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ABSTRACT

The paper numerically investigates the fluid flow and radiative heat transfer behaviour of water-based
mono and hybrid nanofluids in a direct absorption solar collector under solar irradiation boundary con-
ditions. The effects of radiation on the heat and flow performance with operating parameters such as the
type of nanoparticles, volume concentrations of nanoparticles, nanoparticle size and type of base fluids
are investigated. The numerical results reveal that uniform temperature distribution is obtained with
an incident radiation of 1029.81 W/m? and that the collector performance increases with the addition
of nanoparticles owing to their higher radiative properties. While the temperature gain for pure water
is 5.58 K, it is estimated to be 48.72 K and 51.32 K with the volume concentrations of 70 ppm and
100 ppm for Al + Al,03 and Al + Graphite nanofluids, respectively. Moreover, the thermal performance
of the collector is positively affected by increasing the size of nanoparticle. For example, for Al + Al,03
nanofluids at 10 ppm volume concentration, the temperature increase is 37.12 K and 42.02 K at 10 nm
and 50 nm, respectively. Therefore, hybrid nanofluids can be considered as effective heat transfer fluids
to increase the solar radiation absorbability, and subsequently, improve the efficiency and performance

Collision of the direct absorption solar collector.

Direct absorption

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Increasing urbanization and industrialization with the rise in
the world’s population and general living standards have signifi-
cantly elevated the need for energy [1]. However, dependency
upon fossil fuels, as energy sources, highly intensifies the emission
of greenhouse gases resulting in serious concerns about global
warming [2,3]. This has highlighted renewable energy generation
as an essential perquisite for sustainability [4]. The ubiquitous nat-
ure of solar energy along with its relative ease of use makes it a
very attractive source of renewable energy [3,5].

The solar irradiation can be harnessed by converting solar
energy into thermal energy through solar collectors [6]. To do so,
solar radiation needs to be collected optimally. In conventional
solar collectors, solar radiation is concentrated and converted in
to heat. This is then transferred to a heat transfer fluid. In this indi-
rect heat transfer process, the collector performance drops as the
temperature difference between the heat transfer fluid and the

* Corresponding author.
E-mail address: Manosh.Paul@glasgow.ac.uk (M.C. Paul).

https://doi.org/10.1016/j.molliq.2022.121182
0167-7322/© 2022 The Author(s). Published by Elsevier B.V.

absorber increases the heat losses [7]. To address this issue, solar
radiation is directly absorbed by the heat transfer fluid, and solar
radiation is converted into heat by using direct absorption solar
collectors [8]. Here, the heat transfer fluid also acts as an absorbent
medium, causing smaller temperature difference and thus enhanc-
ing the performance and efficiency of the collector.

Nonetheless, standard fluids, such as water, are incapable of
absorbing enough sunlight because of their low absorption proper-
ties. Therefore, adding nanoparticles to the working fluids is a good
way to increase optical properties of the working fluid because of
the absorption and scattering characteristics of nanoparticles.
Additionally, the thermophysical properties of the base fluid can
be enhanced by adding nanoparticles [9,10]. Song et al. [11] used
Rayleigh scattering and Mie scattering theories to find the optical
properties of Al,03 nanofluid after aggregation. They claimed that
the particle size distribution resulting in aggregation affected the
optical properties of the nanofluid, and smaller particle size also
induced a larger absorption coefficient. Chen et al. [12] investigated
the optical properties of Au nanofluids with different sizes in cube
shaped and flat shaped. Au nanofluids showed better photo-
thermal conversion properties than base fluids at low fraction.
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Nomenclature

L Length of the collector (m)

H Height of the collector (m)

AR Aspect ratio

I Radiation intensity (W/m?um)
T Position vector

K Direction vector

Ip; Black body intensity (W/m?um)
n Refractive index

s Scattering direction vector

Q. Extinction efficiency

Absorption index

Refractive index

Particle volume fraction

Heat flux (W/m?)

Diameter of the particle (m)

Normalized refractive index of the particle to the fluid
Size parameter

Scattering efficiency

Extinction coefficient (1/m)

Absorption coefficient (1/m)

Scattering coefficient (1/m)

Specific heat (J/kgK)

k Thermal conductivity (W/mK)

h Convective heat transfer coefficient (W/m?K)

r Radius of the nanoparticle

u, v Velocity vectors (m/s)
p

g

T

ﬁm‘cgexr\;éoggce;ﬂ:z—

Pressure (Pa)
Gravitational acceleration (m/s?)
Temperature (K)

To Initial temperature (K)
Qu Absorption efficiency
Ny Theta division

N, Phi division

E Enhancement

ks Boltzmann constant (1.3807 x 1072 J/K)
Subscripts

nf Nanofluid

p Nanoparticle

f Base fluid

amb Ambient

hnf Hybrid nanofluid
eff Effective

1 First nanoparticle

2 Second nanoparticle
S Stored

h Hot

c Cold

conv Convective

rad Radiative

$1,S82 Solid nanoparticles

AH Enthalpy change (J/kg)

AT Temperature change (K)

Nu Nusselt number

Ra Rayleigh number

Greek symbols

p Density (kg/m?)

u Dynamic viscosity (Ns/m?)

B Thermal expansion coefficient (1/K)
o Stefan-Boltzmann (5.67 x 1078 W/m2K*)
& Emissivity

® Nanoparticle fraction

A Wavelength of incident light (pm)
D Phase function

(0 Solid angle

The cubic model was found to have a higher photo-thermal con-
version efficiency than the flat model by using the same working
fluids. Because of the interaction of the optical properties of the liq-
uid, the efficiency of the photo-thermal conversion for flat model
declined, but with increasing Au dimensions. The Au nanofluid
with a particle size of 25 nm particularly offered higher absorbance
characteristic than 33 nm and 40 nm sized particles. Du and Thang
[13] theoretically calculated the extinction coefficient of Ag/water
based nanofluids using particles agglomerated by considering mul-
tiple scattering and dependent scattering. By using diffusion lim-
ited cluster aggregation (DLCA) simulation and generalized
multi-particle Mie solution (GMM) methods, the effects of particle
size, particle agglomeration and particle volume fraction on the
extinction co-efficient of nanofluids with particle agglomeration
were investigated. While the extinction coefficient increased at
long wavelengths, there was a small decrease in absorption at
short wavelengths.

