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Abstract
In this study, three-dimensional heat transfer and flow characteristics of hybrid nanofluids under turbulent flow condition 
in a parabolic trough solar collector (PTC) receiver has been investigated. Ag–ZnO/Syltherm 800, Ag–TiO2/Syltherm 800, 
and Ag–MgO/Syltherm 800 hybrid nanofluids with 1.0%, 2.0%, 3.0%, and 4.0% nanoparticle volume fractions are used as 
working fluids. Reynolds number is between 10,000 and 80,000. The temperature of the fluid is taken as 500 K. The C++ 
homemade code has been written for the nonuniform heat flux boundary condition for the outer surface of the receiver. 
Variations of thermal efficiency, heat transfer coefficient, friction factor, PEC number, Nusselt number, and temperature 
distribution are presented for three different types of hybrid nanofluids and four different nanoparticle volume fractions with 
different Reynolds numbers. Also, the graphs of the average percent increase according to Syltherm 800 are given for the 
working parameters. According to the results of the study, all hybrid nanofluids are found to provide superiority over the 
base fluid (Syltherm 800) with respect to heat transfer and flow features. Heat transfer augments with the growth of Reynolds 
number and nanoparticle volume fraction. Thermal efficiency, which is one of the important parameters for PTC, decreases 
with increasing Reynolds number and increases with the increasing volume fraction of nanoparticle. It is obtained that the 
most efficient working fluid for the PTC receiver is the Ag–MgO/Syltherm 800 hybrid nanofluid with 4.0% nanoparticle 
volume fraction.
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List of symbols
A	� Area (m2)
k	� Turbulent kinetic energy (m2 s−2)
Cp	� Specific heat (J kg−1 K−1)
ui , uj	� Averaged velocity components (m s−1)
x, y, z	� Cartesian coordinates (m)
P	� Pressure (Pa)
−�u�

i
u�
j
	� Reynolds stress (N m−2)

xi , xj	� Spatial coordinates (m)
T	� Temperature (K)
kr	� Thermal conductivity of the receiver material 

(W m−1 K−1)

f	� Friction factor
Re	� Reynolds number
Nu	� Nusselt number
h	� Heat transfer coefficient (W m−2 K−1)
u′ , v′ , w′	� Fluctuations of velocity (m s−1)
Gk	� Generation of turbulent kinetic energy due to 

mean velocity gradients (kg m−1 s−3)
C1 , C2 , Cμ	� Turbulent model constants
Sij	� Rate of linear deformation tensor (s−1)
S	� Modulus of the mean rate of strain tensor (s−1)
u , v , w	� Velocity components (m s−1)
q′′	� Heat flux (W m−2)
I	� Direct normal irradiance (W m−2)
d	� Receiver diameter (m)
ΔP	� Pressure difference (Pa)
L	� Length of the receiver (m)
ṁ	� Mass flow rate (kg s−1)
Pr	� Prandtl number

Greek letter
θ	� Circumferential angle of receiver (°)
θr	� Rim angle (°)
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ρ	� Density (kg m−3)
�	� Viscosity (Pa s)
�ij	� Kronecker delta
λ	� Fluid thermal conductivity (W m−1 K−1)
�h,t	� Turbulent Prandtl number for energy
�t	� Eddy viscosity (Pa s)
ε	� Turbulent dissipation rate (m2 s−3)
�k	� Turbulent Prandtl number for k
�ε	� Turbulent Prandtl number for ε
v	� Kinematic viscosity (m2 s−1)
�	� Turbulence model parameter
�ter	� Thermal efficiency
�	� Nanoparticle volume fraction

Subscript
p	� Aperture
i	� Inlet
f	� Fluid
eff	� Effective
hnf	� Hybrid nanoparticle
p1, p2	� Nanoparticle
i, j, k	� Spatial indices
inner	� Receiver inner surface
w	� Wall
b	� Bulk
o	� Outlet

Superscript
′	� Fluctuation from average value
–	� Time-averaged value

Introduction

Solar energy is the most abundant, cleanest, and cheap-
est energy in the world. Its utilization is the encouraging 
approach for challenging the substantial problems such as 
global warming, fossil fuel depletion, and energy require-
ment [1]. Concentrated solar power (CSP) technology is a 
promising method for generating electricity and heating flu-
ids. In medium temperature ranges, parabolic trough solar 
collectors (PTC) is the most suitable selection in the CSP 
technology method [2]. PTC is used in various applications 
including chemical process, heating domestic water, generat-
ing electricity, refrigeration, and desalination [3].

Recently, many studies related to enhancing the thermal 
performance of PTC have been published by using nano-
fluid, inserts placed in the receiver such as turbulator and fin. 
One of the thermal performance enhancement techniques is 
the utilization of nanofluid as a working fluid. Nanofluid, 
which is found in 1995 by Choi [4], is prepared by dispers-
ing nanoparticles in the base fluid such as water, oil, and 
ethylene glycol, etc. It provides two advantages to the base 
fluid: The first one is that while the nanofluid is composed, 

nanoparticle having higher thermal conductivity is preferred 
in terms of obtaining the nanofluid with higher thermal con-
ductivity in comparison with the base fluid. The added nano-
particles expand the surface area of the conventional fluid 
and allow it to have more heat capacity [4]. This causes 
the thermal conductivity coefficient of the nanofluid to be 
high [5]. The last one is to create the nanofluid with higher 
density. The higher density contributes to higher density-
specific heat capacity. This provides to transfer extra heat 
[6]. Nanofluids are used in many applications such as heat 
sinks [7], carbon nanotubes [8–11], solar energy systems 
[12], and automotive industry [13].

