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Abstract
The main objective of the present work is to investigate the morphology effects of Syltherm 800 oil-based γ-AlOOH nano-
fluid on performance evaluation criterion (PEC) and energy efficiency of a novel parabolic trough solar collector (PTSC) 
numerically using finite volume method. The other goal is to compare the obtained results of nanofluid simulation in PTSC 
using single-phase mixture model (SPM) with two-phase mixture model (TPM). In addition, influences of using acentric 
absorber tube are determined. Consequently, in this step the optimum configuration is introduced and then different nanofluids 
characteristics such as volume fractions, nanoparticles diameters and shapes on the optimum configuration are investigated. 
Based on the obtained results, for all studied cases, obtained PEC and energy efficiencies employing the TPM in nanofluid 
simulation are more than that SPM simulation. Using the novel PTSC leads to the higher average Nusselt number, energy 
efficiency, PEC and outlet temperature at all Reynolds numbers. For all cases, the PEC and energy efficiency increase by 
reduction of nanoparticle volume fraction and diameter. As the Reynolds number increases, the energy efficiency of PTSC 
increases for all studied cases till Reynolds number equal to 5000 and then always reduces. Therefore, the optimum Reynolds 
number is 5000. The optimum morphology is related to the nanoparticles shape of blade which is followed by the brick, 
cylinders and platelet, respectively.

Keywords  Parabolic trough solar collector (PTSC) · Nanofluid · Morphology · Nanoparticle shape · Two-phase mixture 
model (TPM) · Single-phase mixture model (SPM)

1  Introduction

Developing energy solicitations have encouraged the expan-
sion of novel archetypes for the utilization of renewable 
energies [1]. Nowadays, parabolic trough solar collectors 
(PTSCs) that are used in solar power plants and thermic 
applications are investigated by several authors for their 
increased performance evolution criteria (PEC) [2–13]. For 
surface-based receivers, the spectral elective absorption 

cover and vacuum insulating have been commonly needed 
to achieve more temperatures for industrial and commer-
cial employment. The elective cover on the absorbing 
plate might enhance the thermal performance by 30% as 
an outcome of reducing the emissivity coefficient to 0.10. 
The vacuum reduced the convectional heat wastes from the 
absorbing plate and barricaded the demotion of the covering 
at high temperatures. Howsoever, the elective cover tolerated 
the hazard of oxidation and demotion in state of long-term 
inflicted thermal stresses or vacuum missing. However, the 
permanence of covering and the vacuum insulating tech-
nology is enhanced in recent times; a giant price would be 
involved too. Volumetric-based receivers, notwithstanding 
being non-elective, might snare further thermal energy, 
improve the heat transfer process and consequently lead to 
a more thermal efficiency.

Bellos et al. [3] present a study on the exergetic and 
energetic improvement of parabolic trough solar collector 
equipped with absorber tube having internal fins filling with 
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carbon dioxide at high temperature. Their results showed 
that higher fins length improved the thermal performance. 
They reached 46% exergetic efficiency with 400 °C as inlet 
temperature. Their analysis is done with SolidWorks Flow 
simulation. In another investigation, Bellos and Tzivanidis 
[4] presented an investigation on the effect of different tech-
nique as internal fins, ring inserts, dimpled absorbers and 
metallic foams on improvement of thermal efficiency of 
parabolic trough solar collector. They reported that referred 
technique can improve the thermal performance up to 2% 
with 600 K as inlet temperature. In addition, in referred 
case the thermal loss is 22% lower than respective reference 
case. Li et al. [6] focused on the conduction and radiation 
heat loss from the parabolic trough solar and effect on the 
thermal efficiency accompanied with operating cost. They 
analyzed various factors that influenced the heat losses such 
as glass envelope temperature, gas species, annulus pres-
sure, heat transfer fluid temperature, size and aspect ratio of 
annulus. In addition, they present a theoretical basis in order 
to enhance receiver. Aldulaimi [7] proposed a new technique 
through an experimental investigation in order to improve 
the absorber tube of a parabolic trough collector efficiency 
employing a twisted tube. Proposed design was related to 
the reverse flow and overlapped. Presented results showed 
a significant increase for heat transfer enhancement. They 
reported that employed technique was accompanied by an 
increase in the pressure drop. For employed model, a factor 
that contains the pressure drop and Nusselt number named 
as evaluation criterion was defined and used. Khan et al. 
[11] performed a numerical investigation on the three differ-
ent absorber tube geometries employed in parabolic trough 
solar collector (inserted twisted tape, longitudinal fins and 
smooth absorber tube) in the presence of Al2O3/water nano-
fluid as working fluid. Their outcome showed that absorber 
tube thermal efficiency accompanied with twisted tape insert 
filling with nanofluid and that for absorber tube accompa-
nied with internal fins filling with nanofluid are about 72%.