Besides, Said et al. [14] experimentally and analytically studied
the optical properties of water-based metal oxide (Al,O3 and TiO,)
nanofluids with two different volume fractions (0.1 % and 0.3 %) by
using Rayleigh scattering theory. TiO, nanofluids’ extinction co-
efficient and refractive index were discovered to be higher in the
visible light region than Al,05 nanofluids. Menbari et al. [ 15] inves-
tigated the effects of pH value, surfactant fraction and sonication
time with using CuO and y-Al,03 nanoparticles. They experimen-
tally and analytically examined the extinction coefficients of mono
and binary nanofluids. They found that the blended nanoparticle’s

extinction coefficient is sum of its components’ extinction coeffi-
cients, and the extinction coefficient increased with increasing vol-
ume concentration of nanoparticles. He et al. [16] experimentally
analysed the photothermal properties of Cu-H,0 nanofluids. They
examined particle size, pH, optical depth, and mass fraction that
affect the nanofluids’ transmittance. According to their results,
transmittance of nanofluids decreased with increasing optical path,
mass fraction and particle diameter and transmittance of deionized
water was higher than nanofluids. The maximum temperature of
the nanofluids with 0.1 % volume fraction increased to 25.3 % com-
pared to deionized water. Karami et al. [17] prepared water based
alkaline functionalized carbon nanotubes (f-CNT) nanofluid as the
working fluid. Experimental results showed that with the addition
of 150 ppm f-CNT, the extinction co-efficient of pure water
increased by about 4.1 cm™!, and the thermal conductivity
enhanced by 32.2 %. Thermal conductivity also increased with
increasing volume concentration and temperature.

Furthermore, Menbari et al. [18] experimentally analysed the
effects of pH, surfactant fraction and ultrasonic time on the stabil-
ity of nanofluids. Ethylene glycol and ethylene glycol-water mix-
ture were used as base fluid. The experimental results showed
that the optimal pH values of 6.5-7.5, 8.5-10, 7-8.2; optimal sur-
factant concentrations of 0.25-0.5, 1.65, and 1.5; and optimal son-
ication times of 55, 120, and 100-120 min were found for the
ethylene glycol-based Al,0s, ethylene glycol-based CuO, and ethy-
lene glycol-based Al,05-CuO, respectively. The optimal pH value,
surfactant concentrations and sonication time of ethylene glycol-
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water based Al,0s-CuO were 7.2-8.5, 1.35, and 100-120 min,
respectively. Zhang et al. [19] examined the effects of water-
based Au, Si, Fes0, and Al,0s nanofluids on their photothermal
conversion properties. The experimental results showed that
nanofluids increased photothermal conversion efficiency and the
efficiency enhanced in the order of Al,O3, Fe30,4, Si and Au. The
photothermal conversion efficiency was found to increase non-
linearly with concentration for all nanofluids. Zhang et al. [20]
experimentally and theoretically investigated the radiative proper-
ties of the ionic liquid [HMIM][NTf,] and its nanofluids. The extinc-
tion coefficient of the Ni nanofluid with an average diameter of
40 nm for the volume concentration of 10 ppm was higher Cu
nanofluid with a similar average diameter because of the different
refractive indices. When the volume concentration increased to
40 ppm, the energy fraction absorbed by the Ni/C nanofluid almost
reached 100 % after the incident light was exceeded by only 1 cm.

Moreover, Otanicar et al. [21] experimentally and numerically
investigated photothermal conversion efficiencies of different
water based nanofluids; graphite, carbon nanotubes and silver.
The effects of nanoparticle size and volume concentration were
studied. The results showed that up to 5 % enhancement in effi-
ciency was observed in direct absorption solar collectors by apply-
ing nanofluids under flow conditions as the absorption mechanism.
Turkyilmazoglu [22] analytically investigated an increase in the
thermal efficiency of the collector by using Al,0s/water nanofluid
as 2D and steady state. Two different boundary conditions, non-
adiabatic and isothermal wall conditions, were applied on the base
panel of the collector channel. It was found that the thermal effi-
ciency of the solar collector increased by increasing the new phys-
ical parameters compared to the conventional adiabatic wall
condition, depending on the increase in the final outlet mean tem-
perature. The thermal efficiency of the collector for the non-
adiabatic bottom panel was 85.63 % with Al,0s/water nanofluid.
In isothermal base panels, on the other hand, 100 % efficiency
was obtained faster with lower base temperatures at higher
nanoparticle volume concentrations. Gupta et al. [23] experimen-
tally examined the effect of Al,03 nanoparticles with a volume
concentration of 0.005 % and a size of 20 nm at three different flow
rates of 1.5, 2, 2.5 Ipm. An increase of 8.1 % and 4.2 % was observed
in the collector efficiency at 1.5 and 2 Ipm flow rates of the nano-
fluid, respectively. The optimum flow rate for maximum collector
efficiency was found to be 2.5 and 2 Ipm at different flow rates
for water and nanofluid, respectively.

There is also numerical analysis in which the optical and radia-
tive properties of the heat transfer fluid are not considered in direct
absorption solar collectors but only the effects of natural convec-
tion are examined. For instance, Hatami and Jing [24] carried out
finite element and response surface methods in order to analyse
the performance a collector with a wavy wall using Al,Oz/water
nanofluid as a heat transfer fluid. The bottom wavy wall was at
constant temperature whereas the top wall was under a constant
heat flux condition due to solar energy, and side walls were insu-
lated. Nine different cases were simulated as a combination of
wave amplitude and wave numbers in order to investigate the best
response. The results indicated that the best mean Nusselt number
was obtained with the lowest wave amplitude (0.02) and average
wave number (4.00). On the other hand, Alsabery et al. [25] studied
the heat transfer behaviour of wavy top surface collector using a
water based Al,0; nanofluid. The effects of oscillations, wave
amplitude, particle concentration, and Rayleigh number were
examined. Their findings revealed that as the oscillations
improved, the higher temperature gradients were obtained. The
mean Nusselt number was found to enhance with increasing par-
ticle volume concentration as a result of improved thermal con-
ductivity. It was further observed that conduction was more
dominant than convection at low Rayleigh numbers. However, an
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augmentation in local heat transfer was noticed when the wave
amplitudes and wave number were increased. Hatami and Jing
[26] also investigated the impacts of water based TiO,, Al;03, and
CuO nanofluids on two different bottom wall configurations. The
outcomes indicated that the highest local and average Nusselt
numbers were achieved from wavy and flat walls, respectively.
The best average Nusselt number was also obtained using water
based TiO, nanofluid.