In solar collectors, especially PTC, a few studies regard-
ing heat transfer applications with nanofluid have been per-
formed. Amina et al. [14] analyzed numerically the thermal 
performance in PTC by using various nanofluids (Al2O3/
Dowtherm-A, SiC/Dowtherm-A, C/Dowtherm-A, and Cu/
Dowtherm-A) and longitudinal fins with a rectangular and 
triangular shape. They tried to understand the effect of types 
of nanoparticle and fin geometry on thermal performance 
under turbulent flow conditions. The temperature was kept 
constant at 573 K. Nonuniform heat flux, which is got with 
Monte Carlo Ray Tracing (MCRT) method, was subjected 
to the outer wall of the receiver. They noticed that the nano-
fluid with metallic nanoparticles shows superior thermal 
performance than the nonmetallic nanoparticles. The value 
of Nusselt number with fins is between 1.3 and 1.8 times 
greater with changing of the Reynolds number than the 
plain receiver. The friction factor with the nanofluid and 
triangular fin is approximately two times greater than the 
plain receiver. Bretado de los Rios et al. [15] performed an 
experimental study on the PTC by using water-based nano-
fluid including between 1.0 and 3.0% Al2O3 nanoparticles. 
In addition, they investigated the effect of incident angle 
on collector efficiency. It was revealed that thermal perfor-
mance with the nanofluid is always greater than the water 
for all incident angles. The incident angle is a substantial 
factor for the efficiency of PTC. It is inversely proportional 
to the thermal efficiency of PTC. Using nanofluid having 
3.0% nanoparticle volume fraction presents about 10.0% 
increment in thermal performance. For the same inlet tem-
perature, the outlet temperature of nanofluid is hotter than 
the water temperature. They understood that the nanofluid 
is encouraging working fluid for the PTCs. Ghasemi and 
Ranjbar [16] investigated numerically the influence of the 
working fluid of Al2O3/water and CuO/water nanofluid on 
the efficiency of the PTC. Different heat flux was exposed 
to the bottom and top half periphery of the absorber. Inlet 
temperature was assumed constant at 320 K. The results 
indicated that by adding more nanoparticle volume fraction, 
the heat transfer rises for the nanofluids. Using CuO/water 
nanofluid, the enhancement of the heat transfer coefficient 
is reached up to 35%. Kaloudis et al. [17] investigated a 
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three-dimensional numerical turbulent mixed convective 
heat transfer problem with the two-phase approach and in 
LS2-module PTC exposed nonuniform heat flux by using 
Al2O3/Syltherm 800 nanofluid having different nanoparti-
cle volume fraction (0.0–4.0%). It was found that there is 
a 10% increment in system efficiency by using the highest 
nanoparticle concentration. Khakrah et al. [18] numerically 
examined the thermal performance of Al2O3/Synthetic oil 
nanofluid-based PTC. They studied the absorber tube hav-
ing nonuniform heat flux distribution to find the influence 
of nanoparticle concentration, wind velocity, and inlet tem-
perature on the overall collector efficiency. MCRT technique 
was utilized to determine the nonuniform heat flux provid-
ing more precise results. The working fluid properties are 
assumed to depend on inlet temperature and nanoparticle 
concentration. The outcomes of the study indicated that 
using nanofluid with 5.0% nanoparticle concentration shows 
14.3% overall efficiency in comparison with the synthetic 
oil. Moreover, they noticed that the effect of wind velocity 
on efficiency could be neglected. Mwesigye et al. [19] inves-
tigated a three-dimensional numerical study to find optimal 
Al2O3/Syltherm 800 nanofluid turbulent flow condition of 
PTC via entropy minimization method. They used thermal 
governing and thermodynamic equations to solve the prob-
lem. Many parameters such as nanoparticle concentration 
(0.0–8.0%), inlet temperature (350–600 K), and Reynolds 
number (3560–1,151,000) were studied. Local entropy gen-
eration rate, Bejan number, collector thermal efficiency, heat 
transfer, and friction factor were presented. They declared 
that the thermal efficiency of PTC with nanofluid can be 
augmented to 76% by adding 8.0% nanoparticle concentra-
tion. They suggested an optimal Reynolds number correla-
tion with respect to nanoparticle concentration and Prandtl 
number. By adding more nanoparticle to the base fluid, the 
value of the optimal Reynolds number decreases. Mwesigye 
et al. [20] studied a numerical study Cu/Therminol VP-1 
nanofluid-based PTC of entropy generation study and ther-
mal performance. They subjected real-like heat flux to the 
receiver obtained from the MCRT method. They studied 
the effects of several parameters including inlet tempera-
ture, nanoparticle volume fraction, and Reynolds number 
on pressure drop, thermal performance, heat transfer coeffi-
cient, entropy generation rate, and Bejan number. The results 
showed that using the highest nanoparticle concentration 
(6.0%) thermal efficiency goes up to 32%. At the same 
time, the utilization of nanofluid enhances thermodynamic 
performance. Entropy generation in the receiver decreases 
with increasing nanoparticle concentration at some defined 
Reynolds number.

