-infrared region [36]. Nanoparticle addition to the pure water can
augment more absorption in these ranges since energy’s 85 % of the
sun’s rays reaches the earth’s thick outer shell of rock in these solar
spectra range [37]. As indicated in Fig. 5, by adding different nano-
particles to pure water, the solar irradiance absorption power of the fluid

augments. Since various particles have dissimilar optical features, their
effects in the extinction coefficients and wavelength ranges are different.
While the peak point of Graphite/water and TiO2/water nanofluids is at
250 nm wavelength, the peak point of Ag/water and MgO/water
nanofluids occurs at 200 nmwavelength. Even at low NVCs (e.g. 4 ppm),
nanoparticles added to water significantly improve the attenuation co-
efficient in the ultraviolet and visible light spectrum. From low NVCs to
high NVCs, the light’s absorption enhances by increasing the absorption
coefficient of nanofluids. This augmentation by NVC is in accord with
the point of view of Karami et al. [12]. Moreover, since the hybrid
nanofluids’ attenuation coefficient is the total of nanoparticles’ attenu-
ation coefficient that make up the nanofluid, their extinction coefficient
is higher than the mono nanofluids. It is endorsed by the exploration of
Rabbi et al. [38].

4.2. Combined impacts of nanoparticle type and particle concentration

The impacts of mono nanoparticle type are analysed using Graphite,
TiO2, MgO and Ag nanoparticles with changing from low NVCs (4–4000
ppm) to high NVCs (10000–40000 ppm). The power of nanofluid to
absorb sun rays depends on the extinction coefficient. Since the
enhancement in the NVC improves the absorption capacity of the
nanofluid due to radiation-nanoparticle interaction, the working fluid
absorbs more solar energy. In addition, because the fluid’s flow rate
changes with the changing NVC, the collector’s performance is affected
differently. Although the nanofluid’s temperature rise boosts slowly,
especially in the NVC range of 4–400 ppm (Fig. 6(a)), it is better than
that of water (3.1 K). After 400 ppm, as the fluid’s flow rate improves
faster, the nanofluid accelerates more. Hence, the temperature gain
decreases as the solar irradiation absorption time of the nanofluid de-
clines throughout the collector. Despite this reduction in temperature,
the augmentation in the flow rate with the enhancement in the NVC
enhances the rate of usable thermal energy of nanofluid compared to
base fluid (5.59 W), as demonstrated in Fig. 6(b). Thus, the collector
efficiency improves as in Fig. 6(c). Furthermore, because the nanofluid is

Fig. 9. Impact of various nanoparticles on the PTCP (a) temperature rise, (b) heat gain, (c) enhancement of efficiency with varying NVCs.
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utilized simultaneously as a storage medium and an operating fluid in a
DASC, the particle addition to the water therefore enhances the storage
capability by improving the solar thermal capture. The current perfor-
mance enhancement with increasing NVC is supported by the idea of

Vakili et al. [20].
Moreover, the temperature distribution inside the DASC of water-

based graphite nanofluid at various NVCs is seen in Fig. 7. In the
absence of nanoparticle effect (0 ppm), solar radiation reaches the base

Fig. 10. Temperature (K) profiles of Ag + MgO nanofluids at various NVCs.

Fig. 11. Volumetric absorbed radiation (Wm− 3) profiles of various hybrid nanofluids for NVC of 40 ppm.
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Fig. 12. Impact of Reynolds number on the PTCP (a) temperature rise, (b) heat gain, (c) enhancement of efficiency with varying Reynolds number.

Fig. 13. Temperature (Kelvin, K) profiles of nanofluids with varying Reynolds number at NVC of 2 ppm.
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plate of the collector and is absorbed by the fluid layer at the vicinity of
the bottom panel, providing a more uniform temperature propagation
within the collector. With the addition of the nanoparticle, however, the
effect of sunlight decreases with the depth of the fluid, so the radiation
cannot penetrate too much into the lower layers of the collector.
Therefore, the radiation is absorbed by the fluid layers close to the upper
layers of the collector, and the temperature variation inside the collector
raises. Although the NVC enhanced from 40 ppm to 4000 ppm,
furthermore, the flow behaviour of the nanofluid inside the DASC
remained almost the same. This is because the increase in the NVC
causes most of the irradiation to be absorbed by the nanoparticles in the

top layer.
Additionally, Fig. 8 exhibits the dissimilar nanoparticles’ conse-

quences on the volumetric absorbed irradiation. In the case of pure
water (0 ppm) as the heat transfer fluid, a uniform volumetric heat
generation is obtained because the radiation penetrates all over the
collector (Fig. 7). The heat generation by the irradiance with the
nanofluid shrinks to the collector’s base, however, the utmost radiant
heat flux and highest heat generation are obtained near the top
partition.