As indicated by the literature review, studies on stationary flu-
ids generally focus on the thermal and optical properties of mono
nanofluids. Therefore, there is a lack of information about the heat
storage and heat transfer performances of nanofluids on directly
heated solar collectors and it is a matter of curiosity how the
effects of combined radiative and natural convection will be as a
result of the heat transfer fluid being heated by the sunbeam in
closed cavities, so more investigations are still needed to analyse
these combined effects. Besides, because the nanoparticles in the
radiation environment cause either a decrease or an increase in
the energy due to scattering, the direction of energy transfer from
the radiation may change. Thus, it is estimated that the heat trans-
fer and flow characteristics of the working fluid would change
inside the solar collector. Furthermore, comparisons have been
made generally considering mono nanoparticles. The effects of
hybrid nanofluids, which can be considered as a new type of heat
transfer fluid in recent years, on the thermal performance of direct
absorption solar collectors, however, are still not well understood,
and there is a major research gap identified in this area. Impor-
tantly, as different types of nanoparticles have different optical
properties, the effects of them on the thermal system are still
unknown.

Furthermore, it is noteworthy that most of the studies in the lit-
erature only used a very limited range of nanoparticle sizes. How-
ever, it is expected that the effects of nanoparticle size on the
thermal and storage performances of the collector would be differ-
ent as they would affect the optical and thermophysical properties.
In addition to the nanoparticle size, volume concentration of
nanoparticles could affect the absorption and scattering of heat
transfer fluid. Since the volume concentration impacts the optical
properties as well as the Brownian motion of the nanoparticles,
there is a need to investigate the effects of the concentration on
the system. Moreover, it is seen that water is generally used as a
base fluid in the previous studies. The fact that ethylene glycol
and Therminol VP-1 heat transfer fluids, which can be considered
as a new type of base fluid, have received almost no attention. This
paper for the first-time emphasise their importance with a com-
parative analysis. Given these, the overall aim of the current study
is to shed light on the effects of radiation upon heat transfer in a
directly heated solar collector for photo-thermal conversion and
storage, and numerical simulations are used to conduct an in-
depth parametric study within the given frameworks.

2. Problem statement and mathematical formulation

Fig. 1(a) shows a nanofluid-based direct absorption solar collec-
tor with a height H and a length L. The aspect ratio of collector is
defined by L/H. In the literature, the aspect ratio of the collectors
is variable between 5 and 833 [12,27,21,28,29,30]. As stated in
the references, the aspect ratio of AR = 10 has been selected as
the initial value for the current study. The transparent glass cover-
ing the top surface of the collector allows most of the sunbeam
coming vertically to pass through. When photothermal energy acts
on nanoparticles of the same shape and size dispersed in the base
fluid (Fig. 1(b)), they begin to trap this energy due to the radiative
properties of nanoparticles. Thus, the nanoparticles interacting by
colliding with each other increase the temperature of the nanofluid
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Fig. 1. (a) A 2D schematic diagram of a direct absorption solar collector, (b) behaviour of nanoparticles under photothermal energy conversion inside the collector.

as a result of heat dissipation. It is assumed that the top surface is
exposed to the atmosphere. Because of the absorption of solar
energy, the nanofluid heats up and some heat is lost from the solar
collector by convection and radiation. Because it is used as a stor-
age cavity, the bottom and side walls are considered adiabatic, and
in order to further increase the heat storage gain of the fluid, these
walls are defined as highly reflective and the radiation that is
transferred to the walls is reflected to the inside of the collector.
Finally, a two-dimensional heat transfer and fluid flow numerical
model is developed to analyse this configuration.

The Radiation Transport Equation (RTE) in a participating med-
ium is solved to evaluate the spectral attenuation of radiation
within the translucent nanofluid depth after the radiative proper-
ties are calculated. The general form of RTE is given by [31]:

Vo (1(F.F)F) + Ke + K1 (T F)
Ky / " (Tj?’)cp(? : ?’)dg’
0

= Kq;n?ly,
a’ bit+ an
where (D(? . ?') is the scattering phase function and describes

(1)

the probability that a ray from one direction s’, will be scattered
into a certain other direction 5. It can be approximated using
spectral blackbody distribution (I,;), assuming that solar radiation
normally enters the cavity.

For pure fluids, the scattering effects of the base fluid can be
neglected because absorption dominates attenuation. Therefore,
only absorption can be considered, and the extinction co-efficient
is calculated as [27]:

4rk
- (2)

For nanofluids, however, the attenuation is caused by both
absorption and scattering because of the presence of nanoparticles.
Therefore, the volumetric medium can be affected by several fac-
tors such as nanofluid volume fraction, type of base fluid, type of

Kei.f = Ka/l.f =

nanoparticle and size. In the scattering regime of the particulate
medium defined by Tien and Drolen [32], it has been shown that
nanoparticles exhibit independent scattering, and this regime can
also be applied when the fraction of nanoparticle is less than
0.6 %. Rayleigh scattering can be well-applied as nanofluids affect
absorption as well as the scattering of small particles. The Rayleigh
scattering approach to investigate the optical properties also exists
for small particles [33,28,34].

According to Rayleigh scattering, the extinction coefficient can
be given by [27]:
_ vaQeZ(av m)
N D
m and o can be given as [27]:

Keip 3)

_ Mparticles
Nfuid

m

Mparticles = 1 + ik

_mD
T

o

where n and k are the refractive and absorption indices of
nanoparticle, respectively. The optical properties are found in the
literature [35-39].

The extinction efficiency can be defined as [40]:

Qez = Qa/l + Qsi

where

(7)

OCZ
15

m? —1
Qu = 4oc1m{m2 ")

)

m* +27m? + 38
2m?2 +3

155 (7o)

2

9
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If Equations (6) and (7) are substituted in Equation (3), the fol-
lowing expression can be obtained for K;.