Recently, a new promising fluid, called hybrid nanofluid, 
has been used to enhance the heat transfer in thermal appli-
cations [21–23]. Hybrid nanofluids are expected to decline 
in the price of the single type nanofluid by the researchers 

[24]. They can consist of two or more than two unsimilar 
nanoparticles, which can be either nanocomposite or in 
the mixture. They considered a possible heat transfer fluid 
instead of using single type nanofluid in order to enhance 
the thermophysical properties of single type nanofluid [25]. 
Minea [26] investigated a three-dimensional numerical 
study of turbulent forced convection heat transfer in a tube 
by using hybrid nanofluid (Al2O3–SiO2/water, Al2O3–TiO2/
water) and single-phase approach. She changed the nano-
particle concentration to see heat transfer enhancement of 
hybrid nanofluid. Moreover, the performance of the nano-
fluid with single nanoparticle compared at the same condi-
tions. It was noticed that the heat transfer coefficient of 2.5% 
Al2O3–1.5% SiO2/water hybrid nanofluid has the highest 
value in comparison with pure water. Moghadassi et al. [27] 
numerically investigated the effects of Al2O3/water nanofluid 
and Al2O3–Cu/water hybrid nanofluid with constant nano-
particle concentration of 0.1% in tube exposed to uniform 
heat flux. They analyzed the performance evaluation crite-
rion (PEC), pressure drop, and Nusselt number. The results 
of the study declared that the Nusselt number obtained from 
the single-phase method is enhanced by 13.46% and 4.73% 
when compared pure water and the single type nanofluid, 
respectively. They noticed that looking at this result, adding 
Cu nanoparticle augments an extra 5.0% heat transfer per-
formance. They also suggested two correlations as a function 
of the Reynolds number and Prandtl number regarding fric-
tion factor and Nusselt number. Chamkha et al. [28] focused 
two-dimensional numerical unsteady natural convective heat 
transfer in a cavity via single-phase approach. They investi-
gated the influence of the water-based hybrid nanofluid with 
Al2O3 and Cu nanoparticles on natural convection. Several 
parameters, including Rayleigh number, dimensionless time, 
and nanoparticle concentration, etc., were performed. It was 
obtained that the hybrid nanofluid is dominant for the high 
Rayleigh numbers. The detailed review about hybrid nano-
fluid pertaining to its characterization, preparation, thermo-
physical properties and usage area in the applications can be 
found in Refs. [25, 29, 30].

In PTCs, the utilization of the hybrid nanofluid is not 
extensive due to the new promising heat transfer fluid. Minea 
and El-Maghlany [31] presented both a review of hybrid 
nanofluids and a two-dimensional numerical simulation of 
hybrid nanofluid (Ag–MgO/water, GO–Co3O4/60EG:40 W, 
Cu–Al2O3/water)-based PTC with uniform heat flux in 
a laminar regime by using single-phase approach. They 
studied thermal efficiency, heat transfer and hydraulic per-
formance of the PTC. The outcomes of the study declared 
that using the Cu–Al2O3/water hybrid nanofluid decreases 
the heat transfer performance due to the higher viscosity in 
comparison with the water. However, Ag–MgO/water hybrid 
nanofluid having 2.0% nanoparticle concentration enhances 
the heat transfer up to 14.0%. Bellos and Tzivanidis [32] 
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compared the performance of the single type nanofluid 
(3.0 vol% Al2O3/Syltherm 800 and 3.0 vol% TiO2/Syltherm 
800) and hybrid nanofluid (1.5 vol% Al2O3–1.5 vol% TiO2/
Syltherm 800) in a PTC with uniform heat flux distribu-
tion of 1000 W m−2 for the different inlet temperatures 
(300–600 K) by using Engineering Equation Solver (EES). 
They presented thermal efficiency, Nusselt number, and 
improvement of heat transfer coefficient, exergy efficiency 
as a function of inlet temperature. They revealed that the 
thermal efficiency with hybrid nanofluid has 2.2 times the 
great performance in comparison with base oil.