It is three decades that the word of nanofluids are pre-
sented to the technical society. In detail in the nanofluids, 
higher thermal conductivity of solid particles relative to fluid 
enhances effectively the thermal conductivity of suspensions 
[14]. Higher thermal conductivity of suspension (nanofluids) 
must be related to the various parameters such as material 
type, temperature, volume fraction, shape and size. Several 
investigations have been done to assign the influence of ref-
ereed factors on the nanofluid thermal conductivity augmen-
tation. Abbasian Arani et al. [15] conducted a numerical 
investigation for the particle shape effect (oblate spheroid, 
spherical, blade, platelet, prolate spheroid, and brick, and 
cylindrical) on the heat transfer and fluid flow of γ-AlOOH/
ethylene glycol and water (50:50) nanofluid for the forced 
convection inside the minichannel having sinusoidal wavy 
wall. They provided the optimal shaped nanoparticle by 

evaluating the PEC and choosing the shape with the high-
est PEC. Based on their results, it is recognized that the 
best cases are corresponded to the spherical-shaped nano-
particles having nanoparticles volume fraction equal to 4% 
with diameter of 20 nm and Reynolds number of 15,000. 
Vanaki et al. [16] conducted a numerical study to investi-
gate the influence of various nanofluid on the fluid flow and 
heat transfer inside the wavy wall channels. The objective 
of their investigation is to examine the influence of SiO2/
water nanofluid, its volume fraction and shape of nanopar-
ticle (blade, cylindrical, platelet, spherical and brick), on the 
fluid flow and heat transfer. They showed that the SiO2/EG 
nanofluids having the platelet particle present the maximum 
enhancement in heat transfer compared to the other studied 
nanofluids. Mahian et al. [17] presented an investigation on 
the influence of shape of nanoparticle by employing the laws 
of thermodynamics analysis (first and second laws) inside a 
minichannel of a solar collector with γ-AlOOH/water nano-
fluids as working fluid. Various nanoparticles shapes con-
sidering platelets, cylinders, bricks and blades are chosen 
for referred study. Based on analysis of entropy generation, 
inside the copper tubes, the minimum entropy generation is 
obtained employing brick-shaped nanoparticles, while for 
the steel tubes, the optimum entropy generation (minimum) 
is accomplished by employing the blade-shaped nanoparti-
cles. Ooi and Popov [18] conducted a numerical study on 
the effects of particle shape in natural convection of Cu/
water nanofluid. The influence of the spheroidal (NPs) and 
spherical particles (NPs) on the nanofluid natural convec-
tion is investigated. Their results provided that the highest 
enhancement in the overall heat transfer corresponded to 
the oblate spheroid nanoparticle having aspect ratio equal 
to 10. Elias et al. [19] conducted an investigation on the 
shape effect of γ-AlOOH nanoparticle for thermodynamic 
performance and heat transfer inside a shell-and-tube heat 
exchanger. The aim of referred study is to investigate the 
nanoparticle morphology effect (including brick, cylindrical, 
blade, spherical and platelet) on the heat exchanger thermal 
performance with nanofluid as working fluid. Their results 
provided that, between the all studied cases, cylindrical-
shaped particles presented the highest rate of heat transfer. In 
another investigation, Elias et al. [20] studied the γ-AlOOH 
particle shapes effects on the shell-and-tube heat exchanger 
with various baffle angles with nanofluid. The objective of 
their investigation was to present the influence of various 
alumina nanoparticle shapes on the entropy generation, 
heat transfer and heat transfer coefficient. Based on their 
results, an increase of 28.23% in heat transfer coefficient 
for 20° baffle angle higher than that of 50° baffle angles is 
observed for cylindrical shape nanoparticles. The influence 
of various molybdenum disulfide (MoS2)/water nanofluid 
morphologies for magneto-hydrodynamic slip flow in the 
presence of porous medium is investigated by Khan [21]. 
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His results showed that nanoparticles having the platelet and 
blade shapes enhanced the heat transfer higher than that the 
brick and cylinder shapes. Hajabdollahi and Hajabdollahi 
[22] conducted an investigation on the influence of vari-
ous aluminum dioxide nanoparticles shapes (blade, plate-
let, brick and cylindrical shapes) on the thermoeconomic 
enhancement of a shell-and-tube heat exchanger. Obtained 
results displayed that the maximum enhancement in ther-
moeconomic is accomplished employing the nanoparticles 
with bricks shape.