Ke; = Koy + Ky, (10)
where
12nf,, [m?2 -1 m2D? /m? — 1\ m* + 27m? + 38
Ker =— Im{m2+2 H—1512 <m2+2> 2m? +3
(11)
8mtD*f, | (m? — 1\
Ky = 7 ‘(mz +2> (12)

The effective extinction coefficient of the nanofluid can be pro-
posed as the sum of both the base fluid and the nanoparticle’s
extinction coefficient:

Ke/i.,nf = Kei..p + Ke/".f (13)

In addition, the total extinction coefficient of the hybrid
nanofluids can be assumed by adding the extinction coefficient of
each form of the based fluid and nanoparticles [41]:

Kej hybrianf = Kesg + Keapt + Keypo (14)

Nanofluid in the cavity is considered to be incompressible and
Newtonian, and flow is considered to be in laminar and steady
state. Moreover, the fluid phase and nanoparticles are assumed
to be in thermal equilibrium, and they flow with the same velocity.
The nanoparticles are also supposed to be of uniform spherical
shape and size. The thermophysical properties of the nanoparticles
are given in Table 1. The thermophysical properties of the nano-
fluid are assumed to be constant except for the density, which is
based on the Boussinesq approximation. The extinction coefficient
of the heat transfer fluid is also approximated to be equal to the
average extinction coefficient in the visible and near infrared
region [42].

Because of these assumptions, the dimensional governing equa-
tions in the Cartesian coordinate system for the fluid flow and heat
transfer for the single-phase model can be expressed as,

Continuity equation:

ou ov
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The conservation of energy is coupled with the RTE, and the
divergence of the radiative heat flux is calculated as [47]:

4n , ,
V.-q, =K 47TIb;_—/ I;,(ﬁ?)dﬂ (19)

0

The thermal boundary conditions are presented as:
at all the solid boundaries:

u=v=0 (20)
at the top cover:

q=h(T — Tam) + £6(T* = To) (21)
at the vertical walls:

or

i 0 (22)
at the bottom wall:

oT

@ =0 (23)

The convection heat transfer coefficient, h = 19.532Wm—2K "', is
determined as a function of wind speed by means of the Duffie cor-
relation [48]:

h=57+380 (24)

The density, specific heat, and thermal expansion coefficient of
the nanofluid are defined as [49]:

Pog = Pr(1 = @)+, (25)
(PCp)or = (PCp); (1 = @) + (pCy) 0 (26)
(OB = (PB);(1 — @) + (pB), (27)

where f; and , are the thermal expansion coefficients of the
base fluid and the nanoparticle, respectively.

The density, specific heat, and thermal conductivity of the
hybrid nanofluid are modified and defined as [50]:

phnf = (pp]pm + q)pZPpZ + (1 - q))pf (28)

—+—=0 (15)
ox oy where ¢ is the overall volume concentration of two different
X-momentum equation: types of nanoparticles dispersed in hybrid nanofluid and is calcu-
lated as:
ou  du 1 0p Moy (Pu du
it - _ - Mz 16 Q= + 29
umt Uy P ax+pnf 8x2+8y2 (16)  P=@pu+¢p (29)
y-momentum equation: (Pcp)hnf = @p1Pp1Cop1 + PpaPpCopr + (1 — @) psCoy (30)
2 2
u@_l’_ y%:_i@_i'_@ a—g‘i‘a—g (pﬁ)hnf:(Pplpplﬂp]+(pp2pp2ﬁp2+(1_q))pfﬁf (31)
ox oy Pus OV Pop \OX* Oy - o
(0p) The thermal conductivity of the nanofluid is defined as
Pb)y
+ p—ffg(T - TO) (] 7) keff = kstatic + kBrowniun (32)
. The static thermal conductivity of nanofluid is defined as [51]:
Conservation of energy:
ky + 2k — 2 (ke — k,
Gy (w4 o) i (21,07 g, O </()p(5<fJL k p)) 5
pnf Pof OX dy = Knf 8X2 ayz qr P P
Table 1
Thermophysical properties of nanoparticles [43-46].
Properties Cu Au Al Al,03 Graphite
p (kg/m?) 8954 19,320 2700 3970 2210
G, (J/kgK) 383 128.8 900 765 709
k (W/mK) 400 314.4 247 40 1950
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where k; and k, are the thermal conductivities of the base fluid
and the nanoparticle, respectively.

The static thermal conductivity of the hybrid nanofluid can be
modified as [52],

’(52 + Zkbf — 2(p2(kbf — ksz)

nj o= 4

(kh f)smnc $bf ke + Zkbf T @z(kbf ) (34)
where

kbf _ kf ksl + 2kf — 2([)1 (kf — kﬂ) (35)

ks + 2Kk + @4 (ky — k1)

kys is the thermal conductivity of the first nanofluid, whereas k;
is the thermal conductivity of the base fluid.
The Brownian thermal conductivity is calculated as [53]:

o PpPCpp | kgT
kBrowman - 2 37TTIMf (36)

The effective viscosity of the nanofluid is defined as [54]:
Uy = ,uf(l +39.1lgo+533.9(p2) (37)

In order to calculate the effective viscosity of the nanofluid, ¢ is
the volume concentration of each nanoparticle while ¢ must be
the overall volume concentration of nanoparticles used to define
the hybrid nanofluid [55-57].

The useful heat that the nanofluid gains in the direct absorption
solar collector can be obtained by [58]:

Qusefulheat = CIJAT (38)
Finally, the stored energy is determined from [59,60]:
g, = AH (39)

where AT and AH are the temperature change and enthalpy
deviation of the nanofluid, respectively. The temperature of the
nanofluid increases from low (initial) temperature to high (final)
temperature by heating with the effect of solar energy. The
enthalpy change is also equivalent to the total enthalpy deviation
of the nanofluid across the state as a thermodynamic point of view.

Furthermore, in order to find the enhancement of the thermal
performance of direct absorption solar collector between the case
of the pure fluid and adding nanoparticles case, the enhancement
can be defined as:

(thermalvariable), ,on,:4 — (thermalvariable)

B purefluid
E= (thermalvariable) .4 40

where the thermal variable indicates here either the useful heat
or stored energy.