As can be seen from the literature, studies using hybrid 
nanofluids represent the minority. Especially in PTCs which 
are renewable energy applications, the use of hybrid nano-
fluid is very limited. Studies have been carried out with 
parameters such as two-dimensional, laminar conditions. 
In this study, unlike the studies in the literature, three-
dimensional and turbulent flow conditions using three dif-
ferent hybrid nanofluid (Ag–ZnO/Syltherm 800, Ag–TiO2/
Syltherm 800, and Ag–MgO/Syltherm 800) thermal and 
hydrodynamic features are investigated using the receiver 
of LS-2 type PTC. While forming the hybrid nanofluid, all 
nanoparticles are added at 50–50%. This study is believed 
to fill an important gap in the literature on heat transfer 
performance and flow characteristics of hybrid nanofluids 
in PTCs. The selection of hybrid nanoparticles has been 
considered for the following reasons: (1) High permeabil-
ity and good electrical conductivity properties are also the 
preferred reasons for using ZnO nanoparticle [33]. (2) The 
purpose of using silver metal is to produce a more efficient 
heat transfer fluid by making use of its significantly higher 
thermal conductivity. (3) The high level of stability of TiO2 

is advantageous when used in nanofluid [34]. (4) MgO nan-
oparticles can be more easily suspended than other metal 
oxides and are less likely to precipitate and sediment [35]. 
The volume fractions of nanoparticles volume fractions are 
added to the base fluid are 1.0%, 2.0%, 3.0% and 4.0%. The 
Reynolds number is between 10,000 and 80,000. Nusselt 
number, friction factor, heat transfer coefficient, PEC num-
ber, and thermal efficiencies are analyzed using the above-
mentioned parameters. Temperature distribution inside the 
PTC is also provided.

Physical model

The PTCs consist of a reflective surface with a parabolic 
shape and a receiver. This surface allows the sun’s rays to 
concentrate on the receiver. In the numerical study, the rim 
angle (θr) of the collector is 70° and the total aperture area 
(Ap = W × L) is 39 m2 [36]. The LS-2 parabolic trough solar 
collector shown in Fig. 1 has been examined. The geometric 
parameters and material properties of the receiver are given 
in Table 1. The material of the receiver is 316L steel.

Numerical study

Mathematical model

The numerical study is carried out under three-dimen-
sional, steady-state and turbulent flow conditions with 
single-phase approach. Three different hybrid nanofluids 
are used: Ag–ZnO/Syltherm 800, Ag–TiO2/Syltherm 800, 

Fig. 1   View of parabolic trough 
collector and its components

Parabolic shape
    reflector

Receiver

L

W

θr
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and Ag–MgO/Syltherm 800. During the study, it is assumed 
that the fluids are incompressible, Newtonian and convective 
properties are not changed. It is also assumed that the ther-
mophysical properties of the fluids do not change with tem-
perature. This means that the buoyancy effect is neglected. 
Many studies that ignore the buoyancy effect can be seen 
[39–41]. These studies are compared with numerical and 
experimental studies, the difference between the numeri-
cal results and the experimental results is very small. It is 
assumed that the nanoparticles homogeneously disperse in 
the base fluid.

Governing equations

In the light of the above assumptions governing equations 
in three-dimensional and turbulent flow conditions are as 
follows [42]:

Continuity:

Momentum:

Energy:

where −�u�
i
u�
j
 are the Reynolds stresses, ui and uj are the 

time-averaged velocity for i and j directions. Time-averaged 
temperature, fluid thermal conductivity, density, turbulent 
Prandtl number for energy, turbulent viscosity and time-
averaged pressure are stated as T, λ, �, �h,t,�t and P, 
respectively.
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Reynolds stresses, including velocity gradients, are 
expressed as follows due to the Boussinesq hypothesis [43]:

where the turbulent kinetic energy is defined as k, which is 
given in the following form,

As a turbulence model for industrial fluid problems, the k–ε 
turbulence model is generally used in order to give fast and 
accurate results [43, 44]. In the numerical study, solutions 
have been realized with realizable k–ε turbulence model. For 
this model, two new equations, turbulent dissipation rates 
(ε) and transport of turbulence kinetic energy (k), should 
be considered.

k equation:

ε equation:

Turbulent Prandtl number is expressed as �k and �� regard-
ing k and � in Eqs. (6) and (7).

The production of turbulent kinetic energy is called Gk and 
calculated from the following equation.

When the production of turbulent kinetic energy ( Gk ) is 
evaluated with Eq. (4), Gk may be stated as the following 
equation.
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Table 1   LS-2 type receiver structural and material properties

Receiver geometrical dimensions [37]

Outer diameter/m Inner diameter/m Length of the receiver/m

0.7 0.66 7.8

Receiver material properties [38]

kr/W m−1 K−1 Cp/J kg−1 K−1 ρ/kg m−3

24.92 502.48 8030
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where S is defined as modulus of the mean rate of the strain 
tensor.

Equation (10) represents the turbulent viscosity.

Constants for the realizable k–ε turbulent model are 
expressed below,

The detailed calculation of Cμ is presented in Ref. [43].

Thermophysical properties of hybrid nanofluid

The thermophysical properties of the nanoparticles and 
base fluid Syltherm 800 are given in Table 2.

The hybrid nanofluid density, heat capacitance, dynamic 
viscosity, and thermal conductivity are determined from 
the below equations.

The effective density [46]:

The heat capacitance [47]:

The dynamic viscosity [48]:

The thermal conductivity [49]:

�hnp , Cphnp , �hnp and � are obtained from the following equa-
tions [47] :

(10)�t = �C�

k2

�
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[

0.43,
�

� + 5

]

, � = S
k

�
, S ≡

√

2SijSij
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(12)
(
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)
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(
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)

hnp
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(
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)

f
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(
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− 2�
(

�f − �hnp
)

(

�hnp + 2�f
)

+ �
(
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)

Boundary conditions

•	 Constant and uniform velocity and temperature for 
receiver inlet

•	 The pressure is equal to atmospheric pressure at the out-
let of the receiver

•	 Nonuniform heat flux is applied to the exterior of the 
receiver to obtain more realistic results.