Fig. 14. Volumetric absorbed radiation (Wm− 3) profiles at NVC of 2 ppm.

Fig. 15. Impact of nanoparticle size on the PTCP (a) temperature rise, (b) heat gain, (c) enhancement of efficiency with varying particle diameter.
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4.3. Impact of hybrid nanoparticle type and volume concentration

As expressed in Fig. 6, the average PTCP of MgO nanoparticles is
higher than the other nanoparticles, so it can be added to other nano-
fluids to enhance their performance. The PTCPs of hybrid/blended
nanofluids are better than mono nanofluids (Fig. 9). The efficiency
enhancement is 0.5, 0.4 and 0.6, respectively for water based TiO2, Ag
and Graphite nanofluids at NVC of 4 % whilst water based MgO/TiO2,
MgO/Ag, and MgO/Graphite fluids’ efficiency enhancements are 0.6,
0.6, and 0.7, respectively. It is therefore a proof that hybrid nanofluids
have stronger thermal performance at the same NVC due to the higher
solar energy capture by improving the interaction of hybrid particles
with irradiation. The PTCP of nanofluids is based on the optical and
thermo-physical characteristics of the base liquid and nanoparticle
types. Increasing the NVC enhances the PTCP of the collector by
enhancing the nanofluid’s radiation absorption power. The use of hybrid
nanofluids at a constant NVC, therefore, further increases the capacity of
this improvement. The hybrid nanofluids’ absorption magnitude is
equal to the mono nanoparticles that make up the blended nano-
particles. Thus, hybrid nanofluids absorb more solar irradiation,
improving the PTCE. These hybrid particles’ advantages on the thermal
capacity confirms the findings of Kazaz et al. [28] who investigated that
hybrid nanofluids augments the PTCP.

The temperature increment, on the other hand, is inversely propor-
tional to the NVC as the nanofluid’s flow rate augments, as the fluid
moves rapidly inside the DASC, and the temperature rise diminishes as
in Fig. 9(a). Thanks to the increased flow rate, however, the nanofluid’s
useful heat rate augments slowly with the NVC (Fig. 9(b)), increasing the
photothermal conversion (Fig. 9(c)) and stored energy performances of
the collector.

Fig. 10 displays the impact of different NVCs on the hybrid nano-
fluid. By adding nanoparticles and increasing their volume concentra-
tion, it is demonstrated that nanofluid absorbs more solar irradiation as
it causes the maximum temperature to occur on the collector’s top plate.
As the NVC enhances, the heat generation by the radiation diminishes
along the height of the collector, intensifying the radiation absorption in
the upper wall (Fig. 11). Hence, the highest radiation flux and the
maximum volumetric absorbed occur around the upper plate of the

collector. Another important finding is that, as indicated in Fig. 10, a
situation similar to Fig. 7 is obtained. That is, adding nanoparticles to
water improves the absorption of sunbeam, while augmenting the NVC
that prevents radiation from penetrating into the bottom layer of the
collector.

As a final point in this regard is that the NVC increases the PTCE as
seen in both the mono and hybrid nanofluids. This is understood by the
fact that with the augmentation in the NVC, collision, and motion of
particles in the nanofluid accelerate due to the Brownian motion and
consequently, the surface volume ratio also increases. These improve-
ments in the nanoparticles boost the nanofluid’s thermal conductivity
and thus enhance the PTCP by augmenting the heat transfer.

4.4. Impact of flow Reynolds number

The overall enhancement of the MgO/water and Graphite + MgO/
water nanofluids is found to be better than the other types of nanofluids,
therefore they are chosen for the further investigations as presented in
this and following sub-sections.