Table 1 reports a review of almost all investigations 
which study the morphology effects on thermal–hydraulic 
performances of nanofluid flow in various heat exchangers 
and solar receivers. In this table, all important parameters 
of these studies such as study type, geometry, nanofluids 
properties (base fluid and nanoparticles), types of investi-
gated morphologies, most important results and finally the 
optimum nanoparticle shape in operating conditions are 
presented. As it is seen in Table 1, the effects of different 
nanoparticles shapes on thermal or hydraulic parameters 
of various heat exchangers are investigated during several 
numerical and experimental studies [14–33]. It is realized 
that different morphologies are adopted for different nano-
particles, nanofluids, geometries and boundary conditions. 
Therefore, it is found that for different conditions unlike 
morphologies effect are expected. It should be noted that, 
among all investigations in Table 1, just two papers [29, 31] 
deal with the study of morphology effects using two-phase 
mixture model (TPM), while in the other papers different 
nanoparticles shapes effect are studied with single-phase 
mixture model (SPM). Hence, the main objective of the pre-
sent work is to study the morphology effects of Syltherm 800 
oil-based γ-AlOOH nanofluid flow on the thermal–hydrau-
lic performances and energy efficiency of a novel parabolic 
trough solar collector employing the TPM. Nanofluid-
based PTSC, with suspended nanoparticles in base fluids, 
presented as a scientifically application. With an accurate 
design, the nanofluid average temperature might be more 
than that the absorbing plate, because the solar irradiance is 
absorbed by nanofluid directly [1].

Kaloudis et al. [34] investigated numerically a PTSC 
filled with Syltherm 800 liquid oil-based nanofluid as 
working fluid using TPM. Three modes of heat transfer 
(convection, conduction and radiation) were determined to 
simulate the PTSC. Their validation presented remarkable 
coincidence between the numerical results and experimental 
data. In order to simulate the nanofluid, both SPM and TPM 
were chosen and validated with empirical data and numeri-
cal results. Benabderrahmane et al. [35] investigated numeri-
cally the alumina/dowtherm-A nanofluid forced convection 
through a 3D PTSC equipped with vortex generators for heat 
transfer enhancement using SPM and TPM in turbulent flow 
regime. The numerical results are validated by comparing 

with the empirical data available in the literature, while very 
good agreement is obtained. The obtained results showed 
that TPM provided a greater coefficient of convective heat 
transfer than that SPM, while the calculated Darcy friction 
factor by SPM and TPM is basically the same.

The literature review shows that although the influence 
of different morphology effects using SPM on the thermal 
and hydraulic performances of different heat exchangers has 
been investigated, to the best of author’s literature review it 
is not any investigation which presents different nanoparticle 
shapes effects using TPM on the thermal–hydraulic param-
eters and energy efficiency of a novel PTSC equipped with 
insulator roof with different arc-angles and acentric absorber 
tube filled with nanofluid. One of the objectives of this study 
is to investigate the effect of using the insulator roof with 
different arc-angles and acentric absorber tube in a PTSC 
which is filled with nanofluid numerically employing the 
finite volume method. The other goal of present study is to 
compare the obtained numerical results of simulating nano-
fluid in PTSC using SPM and TPM. The main objective of 
current investigation is to study the morphology effects of 
Syltherm 800 oil-based γ-AlOOH nanofluid flow on ther-
mal–hydraulic performances and energy efficiency of a novel 
PTSC. In the first step, influences of using SPM or TPM in 
simulation of nanofluid in absorber tube are investigated, 
and then influences of using insulator roof and its different 
parameters have been studied. In the next step, influences of 
using acentric absorber tube are determined. Consequently 
in this step, the optimum configuration is introduced and in 
the last step different nanofluid parameters (different volume 
fraction, various nanoparticles diameters and morphologies) 
effect on the optimum configuration is investigated using 
TPM. To fulfill these demands, results of interests such as 
pressure drop, Nusselt number, outlet temperature, friction 
factors, energy efficiency and performance evaluation cri-
teria are presented to demonstrate the influence of different 
conditions on studied parameters.