•	 Nonuniform heat flux profile has been get using Monte 
Carlo Ray Tracing (MCRT) method [50]. In this study, 
homemade C++ code which is suitable for nonuniform 
heat flux profile obtained by using MCRT is written and 
the resulting heat flux is compared with the profile in 
Fig. 2a. As shown in the figure, these two heat flux pro-
files have a good fit. Figure 2a shows the local concentra-
tion ratio (LCR) values. The local concentration ratio is 
found by the formula LCR =

q��
w

I
 . Here I is direct normal 

irradiance and I = 1000 W m−2. Figure 2b shows the heat 
flux distribution on the outside surface of the receiver.

•	 The radiation from the outer surface of the receiver is 
ignored because heat transfer performance is analyzed 
in the receiver as in the Refs. [50, 51].

•	 No-slip conditions are applied to all solid surfaces.

Numerical solution

Numerical solutions are obtained by solving continuity, 
momentum and energy equations with boundary condi-
tions. These solutions are realized with the commercial 
ANSYS 19.1 package program. The receiver geometry is 
drawn with ANSYS Design Modeler, the mesh structure 

(15)�hnp =
�p1�p1 + �p2�p2

�

(16)Cp hnp =
Cp p1�p1 + Cp p2�p2

�

(17)�hnp =
�p1�p1 + �p2�p2

�

(18)� = �p1 + �p2

u = 0, v = 0, w = wi, T = Ti = 500K.

P = Pgage = 0

u = 0, v = 0 w = 0.

Table 2   Properties of nanoparticles and base fluid [25, 30, 45]

ρ/kg m−3 Cp/J kg−1 K−1 λ/W m−1 K−1 µ/Pa s

Syltherm 800 747.2 1962 0.0961 0.00084
Ag 10,500 236 426.77 –
ZnO 5630 494 27.196 –
TiO2 4250 686 8.786 –
MgO 3580 921 69.036 –
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of the receiver is made in ANSYS Meshing, and governing 
equations are determined in ANSYS Fluent.

ANSYS Fluent makes the solution by using the finite 
volume method. The SIMPLE algorithm is utilized for the 
solution of pressure–velocity coupling. The second-order 
upwind scheme is adopted to discrete the algebraic equa-
tions. Enhanced wall treatment (EWT) technique is used 
to obtain better results in areas close to the recipient walls 
[43]. The numerical solutions are done until the residual 
of the continuity equation, momentum equations, energy 
equation, turbulent kinetic energy rate, and turbulent 
kinetic energy values are less than 10−8.

Data reduction

In this study, the influences of hybrid nanofluids on heat 
and flow characteristics are analyzed. During this analysis, 
the Reynolds number, Nusselt number, friction factor, heat 
transfer coefficient, and thermal efficiency expressions are 
calculated as follows:

Effective Reynolds number is calculated by Eq. (19) [42],

where �eff is effective fluid density, wieff is effective fluid 
inlet velocity, dinner is the receiver inner diameter, and �eff is 
effective fluid dynamic viscosity.

Equation (20) presents the determination of effective con-
vection heat transfer coefficient [42],

where q′′
w
 is heat flux on the outer receiver surface, Tw inner 

is the receiver inner wall temperature, and Tb is bulk tem-
perature which is equal to 

(

Ti + To
)

∕2 . To is fluid outlet 
temperature.

Effective Nusselt number is stated as in Eq. (21) [42],

where �eff is effective fluid thermal conductivity.
Effective friction factor is obtained from Eq. (22) [42],

where ΔP is pressure difference and L is the length of the 
receiver.
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Thermal efficiency of the receiver is evaluated with 
Eq. (23) [31],

where ṁ is mass flow rate, Cp is specific heat of the working 
fluid, dT is temperature gradient which is expressed as the 
difference between the average outlet temperature ( To@L ) 
and bulk temperature. I is direct normal irradiance and Ap is 
collector aperture area.

Performance evaluation criterion (PEC) is a dimension-
less number representing heat transfer and hydraulic per-
formance of thermal applications. It is calculated by the 
following formula [52]:

(23)𝜂ter =

(

ṁCpdT
)

eff

IAp Here the subscript of hnf and bf representS the hybrid nano-
fluid and base fluid, respectively.