3. Numerical procedures

The governing equations and boundary conditions are solved by
using a pressure-based finite volume method solver in ANSYS Flu-
ent 2020 R1. The radiative transfer equation is solved by the Dis-
crete Ordinates (DO) method. The effects of absorbing, emitting,
and scattering elements are included. The DO method is the direc-
tional variation of the radiation intensity and the transfer equation
for a set of discrete directions is solved by spanning the range of 47
total solid angles [61]. The DO method divides the radiation spec-
trum into wavelength bands, and the RTE is integrated in each
wavelength range. Theta Divisions (N,) and Phi Divisions (N,)
are used to discretise each octane of the angular space and describe
the number of control angles. ANSYS Fluent can only solve 4
octants for a 2D heat transfer and fluid flow due to symmetry,
hence a total of 4N,N,, directions s is solved [31]. By transforming
the DO model Equation (1) into a transport equation for radiation
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in spatial co-ordinates, the radiative transfer equation is analysed
as a field equation and then solved for a finite number of separate
solids [31]. The SIMPLE algorithm is provided for the velocity-pres-
sure coupling. All equations are discretised by the second-order
upwind differencing scheme. Least Squares Cell Based and PRE-
STO! are adapted for gradient and pressure, respectively. The con-
vergence criteria show that the residuals of the momentum and
continuity equations are below 107 and for the energy and DO
equations they are below 107, 5x5 divisions are used for each
octant of angular space along the polar and azimuth extensions
to discretise the radiative transfer equation to better resolve the
effects of geometric properties and spatial changes in temperature
and to obtain more accurate results, and 3x3 pixelization is also
used to account for any control volume overhang [31].

3.1. Grid independence test

A grid refinement test is necessary for reliable numerical simu-
lations. The non-uniform mesh used is presented in Fig. 2. The grid
sensitivity results of volumetric absorbed radiation, radiation tem-
perature and right wall shear stress with different mesh volumes
for Al/water nanofluid with volume fraction of O ppm (no nanopar-
ticle effect) and 100 ppm (observed nanoparticle effect, d = 10 nm)
are shown in Fig. 3. Four different mesh systems with the total
number of 36000, 64000, 100000, 144,000 cells are considered.
The mesh number at fluid domain is increased so that the fluid
flow and heat transfer fields can be accurately resolved. As can
be seen in Fig. 3, there are no changes for the 0 ppm with different
mesh numbers. However, after exceeding 64,000 cells, it can be
clearly seen that similar results for 100 ppm are obtained. There-
fore, the results obtained by the grid consisting of 64,000 cells
can be considered grid independent as the deviation with the
results for the three higher resolution mesh sizes is only + 0.01 %.

3.2. Model validation

The experimental and numerical study conducted by Otanicar
et al. [21] is selected to validate the radiative heat transfer and
nanoparticle models. Fig. 4 compares the results for stagnation
temperature differences and collector efficiency of water-based
different nanoparticles as a function of volume fraction. The direct
absorption solar thermal collector is used with a mass flow rate of
42 ml/h. The top boundary condition of the collector is considered
as convective and there is a radiative heat transfer with
h =23Wm~2K~". The top wall is exposed to solar radiation with
1000W /m?. As shown in Fig. 4, the simulation results match well
with benchmark model. As shown in Fig. 4(a), the minimum and
maximum errors are 0.31 % and 11 %, respectively. In Fig. 4(b),
the minimum and maximum errors are also 1.03 % and 10.27 %
for 0 % Graphite/water and 0.05 % Graphite/water nanofluids,
respectively.

Another model validation is performed with numerical studies
on natural convection conducted by Ho et al. [62]. The enclosure
cavity is filled with water-based Al,O; nanoparticles with a volume
concentration of 4 %, with an aspect ratio of 1, Prandtl number of
6.2 and at the Rayleigh number of 10%, 10° and 10°. The top and
bottom walls of the cavity are adiabatic while the sidewalls are
kept at constant hot T, and cold T, temperatures. They proposed

the correlation of Nuyy = C(1 + Q)mRa}‘ to calculate the mean Nus-
selt number at the hot wall where C is the co-efficient, and m and n
are the components. Table 2 shows the mean convective Nusselt
numbers on the hot wall, which also match closely with the bench-
mark model. As seen in Table 2, whereas the maximum error is
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Fig. 2. 2D generated mesh structure.
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Fig. 3. Variations of volumetric absorbed radiation and radiation temperature along

4.89 % at the Rayleigh number of 10%, the minimum error is 0.21 %
at the Rayleigh number of 10° and 10°.

4. Results and discussion

This part focusses on the effects of nanoparticle type and vol-
ume concentration, particle diameter, and base fluid type that
can affect the photo-thermal conversion and thermal energy stor-
age performances of the closed-based solar collector system.

4.1. Effects of volume concentration of nanofluids

In this section, the effects of variation in the volume concentra-
tion of nanoparticles are investigated using Graphite nanoparticles
with different volume fractions of O ppm, 4 ppm, 7 ppm, 10 ppm,
40 ppm, 70 ppm and 100 ppm. With increasing the volume fraction
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of nanoparticles, the nanofluid absorbs more solar radiation,
resulting in sudden increases in the temperature of the collector.
As shown in Fig. 5(a), the extinction coefficient increases with ris-
ing volume fraction, and this result is consistent with the study of
Menbari et al. [15]. Therefore, as the radiation absorption capacity
of the nanofluid increases, the average temperature of the fluid in
the collector and the average volumetric heat generated by the
radiation also increases.

As further shown in Fig. 5(a), while the maximum temperature
of the nanofluid rises to the volume fraction of 10 ppm, the maxi-
mum temperature of the collector reaches a constant value. A pos-
sible explanation for this would be the improvement of the
thermal conductivity of the heat transfer fluid. It is the displace-
ments and collisions between nanoparticles as a result of the
Brownian motion due to the presence of nanoparticles in the work-
ing fluid. Increasing the nanoparticle concentration increases the
number of nanoparticle molecules in the nanofluid, causing the
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Fig. 4. Comparison of the efficiency and stagnation temperature difference results of the present study with benchmark [21].

Table 2
Comparison of results for mean Nusselt number with benchmark.

Mean Nu, Al,O3-water (¢ = 4 %)

Present Ho et al. [62]
Ra =10% 233 245
Ra =10° 4.86 4.85
Ra =106 9.63 9.61
360 2500
<
3 30 2000
5
B 340
o 1500
%
£ 330
2
1000
g 320
% 310 Maximum temperature{ 500
2 =8=Extinction coefficient
300 L : ' 0

0 20 40 60 80 100
Volume fraction (ppm)

Extinction coefficient (1/m)

increase in the collisions and interfacial effects between the mole-
cules and the surface volume ratio. This positive enhancement of
Brownian motion, however, can be observed more at lower volume
concentrations. This is because the nanofluid becomes more vis-
cous with increasing nanoparticle concentration. Because this will
limit the movement of nanoparticles in the nanofluid, it will reduce
the collision of the molecules and cause the convection currents in
the nanofluid to decrease.