2 � Methodology

2.1 � Physical model and materials

Figure 8 illustrates the schematic diagram of a conventional 
PTSC (C.PTSC) and a novel PTSC (N.PTSC) equipped with 
roof-insulator and acentric absorber tube. For both PTSCs 
the annulus which is located among the absorber tube and 
glass cover is filled with ambient air lower than 0.83 atm. 
One of the main ideas in the present work is to fill the out-
ward facing of the air-filled annulus with a heat-resistant 
insulating material, e.g., glass wool, and therefore find the 
optimum arc-angle of this roof-insulator. Also, it is expected 
that in the case of using acentric absorber tube, the heat 
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loss will reduce because of more insulator volume above the 
absorber tube. As it is seen in Fig. 8b, the novel receiver is 
included of a glass cover, an absorber tube, air-filled annulus 
and a roof-thermal-insulator (glass wool) which is filled in 
the other annulus part. As it is shown in Fig. 8, the solar 
energy is collected with the reflector and then is passed 
across the glass tube and to be absorbed by the absorber 
tube.

Table 2 reports the detailed geometrical parameters of the 
studied PTSC. Also as it is seen in Fig. 8b, two various geo-
metrical parameters will be optimized in the present study 
based on the maximum energy efficiency which are insulator 
arc-angle ( �  ) and acentric value ( � ). Seven different arc-
angle values ( � = 30◦, 50◦, 70◦, 90◦, 110◦, 120◦ and 150◦ ) 
and five various acentric values ( � = 0, 5, 10, 15 and 20 mm ) 
are investigated in this work.

Also, six different mass flow rates are studied which are 
in connection with corresponding Reynolds numbers as fol-
lows: 0.107 kg/s (Re = 2985.9), 0.161 kg/s (Re = 4001.7), 
0.214  kg/s (Re = 5020.9), 0.321  kg/s (Re = 7063.2), 

0.428 kg/s (Re = 9107.2) and 0.535 kg/s (Re = 11,151.6). It 
is clear that all studied mass flow rates are in turbulent flow 
regime.

For all studied cases, the direct normal irradiance is 
Ib = 1000 W/m2, wind velocity is Vw = 2.5 m/s, ambient 
(environment) temperature is Tenv = 297.5 K, and inlet 
nanofluid temperature is Tin = 300 K. The glass cover is 
prepared with Pyrex glass antireflective coated, and its 
properties are found in Table 3. The absorber tube is pre-
pared from stainless steel and has a cermet selective sur-
face, and its thermophysical properties are also listed in 
Table 3. Also the annulus is filled with air and the insula-
tor material is glass wool and Table 3 reports their proper-
ties [15, 36, 37]. The heat transfer fluid is Syltherm 800 
oil, and its properties could be approximated by following 
polynomial [38, 39]:

where T  is the fluid temperature (K). The function f (T) in 
this equation can be �(T) , cp(T) , k(T) or �(T) . Also different 
coefficients in this equation can be found for each parameter 
in Table 4. This equation is valid for the temperature range 
between 300 and 650 K.

In the present study, boehmite alumina ( γ-AlOOH ) 
nanoparticles are be used and their properties are found 
in Table  3. The nanofluid properties (Syltherm 800 
oil/γ-AlOOH ) can be evaluated from Eqs. (2)–(10). Once 
again it should be referred that the emphasis of current 
study is on the modeling approach and on the calculating 
of performance employing the TPM relative to the SPM 
in studied problem.