Verification of results of the simulation

Checking of grid independence

In this study, the hexahedral mesh structure is used as can 
be seen from Fig. 3. Mesh concentration is intensified in the 
inner walls of the receiver. In the near-wall region, the value 
of y+ is approximately ensured 1. In the figure, the outermost 

(24)PEC =

(

Nuhnf∕Nubf

)

(

fhnf∕fbf

)
1

3

Table 3   Results of grid-
independent checking

Grid number h/W m−2 K−1 Deviation/% Tw/K Deviation/% f/– Deviation/%

52697 1500.5830 – 1024.6720 – 0.026846 –
106362 1295.6240 13.6586 802.4830 21.68391 0.025675 4.361916
222846 1066.8730 17.6557 667.1480 16.86453 0.023325 9.154430
354231 978.6820 8.26631 590.6830 11.46147 0.02137 8.380851
468378 945.9520 3.34429 542.8490 8.098083 0.020367 4.692136
549125 929.1670 1.7744 530.3150 2.308929 0.019974 1.928601
694268 921.6793 0.80585 529.2870 0.193847 0.019255 3.602629
787400 (selected) 918.9510 0.29601 528.3920 0.169095 0.019023 1.203343
876389 917.6540 0.14114 527.6780 0.135127 0.018962 0.320139
1025978 916.5870 0.11627 527.5690 0.020657 0.018921 0.216748
1250943 916.8790 0.031857 527.4670 0.019334 0.018918 0.015855
1527546 916.7354 0.01566 527.3890 0.01478 0.018914 0.02114
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brown part shows the receiver wall made of steel. The other 
areas show the flow area.

In order to test the independence of the numerical results 
from the number of mesh, the number of mesh is increased, 
and the convection heat transfer coefficient, wall tempera-
ture, and friction factor values are obtained at the highest 
Reynolds number (Re = 80,000) and for Syltherm 800. These 
values are given in Table 3 for 11 different mesh numbers. 
The error percentages for each variable are found in the 
table, and it is noticed that the change in convection heat 

transfer coefficient, wall temperature, and friction factor 
values is very small especially after 787,400 mesh number. 
Accordingly, the optimum number of meshes is found to be 
787,400 for faster and more accurate results.

Checking the results of the study with literature

The Nusselt number of the base fluid Syltherm 800 is com-
pared with the correlation and Dittus–Boelter (Eq. 25) and 
Gnielinski (Eq. 26). The maximum deviation of the present 
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study’s Nusselt number from the Dittus–Boelter and Gnie-
linski correlations is 5.70% and 15.62%, respectively. Fig-
ure 4 shows that the Nusselt number values are appropriate. 
When correlation is used in industrial applications, the error 
is allowed up to 20% [51, 53].

Dittus–Boelter correlation [54]:

Gnielinski correlation (for 0.5 ≤ Pr ≤ 2000 and 3000

≤ Re ≤ 5,000,000 ) [55]:

In Fig. 5, the friction factor of the base fluid Syltherm 800 
is compared with the correlations of Petukhov (Eq. 27) and 
Blasius (Eq. 28). It is determined that the maximum devia-
tion of the present study’s friction factor from the Petukhov 
and Blasius correlations is 1.74% and 1.56%, respectively. 
Again, the results are consistent with each other.

Petukhov correlation [56]:

Blasius correlation (for 4000 ≤ Re ≤ 100,000 ) [57]:

As a result, when looking at Figs. 4 and 5, it is understood 
that the present numerical code can be used for simulating 
this physical problem.

Results and discussion

In this section, the heat transfer and flow characteristics 
of the receiver are examined by combining the effect of 
different hybrid nanofluids with different parameters. 
Figure 6 shows the effect of different hybrid nanofluids 
and Syltherm 800 on the convection heat transfer coef-
ficient. These figures are plotted with respect to the 
Reynolds number and nanoparticle volume fraction of 
different hybrid nanofluids. When the graphs are exam-
ined, it is observed that the convection heat transfer coef-
ficient increases as the volume fraction of nanoparticles 
increases in all hybrid nanofluids. This can be attributed 
to the fact that the fraction of nanoparticles changes the 
thermophysical properties of the base fluid and increases 
the convective heat transfer performance. For example, at 
the Reynolds number 80,000, the convective heat transfer 
coefficient of the increased nanoparticle volume fraction 
of the Ag–ZnO/Syltherm 800 hybrid nanofluid increases 

(25)Nu = 0.023Re0.8
0.4

Pr

(26)Nu =

(

f∕8

)

(Re − 1000)Pr

1 + 12.7
(

f∕8

)0.5
(

Pr
2∕3 −1

)

(27)f = (0.790 lnRe − 1.64)−2

(28)f = 0.316Re−0.25

by 13.13%, 27.32%, 42.99%, and 50.56% for 1.0%, 2.0%, 
3.0%, and 4.0% nanoparticle volume fractions, respec-
tively, compared with the base fluid Syltherm 800. In 
addition, the influence of Reynolds number on the con-
vection heat transfer coefficient is found to be significant. 
Similarly, the convection heat transfer coefficient increases 
with the increase of the Reynolds number in all hybrid 
nanofluid types. The reason for this condition is the for-
mation of a thinner boundary layer with the increase of 
Reynolds number. Also, at higher Reynolds numbers the 
receiver bulk temperature and wall temperature are lower. 
On the other hand, it can be seen from the rapid increase in 
Fig. 6 that the impact of the nanoparticle fraction is higher 
with rising Reynolds number.