As revealed in Fig. 6(a-g), the solar radiation begins to be
absorbed by the nanoparticles in the collector from the edges,

(b)

Radiative heat source (MW/m3)

0 20 40 60 80 100
Volume fraction (ppm)

Fig. 5. (a) Extinction coefficient of Graphite/water nanofluid and maximum temperature of the nanofluid, and (b) the maximum volumetric heat generation by radiation

within the collector with different volume fractions.
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Fig. 6. Temperature (Kelvin, K) contours of Graphite/water nanofluid with different volume fractions of nanoparticles.

and the fluid begins to heat up. Because the bottom wall of the col-
lector has a highly reflective feature, the incoming radiation is
reflected inside the collector, and the nanofluid moves upwards
due to thermal expansion. Additionally, Fig. 6(a-g) shows that
the temperature distribution in the collector is more uniform with
the increase in the nanoparticle volume fraction. As the irradiation
penetrates the bottom of the collector, the base liquid layer
absorbs this radiation, and as a result, a more uniform temperature
distribution is obtained. However, the maximum radiative heat
source or volumetric absorbed radiation (Wm~™3), which is the heat
generation that occurs in the fluid when the radiation acts on the
fluid, increases linearly with increasing the volume fraction of
nanoparticles, see Fig. 5(b). In addition, the probability of light
scattering increases because of the possibility of collision between

the particles and light. Therefore, because of the weakening of light
intensity, the radiative heat source within the collector gradually
decreases with depth, as can be observed in Fig. 7(a-g).

However, Fig. 8(a-g) shows that with the increase of the volume
fraction of the nanoparticles, vortices are formed and spread
towards the inside of the collector, starting from the edges, and
spreading to the corners due to the heating of the fluid from the
edges. This situation can be explained by the effect of the buoyancy
force by the temperature difference of the nanofluid. Because the
increase in the volume concentration enhances the energy transfer
of the nanofluids, an increase in the velocity of the fluid is
observed. While the central vortex is dominant in the absence of
the nanoparticle, its effect decreases with the increase in the vol-
ume concentration of the nanoparticle, taking the form of an
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Fig. 7. Radiative heat source (Wm3) contours of Graphite/water nanofluid with for volume fractions nanoparticles.

ellipse and eventually disappears at 100 ppm (Figure (8(g))). In
addition, an increase in the acceleration of the nanofluid is
observed along the vertical walls and corners of the collector due
to the increase of the boundary layers by decreasing the thickness
in parallel with the increasing fraction.

4.2. Effects of nanoparticle type

In general, radiative and thermophysical properties of nanoflu-
ids vary with the nanoparticle. The effects of nanoparticle type are
examined using Gold (Au), Copper (Cu), Graphite, Aluminium oxide
(Al;03), and Aluminium (Al) nanoparticles with different volume
fractions of 4 ppm, 7 ppm, 10 ppm, 40 ppm, 70 ppm and

10

100 ppm. As the extinction coefficient of the nanofluid increases
with increasing the volumetric fraction of nanoparticles, the nano-
fluid can absorb more solar radiation. Therefore, it improves the
photothermal energy conversion by augmenting the heat that the
collector can gain from solar energy increases, Fig. 9(b), and it
improves the enthalpy difference that the collector can store as
sensible heat, Fig. 9(a). As shown in Fig. 9, the improvement in
Al/water and Al,0s/water nanofluids further increases by increas-
ing the volumetric concentration of nanoparticles. In addition,
thermal conductivity of the nanofluid is another factor affecting
the thermal performance of the solar collector. As seen in Fig. 9,
because the thermal conductivity of Graphite nanoparticles, which
is a kind of carbon-based nanoparticle, is higher than other
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Fig. 8. Velocity (ms~') contours of Graphite/water nanofluid for different volume fractions of nanoparticles.

nanoparticles, it has been observed that its contribution to the
thermal performance of the system is higher, especially at very
low volume concentrations (4-10 ppm).

As the nanoparticles absorb more irradiation at the vicinity of
the top wall, the top wall’s radiation heat flux is higher than that
of the other walls, as shown in Fig. 9(c). Furthermore, the addition
of nanoparticles to the pure water enhances the sunlight capture of
the heat transfer fluid. Therefore, the heat source produced by the
radiation increases. As demonstrated in Fig. 9(d), the average vol-
umetric heat generation is higher for the Graphite/water nanofluid
than for the other types of nanofluid at all the volume concentra-
tions considered. This is because the absorption capacity of the
Graphite nanoparticle is higher than the other nanoparticles.
Therefore, larger volumetric absorption by radiation occurs. As

11

illustrated in both Fig. 9(c-d), the effect of radiation improves with
increasing volume concentration.

As shown in Fig. 10(a-e), the temperature distribution inside the
solar collector is different for each nanoparticle at the volume frac-
tion of 7 ppm. The heating process by the solar irradiation starts
from the bottom and the edges and is pushed upwards by buoy-
ancy force to the inside of the collector. Because the upper wall
is exposed to the atmosphere, heat loss occurs from both radiation
and convection. Therefore, cooling takes place over the upper wall,
and it becomes stronger in the upper edge corners. Indeed, the
maximum temperature occurs on the sidewalls as the cooling
effect penetrates deeper towards the centre of the collector for
the Al,Os/water nanofluid (Fig. 10(e)). In addition, although two
different temperature regions are seen by using Al/water nano-
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fluid, the temperature difference is nearly uniform. Besides, a vor-
tex formation of Al (Fig. 10(d)) and Al,Os3 (Fig. 10(e)) nanoparticle-
based nanofluids is observed from the top surface of the collector
towards the inside. The reason for this is that the radiation absorp-
tion capacity is less compared to other nanoparticles, causing the
increase in temperature gains to be less, it seems as if the cooling
effect is more pronounced than other nanofluids.
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4.3. Effects of hybrid nanofluid

With the addition of nanoparticles, the ability of the nanofluid
to absorb solar radiation increases, and thus its transmittance is
reduced. Consequently, the fluid temperature increases. The total
extinction capacity of hybrid nanofluids depends on the extinction
coefficient of each type of nanoparticle. Therefore, since hybrid
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Fig. 11. Effect of different nanoparticles on the collector performance (a) enhancement of enthalpy difference, (b) enhancement of useful heat, (c) radiation heat flux at top
wall, and (d) volumetric heat generation by radiation within the collector with different volume fractions.
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Fig. 12. Temperature (Kelvin, K) contours of water-based different nanofluids for volume fraction of 10 ppm.
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nanofluids have the capacity to absorb more solar radiation, the
temperature of the nanofluid increases and the performance of
the solar collector increases. Al is chosen as the basic nanoparticle
because it shows less thermal performance than other nanofluids
in Fig. 9. When other nanoparticles (same shape and size) are
added to the Al/water nanofluid, an enhancement is observed for
each volumetric concentration, as shown in Fig. 11, because of
the effects of hybrid nanoparticles. The temperature rises of
Al + Al,03 hybrid nanofluid are higher than those of Al nanofluid
and Al,0s nanofluid as shown in Fig. 10(d-e) and 12(a). However,
other nanofluids have less effects on the temperature increase.