The fluid’s thermal performance is affected by the Reynolds number
(Fig. 12). Because the fluid moves faster in the collector at high-speed
values, the period of solar radiation that the fluid can absorb in the
collector decreases. Accordingly, the working fluid’s temperature gain
diminishes (Fig. 12(a)), and the temperature propagation becomes more
uniform inside the collector (Fig. 13). Moreover, as the fluid is more
exposed to irradiation due to the lessening in the time spent inside the
collector at low-speed values, the augmentation in the temperature gain
results in the collector’s upper surface temperature to increase (Fig. 13).
Because this increase in temperature raises the thermal loss to the
ambient, the heat absorption by the fluid inside the collector becomes
less (Fig. 12b). Furthermore, increasing the mass flow rate results in
lower temperature gradients. Thus, it improves the PTCP of the DASC by
providing less thermal loss. This enhancement is confirmed by Vakili
et al. [20] who discovered that the thermal capacity is improved with
augmenting flow rate. As further demonstrated in Fig. 12(c), the
augmentation increases slowly and the efficiency decreases for some
cases in Fig. 12(c) is because it reveals the improvement of the nanofluid
to water. For instance, when the Reynolds number develops from 0.2 to

Fig. 16. Impact of the operating temperature on the PTCP (a) temperature rise, (b) heat gain, (c) enhancement of efficiency with varying inlet temperature.
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2, the efficiency of pure water improves from 0.11 to 0.44, while the
efficiency of water based MgO nanofluid improves from 0.16 to 0.68,
and the efficiency improvement appears to have decreased from 0.59 to
0.54. Similarly, the efficiency of water-based Graphite/MgO blended
nanofluid rises from 0.15 to 0.62, and the efficiency improvement drops
from 0.47 to 0.42. The possible reason for this diminishes in efficiency
improvement may be the decrease in the rate of nanofluid thermal
output to water.

Moreover, Fig. 14 clearly shows that even at a very small NVC, the
addition of hybrid nanoparticles enhances the irradiance absorption
capacity by approximately 2.5 times compared to water as the collision
between the nanoparticles and light augments the light scattering. The
light power, which decreases with the depth of the collector, however,
causes the nanoparticles near the top plate to absorb more irradiation
and generate more heat. Thus, more radiative heat flux can be obtained
around the upper plate of the DASC as clarified in Fig. 14.

4.5. Impact of particle size

The nanoparticle size is another important point that could poten-
tially influence the PTCE. The nanofluid’s absorption coefficient is based

on the particle size’s square, whereas the scattering coefficient depends
on its third power [39,28]. Thus, increasing particle size results in the
improvement of the nanofluid’s extinction coefficient enabling the
nanofluid to absorb more solar irradiation. This provides to improve the
absorption of nanoparticles and raises the temperature of the working
fluid. Fig. 15 indicates that the PTCP slightly enhances with improving
particle size for water based MgO and Graphite/MgO nanofluids. Since
nanofluids with low volume concentration are exposed to solar radiation
for a longer time throughout the collector, the temperature gain is
higher when compared to the NVC of 3 % (Fig. 15(a)). Because the
augmentation in NVC boosts the flow rate by accelerating the fluid, on
the other hand, the rate of usable thermal energy is higher at high NVC
(Fig. 15(b)). This ensures that the PTCP performance is higher at high
NVCs, hence contributing to a greater enhancement of the thermal ef-
ficiency as demonstrated in Fig. 15(c) with enhancing the solar thermal
capture of the collector. This development agrees with the findings of
Tyagi et al. [5].

Furthermore, although the thermal coefficient of Graphite nano-
particles is about 43 times that of MgO nanoparticles, the PTCP of MgO/
water nanofluid is greater than that of the MgO+Graphite/water
nanofluid, as seen in Fig. 15. This may be because the hybrid nanofluids’

Fig. 17. Temperature (Kelvin, K) profiles of heat transfer fluid with varying inlet temperatures at NVC of 1%.
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thermo-physical properties differ compared to single nanofluids. In
addition, although the MgO+Graphite/water hybrid nanofluid’s density
and thermal conductivity increase, it is less than the water based MgO
single nanofluid.