Figure  7 shows the percentage effect of Ag–ZnO/
Syltherm 800, Ag–TiO2/Syltherm 800, and Ag–MgO/
Syltherm 800 hybrid nanofluid types and their various nan-
oparticle volume fractions on the convection heat transfer 
coefficient. The goal of this graph is to make the apparent 
values of Ag–TiO2/Syltherm 800, and Ag–MgO/Syltherm 
800 hybrid nanofluids. These percent increases are rela-
tive to Syltherm 800. In general, it can be noticed that 
the Ag–MgO/Syltherm 800 hybrid nanofluid increases the 
convection heat transfer coefficient further. The increase 
in the convection heat transfer coefficient with the increas-
ing nanoparticle volume fraction is approaching 50%. 
The lowest increase is approximately 10% in Ag–ZnO/
Syltherm 800 hybrid nanofluid having the nanoparticle 
volume fraction of 1.0%.

Figure 8 shows the Nusselt number distribution for the 
base fluid Syltherm 800 base fluid, and Ag–ZnO/Syltherm 
800, Ag–TiO2/Syltherm 800, and Ag–MgO/Syltherm 800 
hybrid nanofluids depending on the Reynolds number and 
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nanoparticle volume fraction. As can be seen, in all hybrid 
nanofluid types, Nusselt numbers increase with increas-
ing nanoparticle volume fraction and Reynolds number. 
Ag–TiO2/Syltherm 800, and Ag–MgO/Syltherm 800 

hybrid nanofluids are found to have close Nusselt number 
values. It can be seen in Fig. 9 for a better understanding 
of this difference. The graphs have the same characteristic 
as Fig. 6.
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The percentage increase in the Nusselt number for differ-
ent hybrid nanofluid types in the study is shown in Fig. 9. 
The increases in this graph indicate the average increment 
according to the Nusselt number values of Syltherm 800. 
Also, Nusselt number increment values of the Ag–MgO/
Syltherm 800 hybrid nanofluid increase in all nanoparticle 
volume fractions more than other the hybrid nanofluids. This 
value reaches about 30% for Ag–MgO/Syltherm 800 hybrid 
nanofluid with a 4.0% nanoparticle volume fraction.

The changing of friction factors with Reynolds number 
for the base fluid of Syltherm 800, Ag–ZnO/Syltherm 800, 
Ag–TiO2/Syltherm 800, and Ag–MgO/Syltherm 800 hybrid 
nanofluids is given in Fig. 10. It can be deduced from the 
graphs how the friction factor affects the use of different 
hybrid nanofluids, various volume fractions of nanoparticle, 
and Reynolds numbers. As it is known, shear viscosity of 
nanofluid increases with adding nanoparticles so that raise 
the viscosity [58] and the density of the fluid. This con-
dition increases the flow friction in the fluid and requires 
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higher pumping power. When the graphs are examined, it 
can be revealed that the friction factor decreases due to the 
growth of the Reynolds number for all of the fluids used in 
the PTC receiver. It is noticed that the differences between 
the friction factors of hybrid nanofluids and Syltherm 800 
are greater. In other words, using the hybrid nanofluids vis-
ibly increases the friction factor relative to the base fluid. 
However, when the friction factor of hybrid nanofluids is 
examined, it can be noticed that the differences between 
values of friction factor are so small. In addition, since the 
nanoparticle volume fraction increases for all types of hybrid 
nanofluids, the friction factor naturally increases, too.

Figure 11 is a graph that shows the effect of using hybrid 
nanofluids with different nanoparticle volume fractions on 
the percentage friction factor compared to Syltherm 800. 
This graph is obtained by averaging the friction factors in all 
Reynolds numbers. It is generally desirable that the friction 
factors of the fluids used are low. From Fig. 11, it can be said 
that the friction factor of Ag–ZnO/Syltherm 800 nanofluid 
type with 4.0 nanoparticle volume fraction increases about 
15% compared to Syltherm 800. Increment of the friction 
factor for Ag–TiO2/Syltherm 800 and Ag–MgO/Syltherm 
800 hybrid nanofluids is approximately similar. This is an 
advantage. Because these hybrid nanofluids have better heat 
transfer capabilities than Ag–ZnO/Syltherm 800.

Figure 12 shows the effect of different hybrid nanofluids 
and their several volume fractions of nanoparticle on PEC 
numbers. In the previous sections, it has been mentioned 
that the hybrid nanofluids increase both heat transfer and 
friction factor. The PEC number should be checked to see if 
the heat transfer or friction factor is dominant [52]. If PEC 
is greater than 1, heat transfer is dominant; if it is less than 
1, the friction factor is dominant. In light of this information, 
the first thing that stands out in the graph is the PEC number 
of all hybrid nanofluids greater than 1. In other words, it 
can be inferred that all hybrid nanofluids have contributed 
to heat transfer by defeating the friction factor in compari-
son with Syltherm 800. It is noticed that the PEC number 
increases with the growth of nanoparticle volume fraction. 
For instance, the increase in PEC number at 1.0%, 2.0%, 
3.0% and 4.0% nanoparticle volume fraction of Ag–ZnO/
Syltherm 800, which increases heat transfer at least, is about 
5%, 10%, 17% and 19%, respectively. The increase in PEC 
number at 1.0%, 2.0%, 3.0% and 4.0% nanoparticle volume 
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fraction of Ag–MgO/Syltherm 800, which increases heat 
transfer the most, is about 6%, 14%, 19% and 25%, respec-
tively. Furthermore, it can be observed that the PEC number 
values of Ag–TiO2/Syltherm 800 and Ag–MgO/Syltherm 
800 are close to each other.