2
mAl (a)
Z 4| mAR03
=3 : " Al+AI203
£
< g 1.2 +
S <
° g
5 0.8
o &
£% 04
=
©
€ o
2
0.4 -
Volume fraction (ppm)
600 BA (c)
500 - [ AI203
[ Al+AI203

400

300

200

100

Radiation heat flux (W/m?)

0.5 0.8 2

Volume fraction (ppm)

Enhancement of useful heat

Volumetric absorbed

Journal of Molecular Liquids 372 (2023) 121182

When Au, Cu and Graphite nanofluids are added to the Al nano-
fluid, as shown in Fig. 12(a-d), the temperature of the hybrid nano-
fluid increases, but the maximum temperature of the hybrid
nanofluid is not higher than the temperature of the nanofluids that
constitute the hybrid nanofluid. However, Fig. 11(a-b) show that
the thermal performance of hybrid nanofluids are higher than
the mono nanofluids. Thus, with increasing temperature gain, the
useful heat of the heat transfer fluid is improved by increasing
the photothermal conversion performance (Fig. 11(b)), and so
more heat can be stored with higher enthalpy gain (Fig. 11(a)).
As the temperature differences in the collector of Al + Au and
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Fig. 13. Effects of different nanoparticles on the collector performance (a) enhancement of enthalpy difference, (b) enhancement of useful heat, (c) radiation heat flux at top
wall, and (d) volumetric heat generation by radiation within the collector with different volume fractions.
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Fig. 14. Temperature (Kelvin, K) contours of water-based different nanofluids at volume fraction of 0.8 ppm.
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Al + Cu hybrid nanofluids are approximately zero, the temperature
distributions inside the collector are more uniform as shown in
Fig. 12(b-c). In addition, because the added nanoparticles intensify
the absorption of sunlight by the nanofluid, as shown in Fig. 11(d),
the average volumetric absorption produced by the radiation
inside the collector increases. Furthermore, as the nanoparticles
close to the upper wall absorb more solar radiation, more radiative
heat flux occurs at the upper wall, see Fig. 11(c). This photothermal
conversion performance enhancement reflects those of Zhang et al.
[19] who also demonstrated that hybrid nanoparticles enhance the
light-to-heat conversion.

Since the inside of the solar collector is semi-transparent, the
irradiation is absorbed by the fluid [63]. Therefore, the heat gener-
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ated from the radiation in the collector is absorbed by the nanopar-
ticles, causing the development of temperature profiles. This
depends on the absorption co-efficient of nanoparticles, and the
absorption coefficient increases as the concentration of nanoparti-
cles increases. Using a certain concentration can cause radiation to
be absorbed by nanoparticles. For the Al/water nanofluid, 0.5 ppm
and 0.8 ppm volume concentrations have a negative effect on the
collector performance by causing the temperature gradients not
to develop as a result of their inability to absorb the radiation suf-
ficiently by the nanoparticles. As seen in Fig. 13(a-b) because there
is no sufficient heat gain, no increase in the temperature of the
nanofluid is observed and there is a decrease in the collector per-
formance. Because of the insufficient absorption, the top wall radi-
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Fig. 16. Effects of different nanoparticles on the collector performance (a) enhancement of enthalpy difference, (b) enhancement of useful heat, (c) radiation heat flux at top
wall, and (d) volumetric heat generation by radiation within the collector with different particle diameter.
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ation heat flux for Al/water nanofluid is lower than pure water
(104 W/m?), and it enhances with increasing the volume concen-
tration of nanoparticles as seen in Fig. 13(c). This result corrobo-
rates the views of Zhang et al. [20], who suggested that the
enough volume concentration should be used in order to absorb
adequate the irradiation. Fig. 14 shows that since the heat loss
on the upper wall is higher in the Al/water nanofluid compared
to other nanofluid types, the cooling effect is stronger. In addition,
the volumetric heat generation of the Al/water nanofluid is mini-
mal, as shown in Fig. 15(a), because Al nanoparticles at a volumet-
ric concentration of 0.8 ppm poorly absorbs radiation, and the
average volumetric heat generation increases with increasing the
volume concentration (Fig. 13(d)).

As demonstrated in Fig. 14(a-c), heating starts at the sides and
progresses towards the inside of the collector with the effect of the
buoyancy force. In addition, heat loss occurs by a combination of
radiation and convection from the upper wall to the ambient,
resulting in large cold temperature gradients from the upper wall
to the centre of the collector. Therefore, since the volume concen-
tration of Al nanoparticles is below the minimum volume fraction
(4 ppm in Fig. 9(a)), the temperature gain in the collector (Fig. 14

(a) Al d=10nm

0.005-
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(a)) is less than in pure water (Fig. 6(a)), due to the lack of radiation
absorption. This results in the formation of two vortexes, showing
that the cooling effect in the Al/water nanofluid is stronger than in
the other nanofluids. Moreover, since Al nanoparticles at 0.8 ppm
volumetric concentration absorb radiation poorly, as shown in
Fig. 15(a), the volumetric heat generation by the Al/water nano-
fluid in the collector is minimum. Furthermore, although sunlight
penetrates through the height of the collector, the heat generated
from the radiation reduces towards the bottom of the collector
(Fig. 15(a-c)) because the intensity of sunlight decreases with
depth.