4.6. Impact of inlet temperature

The alteration of the base fluid’s inlet/operating temperature is
another point impacting the system performance as it alters the working
fluid’s thermo-physical characteristics. As the operating temperature
enhances, the rise in the collector top plate temperature increases the
thermal losses to the ambient, causing a decline in the fluid’s tempera-
ture (Fig. 16(a) and Fig. 17). With this decrease, the heat absorption by
the fluid in the collector by solar irradiation reduces (Fig. 16(b)). The
decline in this absorbed heat causes a reduction in the PTCE. For
instance, the efficiency of water for inlet temperatures of 304 K and 324
K is 0.55 and 0.19, respectively whereas the efficiency of 1 % MgO+-
Graphite/water nanofluid is 0.87 and 0.47 %, respectively. This
diminish endorses testimony from former observation of Gupta et al.
[18]. In Fig. 16(c), however, it is noticed that the use of nanofluid in-
creases with improving operating temperature, improving the efficiency
of collector. This is because, as stated in Equation (23), when MgO/
Graphite hybrid nanoparticles are added, it is seen that the efficiency
improvements are 0.58 and 1.47 for the operating temperatures of 304 K
and 324 K, respectively.

4.7. Impact of collector length

Fig. 18 displays the significance of the collector length on the PTCP.
As the collector length augments, the capacity of solar irradiation
collected by the collector boosts, so the fluid’s temperature rise aug-
ments (Fig. 18(a)). Since the amount of heat gain that the fluid can
utilize from solar energy also depends on this temperature rise, the
working fluid’s heat gain rate also raises with the increase in the col-
lector length (Fig. 18(b)). While the collector length enhances, the
thermal loss (combined radiation and convection) to the ambient aug-
ments since the DASC’s top plate temperature increases, and the uniform
temperature propagation inside the collector is also reduced. Due to

high thermal loss, the PTCE diminishes, and the efficiency enhancement
(Fig. 18(c)) of the collector diminishes with increasing length. This
negative state in capacity accords with the investigation of Tyagi et al.
[5].

5. Conclusions

A DASC using mono and blended nanofluids was investigated in this
work. The impacts of NVC, which can be divided into two parts (low
concentration and high concentration), type of nanoparticles (mono and
hybrid nanoparticles), Reynolds number, nanoparticle size, operating
temperature and collector size were examined. The radiative heat
transfer model which includes the effects of absorption, scattering and
emitting and fluid flow and governing equations were resolved using
Ansys Fluent. Numerical results presented that the nanoparticle addition
developed the fluid’s absorption capability of solar radiation due to the
radiation-nanoparticle interaction, thus enhancing the PTCE. This
enhancement was further improved by using hybrid nanoparticles since
their extinction coefficient is higher than the mono nanoparticles. It was
determined that the most important element influencing the PTCP was
thermal loss to the environment. It was revealed that as the NVC
augmented from 1 % to 4 %, the top plate temperature of the DASC
lessened, thereby reducing the thermal loss capacity. Besides, the
decrease or rise in the fluid velocity inside the collector altered the time
that the working fluid was exposed to irradiation density. As the Rey-
nolds number develops from 0.2 to 2, the efficiency of pure water and
MgO/water nanofluid is enhanced by 300 % and 325 % respectively.

Moreover, developing the NVC caused the nanoparticles near the top
wall to absorb more sunbeam. This diminished the heat generation by
the sunbeam as it moved towards the bottom of the collector. The
increment in the PTCE was observed as the enhancement in the nano-
particle diameter helps the nanofluid to improve its optical properties.
This enhances the nanoparticles’ absorption and further increases the
working fluid’s temperature. While the rate of heat absorbed by the fluid
declined with the development in the operating temperature, this rate
increased with the boost of the collector length. Since an enhanced
operating temperature increases the heat loss from the collector to the
environment, the fluid’s temperature diminishes. When the fluid’s inlet

Fig. 18. Impact of the collector length on the PTCP (a) temperature rise, (b) heat gain, (c) enhancement of efficiency with varying collector length.
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temperature augments from 304 K to 324 K, the overall system effi-
ciency decreases by 2.9 times and 1.9 times for pure water and
MgO+Graphite/water hybrid nanofluid, respectively. Further, due to
the high thermal loss, the PTCE diminishes, as a results the efficiency
enhancement of the collector diminishes with increasing length. As the
NVC also enhanced, the heat transfer enhancement is improved as a
result of the thermal conductivity augmentation due to the Brownian
movement of nanoparticles.
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