(1)f (T) = a0 + a1T + a2T
2
+ a3T

3
+ a4T

4,

Table 2   Detailed geometrical parameters of the studied PTSC

Geometrical parameters Values

Length of PTSC, LPTSC 4.06 m
Outer diameter of absorber tube, da 0.07 m
Thickness of absorber tube, �a 0.003 m
Outer diameter of glass cover, dg 0.12 m
Aperture of PTSC, APTSC 0.525 m
Rim angle, �Rim 15◦

Non-parallelism angle, �NP 16′

Table 3   Properties of the Pyrex 
glass and stainless steel [15, 
36, 37]

Property Symbol (unit) Pyrex glass Stainless steal γ-AlOOH Air Glass wool

Transmittance � (–) 0.95 – – – –
Refractive index � (–) 1.474 – – – –
Absorptance � (–) – 0.96 – – –
Emittance � (–) – 0.14 – – –
Density � (kg/m3) 2.23 × 10−3 7920 3050 1.125 18

Specific heat cp (J/kg K) 750 444 618.3 1006.43 670

Thermal conductivity k (W/m K) 1.14 16 30 0.0242 0.04

Dynamic viscosity � (Pa s) – – – 1.789 × 10−5 –

Table 4   Correlations for the 
Syltherm 800 properties [38, 
39]

Property � (kg/m3) cp (J/kg K) k (W/m K) � (Pa s)

a0 1.26903060 × 103 1.10787577 × 103 0.19011994 8.486612 × 10−2

a1 −1.52080898 1.70742274 −1.88022387 × 10−4 − 5.541277 × 10−4

a2 1.79056397 × 10−3 0 0 1.388285 × 10−6

a3 −1.67087252 × 10−6 0 0 − 1.566003 × 10−9

a4 0 0 0 6.672331 × 10−13
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For determining the nanofluid thermophysical proper-
ties of spherical nanoparticle, mixture theory is employed. 
The nanofluid density �nf and nanofluid heat capacity cP,nf 
at each section temperature 

(

Tm
)

 are evaluated with the 
following equations [40]:

Density:

Heat capacity:

Nanofluid thermal conductivity:
By introducing the particles Brownian motion, the nano-

fluid thermal conductivity can be estimated with Corcione’s 
[40] correlation:

where Renp refers to the Reynolds number of particles, Pr 
refers to the base fluid Prandtl number, T  refers to the tem-
perature of nanofluid, Tfr refers to the base fluid freezing 
point, knp refers to the thermal conductivity of nanoparticle, 
and � refers to the nanoparticles volume fraction. The Reyn-
olds number of nanoparticle is calculated as [40]:

where �bf and �bf refer to the base fluid viscosity and density, 
respectively, and uB and dnp refer to the Brownian velocity 
and nanoparticle diameter, respectively. With non-appear-
ance of agglomeration, the Brownian velocity of nanopar-
ticle, uB, is estimated with the ratio of dnp and �D that is the 
time required to pass such distance [41]:

(2)�nf = (1 − �)�bf + ��np.

(3)cP,nf =
(1 − �)

(

�cP
)

bf
+ �

(

�cP
)

np

�nf

.

(4)
keff

kbf
= 1 + 4.4Re0.4

np
Pr0.66

bf
�
0.66

(

T

Tfr

)10(knp

kbf

)0.03

,

(5)Renp =
�bfuBdnp

�bf

,

where D and kb refer to the Einstein diffusion and Boltz-
mann’s constant, respectively [40]:

By substituting Eq. (7) in Eq. (5), it is obtained that [40]:

It is worth to refer that the physical properties in precedent 
equation are determined at the nanofluid temperature T.

Dynamic viscosity [40]:

where dbf is the base fluid equivalent diameter of molecule, 
given by [40]:

where M and N refer to the base fluid molecular weight and 
Avogadro number, respectively, and �f0 refers to the base 
fluid density calculated at temperature T0 = 293 K.

Also, four different non-spherical nanoparticle shapes such 
as blade, platelet, brick and cylindrical are compared in current 
study. Figure 2 presents a schematic of different shapes of the 
particles accompanied with their sizes [14].