4.4. Effects of nanoparticle size

The extinction co-efficient of nanoparticles depends on the par-
ticle diameter [27]. As seen in Equations (11) and (12), while the
absorption co-efficient changes with the square of the particle

diameter (Dz), the scattering co-efficient changes with the third

power of the particle diameter (D3). Therefore, as the extinction
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Fig. 17. Temperature (Kelvin, K) contours of water-based different nanofluids for volume fraction of 4 ppm.
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coefficient improves with increasing particle size, the radiation
absorption capacity of nanoparticles increases. This means that
increasing the size of the nanoparticles contributes to the higher
absorbance, resulting in an increase in the temperature of the
nanofluid. These enhancement in temperature and absorption
accelerate the heat distribution between nanoparticles and aug-
ment the photothermal conversion of the heat transfer fluid. With
the increasing temperature and energy conversion, an increase is
observed in the thermal performance of the collector as shown in
Fig. 16(a-b). With the increase in particle size, an increase in the
average volumetric absorption (Fig. 16(d)) and top wall heat flux
(Fig. 16(c)) generated by the radiation is observed because of the
improvement in the nanofluid. This is because the temperature rise
increases with increasing nanoparticle diameter.

Fig. 17(a-f) demonstrates that as the Al + Al,0z/water nanofluid
starts to heat up from the bottom of the collector, the effect of nat-
ural convection heat transfer is more visible. The heated fluid
moves upwards from the centre of the bottom wall with the buoy-
ancy force. Thus, it provides that there is more hot heat transfer
fluid on the top wall of the collector. This contributes that the cold

(a) Ald=10nm
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heat transfer fluid on the vicinity of the top wall moves downwards
in the collector, reducing the heat loss from the collector to the
ambient and ensuring that the temperature gain is higher than
other nanofluids so that it is noticed that the vortex formation
observed in mono nanofluids prevents this formation by blended
nanofluids because of the higher temperature gain. In addition,
the temperature increase in larger nanoparticles is greater than
in smaller nanoparticles, as it increases the capacity to absorb sun-
light. In other words, the optical performance of the heat transfer
fluid enhances with the particle diameter. Hence, increasing the
size of the nanoparticles contributes more to improving the tem-
perature of the nanofluids as seen in Fig. 17(a-f).

Furthermore, as shown in Fig. 18(a-f), because the volumetric
heat generation by radiation declines with the depth of cavity,
the maximum radiation heat flux is obtained at the top wall. Thus,
radiation heat flux and average volumetric absorbed radiation
increase with increasing the nanoparticle diameter, as shown in
Fig. 16(c-d). Moreover, Fig. 17(a, ¢, e) and 18(a, ¢, e) show that more
uniform distributions are obtained from 10 nm nanoparticles as
the maximum and minimum temperature and heat generation dif-
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volumetric heat generation by radiation within the collector at volume fraction of 6 ppm.

ferences in the collector increase with increasing the size of
nanoparticles. However, since the difference is very little in the
Al,05 nanofluid, the temperature and heat generation distributions
remain almost the same.

4.5. Effects of base fluid types

The effect of the base fluid is investigated by using water, Ther-
minol VP1 and ethylene glycol. Fig. 19(a) and (b) show that, despite
the high temperature gain of Therminol VP1, the useful heat gain
has the highest value among pure fluids because of the high speci-
fic value of ethylene glycol. The volumetric heat absorbed by the
radiation depends on the temperature rise of the fluid. In addition,
because the average temperature gains are close to each other in
both fluids, the average volumetric heat generation is approxi-
mately the same. With the addition of nanoparticles, the thermal
conductivity and absorption co-efficient of the fluid are improved.
As a result of the hybrid nanoparticles being added to the pure flu-
ids, a significant increase in the enthalpy difference is observed, see
Fig. 19(c). Accordingly, the performance of the collector improves.
As shown in Fig. 19(a), (d) and (e), there is a parallel relationship
between the temperature increase in the collector and the effects
of radiation on the collector. This is because the increase in tem-
perature depends on the radiation absorption capacity of the pure
fluids and nanoparticles. Therefore, the temperature increase is
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higher for hybrid nanoparticles and pure Therminol VP1 as a result
of the high solar energy absorption capacity.

5. Conclusions

A directly heated solar collector was investigated numerically
using different mono and hybrid nanoparticles in this study. The
effects of nanoparticle size, base fluid and nanoparticle concentra-
tion were analysed to compare their effects upon the thermal per-
formance of direct absorption solar collector enclosure. ANSYS
Fluent was used to solve the 2D radiative heat transfer which
includes scattering, emitting and absorption factors and energy
equations. Numerical results show that as the radiation absorption
capacity of the nanofluid increased, the average temperature of the
fluid in the collector and the average volumetric heat generated by
the radiation increased. Thus, the performance of the collector was
enhanced. In addition, although the maximum radiative heat
source increased linearly with increasing the volume concentra-
tion of nanoparticles, the radiative heat source within the collector
gradually decreased with depth. Besides, increasing the volume
concentration causes the nanoparticles at the vicinity of the upper
wall to absorb more solar energy. Furthermore, when other
nanoparticles were added to the Al/water nanofluid, an enhance-
ment was observed for each volume concentration because of
hybrid nanoparticles. The maximum enhancement of enthalpy dif-
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ference was 3.74 and 3.96 for Al + Al,03 and Al + Graphite nanopar-
ticles with volume concentrations of 70 ppm and 10 ppm, respec-
tively. The maximum enhancement of useful heat was also 7.74
and 8.20 for Al + Al,03 and Al + Graphite nanoparticles with vol-
ume concentrations of 70 ppm and 10 ppm, respectively. More-
over, it was found that the collector performance enhances with
increasing in particle diameter. More uniform distributions, how-
ever, were obtained from 10 nm nanoparticles as the maximum
and minimum temperature and heat generation differences in
the collector increased with increasing the particle size. Finally,
although an increase in the nanoparticle concentration at the same
particle diameter enhances the absorption of solar radiation by the
nanofluid, since the viscosity of the nanofluids increases at high
concentrations, the collisions between nanoparticles, which are
the result of Brownian motion, are reduced. This causes a decrease
in the thermal resistance of the interface between the nanoparticle
molecules and the fluid, causing more photothermal conversion of
the nanofluid to be prevented.

Considering the numerical results, discussions, and research
gaps within the current study, it can be further concluded that
hybrid nanofluids can be used both as a storage medium and a heat
transfer fluid in direct absorption solar collectors, thus increasing
the capturing and absorption capacity of the solar irradiation.
Therefore, the photothermal conversion performance and sensible
heat storage capacity of the heat transfer fluid is enhanced. Thanks
to this improved thermal performance, hybrid nanofluids provide
an inevitable advantage for solar energy applications.
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