Figure 13 shows the effect of Reynolds number on the 
thermal efficiency of the base fluid and different types of 
hybrid nanofluids and their nanoparticle volume fractions. In 
a sense, thermal efficiency is a measure of how much solar 
radiation benefits the system. In all fluids, it is observed that 
thermal efficiency decreases due to the increment in Reyn-
olds number. The reason for this can be interpreted as the 
increment of pumping power with the growth of the Reyn-
olds number. Thermal efficiency rises as the volume frac-
tion of nanoparticles rises. Ag–MgO/Syltherm 800 increases 
thermal efficiency mostly. The smallest efficiency increment 
is observed for Ag–ZnO/Syltherm 800 hybrid nanofluid.
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Fig. 15   Temperature contours 
of different hybrid nanofluid 
types at the receiver outlet
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The change in percentage increment in average thermal 
efficiency is given in Fig. 14 for the Ag–ZnO/Syltherm 800, 
Ag–TiO2/Syltherm 800, and Ag–MgO/Syltherm 800 hybrid 
nanofluid types. The changes in this graph are found com-
pared with the Syltherm 800 fluid. Ag–MgO/Syltherm 800 
is obtained to increase thermal efficiency by up to 15%. The 
friction factor values of this nanofluid are also reasonable 
compared to other hybrid nanofluids. This nanofluid can be 
predicted to be the best fluid to use for PTC. The effect of 
nanoparticle volume fraction on thermal efficiency seems to 
be great. For example, if the Ag–MgO/Syltherm 800 hybrid 
nanofluid is used with 1.0%, 2.0% and 3.0% nanoparticle 
volume fractions instead of Syltherm 800, the increment 
would be 6%, 8%, and 11%, respectively.

Figure 15 represents the temperature contours of the 
Syltherm 800 base fluid, Ag–ZnO/Syltherm 800, Ag–TiO2/
Syltherm 800, and Ag–MgO/Syltherm 800 hybrid nanoflu-
ids at the receiver outlet for 1.0% and 4.0% nanoparticle 
volume fraction and Re = 10,000 and Re = 80,000. It is 
understood from the graphs that the Reynolds number and 
nanoparticle volume fraction are effective in temperature 
distribution. As the Reynolds number and volume fraction 
of nanoparticle rise, the temperature distribution in the 
fluid and the receiver wall becomes more uniform. We can 
determine this by decreasing the number of colors showing 
the temperature distribution. The temperature distribution 
in the receiver is highly effective in the deformation of the 
receiver. Accordingly, in terms of all properties (heat and 
flow characteristics), the Ag–MgO/Syltherm 800 hybrid 
nanofluid with 4.0% nanoparticle volume fraction and 
Re = 80,000 stands out as a step forward.

Conclusions

In this article, the effect of three different hybrid nano-
fluid types (Ag–ZnO/Syltherm 800, Ag–TiO2/Syltherm 
800, and Ag–MgO/Syltherm 800) with four different 
nanoparticle volume fractions (ϕ = 1.0–4.0%) on the col-
lector efficiency is numerically discussed by considering 
three-dimensional turbulent flow conditions for in the PTC 
receiver. The results of the numerical study can be com-
piled as follows:

1.	 The use of different hybrid nanofluid types has provided 
a great advantage in terms of convective heat transfer 
inside the PTC. It is noticed that convective heat transfer 
is enhanced by approximately 26%, 29%, and 31% when 
using 4.0 vol% Ag–ZnO/Syltherm 800, 4.0 vol% Ag–
TiO2/Syltherm 800, and 4.0 vol% Ag–MgO/Syltherm 
800 hybrid nanofluid types instead of base fluid of 
Syltherm 800.

2.	 As the volume fraction of nanoparticles increases, the 
convective heat transfer enhances, too.

3.	 The friction factor increases with the using of hybrid 
nanofluids. It is noticed that the hybrid nanofluid of 
Ag–ZnO/Syltherm 800 increases the friction factor at 
the highest amounts, while Ag–MgO/Syltherm 800 
increases it in the lowest amounts. This is an advantage 
for the Ag–MgO/Syltherm 800. Moreover, the friction 
factor increases up to about 15% with the increment in 
the volume fraction of nanoparticles.

4.	 The thermal efficiency, which shows how much the 
system benefits from solar radiation, has increased sig-
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nificantly with the use of hybrid nanofluids. It is deter-
mined that the effect of 4.0 vol% Ag–MgO/Syltherm 800 
hybrid nanofluid has the highest thermal efficiency than 
the other fluids. Thermal efficiency tends to decrease 
with increasing pumping power at higher Reynolds num-
bers.

5.	 Heat transfer performance of hybrid nanofluids is supe-
rior in comparison with their friction factor due to the 
PEC number is greater than 1.

6.	 When the results are evaluated, it can be concluded that 
the most suitable working fluid for PTC is Ag–MgO/
Syltherm 800.
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