The ρnf and cp,nf of the nanofluids having various shapes can 
be determined with Eqs. (2) and (3), respectively. To present 
the influence of blades, platelets, bricks and cylindrical nano-
particle shapes on the nanofluid thermophysical properties, the 
following relations are employed [14]:

(6)�D =

d2
np

6D
=

��bfd
3
np

2kbT
,

(7)uB =
2kbT

��f d
2
np

.

(8)Renp =
2�bfkbT

��
2
bf
dnp

.

(9)
�eff

�bf

=
1

1 − 34.87
(

dnp

dbf

)−0.3

�1.03

,

(10)dbf = 0.1

(

6M

N��f0

)1∕3

,

Fig. 1   Electron micrographs of 
the different shapes of CaCO3 
nanoparticles: a elongated, b 
spherical [23]
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The various nanoparticle shape effective thermal con-
ductivities are determined employing the data available in 
Table 5.

(11)
keff

kf
= 1 +

(

C
shape

k
+ Csurface

k

)

� = 1 + Ck�.

where A1 and A2 are constant presented in Table 6.

2.2 � Energy balance

As it was noted previously, Syltherm 800 oil/γ-AlOOH 
nanofluid is employed as working fluid and is flowed through 

(12)
�eff

�f

= 1 + A1� + A2�
2,

Fig. 2   Different shapes of 
nanoparticles used in the studies 
[14–17, 19, 21, 22, 26, 28–33]

10 nm

9 nm

40 nm

60 nm

10 nm

80
 n

m

Blades Cylinders Platelets Bricks

Fig. 3   Different shapes of the a Ag nanosphere, b Ag nanowire and c Ag nanoflakes [24, 32]

Fig. 4   TEM photograph of the 
SiO2 nanoparticles: a nano-
particles with a shape factor 
(bananas); and b spherical 
nanoparticles [25]
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the absorber tube in simulated PTSC. Different heat trans-
fer mechanisms are illustrated in Fig. 9 inside the PTSC. 
As it is presented in this figure, reflected solar irradiance is 
concentrated on the PTSC, and concentrated solar irradi-
ance is passed thought the glass cover and is absorbed by 
absorber tube by radiation ( Q̇rad,r-a ). Heat exchange among 
the absorber tube and nanofluid heat transfer in the absorber 

tube by convection ( Q̇conv,a-nf ), heat exchange inside the 
lower part of annulus-air (anna) due to natural convection 
( Q̇conv,a-anna ), heat losses due to radiation of lower part of the 
absorber tube and glass cover with sky ( Q̇rad,g-sky ), ( Q̇rad,a-sky ), 
heat loss due to conduction of upper part of absorber tube 
with outside air through the insulation roof ( Q̇cond,a-ins ), 
and convection heat losses from glass cover to surround-
ing ( Q̇conv,g-env ) are the other heat transferred mechanisms 
inside the PTSC. Heat losses due to conduction, in the pre-
sent investigation, through the insulator roof are negligible 
as this is done in similar investigation [42]. Heat loss to envi-
ronment happens by radiation and convection heat transfer 
mechanisms. Type of convection heat transfer is specified by 
wind conditions. The following assumptions are employed 
to simplize the simulation [43]:

•	 The exchange of radiation heat transfer in infrared spec-
trum amounts to zero.

•	 The glass cover thickness is very thin in comparison 
with other dimension, and therefore, the solar irradiance 
absorptance in glass cover is negligible.

Fig. 5   a TEM of the ZnO 
particles with a shape factor 
(Evonik) and b HRSTEM image 
of the ZnO polygonal particles 
(Nyacol) [25]

Oblate spheroid (c < a) Prolate spheroid (c > a)

rotation axis

rotation axis

Fig. 6   The prolate and oblate spheroids [18, 32]

Fig. 7   a SEM of the silver 
nanowire; and b TEM of the 
truncated near-spherical silver 
particles (dnp< 100 nm) [32]
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•	 The pressure gradient has been determined low enough to 
make nanofluid in incompressible and steady-state condi-
tions.

•	 Different edges are determined in adiabatic adding condi-
tion with zero heat loss.

•	 Air flow in annulus is steady state and incompressible and 
has laminar regime.

Heat transfer from the insulated section of annulus is given 
by the following equation [44]:

where Qconv,a-nf is calculated by Eq.  (14) and the Nus-
selt number is determined with the relation presented by 
Eqs. (15)–(23) [45, 46]:

Different parameters in the above equation are calculated 
as follows [46]:

(13)
A

2
𝜌nfcp,nf

dTnf

dt
= −ṁ

d

dz

(

cp,nfTnf +
V2
nf

2

)

+ Qconv,a-nf,

(14)Qconv,a-nf = �Nunfknf
(

Ta − Tnf
)

,

(15)

Nunf =

Fann

8
RePr

K + 12.7

√

Fann

8

(

Pr 2∕3
− 1

)

(

1 +

(

dh

L

)2∕3
)

�ann�.

Fig. 8   Schematic diagrams of a 
C.PTSC and b N.PTSC Glass cover

Absorber 
tube Air-filled 

annular

Glass cover
Insulating material

Ψ

Λ

Absorber 
tube

Air-filled 
annular

(a) (b)

Table 5   Nanoparticle shape 
effect contribution and surface 
resistance on the nanoparticle 
thermal conductivity [14]

Type Aspect ratio � C
k C

shape

k
C
surface
k

= C
k
− C

shape

k

Platelets 1:1/8 0.52 2.61 5.72 − 3.11
Blades 1:6:1/12 0.36 2.74 8.26 − 5.52
Cylindrical 1:8 0.62 3.95 4.82 − 0.87
Bricks 1:1:1 0.81 3.37 3.72 − 0.35

Table 6   Coefficients of viscosity for various particle shapes at 25 ◦C 
[14]

Blade Platelet Brick Cylindrical

A1 14.6 37.1 1.9 13.5
A2 123.3 612.6 471.4 904.4

Qconv, a-nf

Q
rad, a-sky

Qconv, a-anna

Q
rad, r-a

Q
rad, g-sky

Qconv, g-env

cond, a-ins
Q

Fig. 9   Schematic of the heat transfer mechanisms of the novel PTSC
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where Pr is the liquid Prandtl number with bulk temperature 
and Prw is the liquid Prandtl number with wall temperature, 
respectively.

Two heat transfer mechanism types from the absorber 
tube happen, natural convective heat transfer mechanism 
presented by Eq. (24), and radiation heat exchange mecha-
nism among the absorber tube and glass tube which is esti-
mated with view factors calculation [47].

The heat exchange among the glass tube and the sur-
rounding is by radiation and convection mechanisms. More-
over, two conditions for convection heat transfer losses can 
happen: completely natural convection (for the condition in 
which the wind velocity is supposed to be zero) or forced 
convection (for the condition in which the wind velocity is 
considerable). For the present study, heat losses happen due 
to convection heat transfer for considerable wind velocity 
as follows [47, 48].

The coefficient of convective heat transfer ( hg ) is deter-
mined as [47, 48]:

(16)K = 1.07 +
900

Re
−

0.63

1 + 10Pr
,

(17)Fann =
(

1.08 log10 Re
∗
− 1.5

)−2
,

(18)Re∗ = Re

(

1 +D
2
)

lnD +
(

1 −D
2
)

(

1 −D
2
)

lnD
,

(19)D =
da

dg
,

(20)�ann = 0.75D−0.17,

(21)Re =
umdh

�nf

,

(22)Pr =
�nf

�nf

,

(23)� =

(

Pr

Prw

)0.11

,

(24)Qconv,a-anna = ha�da
(

Ta − Tg
)

.

(25)Qconv,g-env = hg�dg
(

Tg − Tenv
)

.

where the average Nusselt number for substantial wind 
velocity is presented as [49]:

The values of m and � proposed for presented equation 
are provided by [49]. The present value for � related to the 
heat flux direction: � = 0.25 is proposed for fluid heating 
[44, 49].

2.3 � Governing equations

In order to simulate the Syltherm 800 oil/γ-AlOOH nano-
fluid flow through the PTSC, two techniques are employed 
in the current investigation. The first one, that is used in 
the validation case, and for air modeling in annulus, is 
the SPM (in Sect. 2.5), which presumed that both base 
fluid (Syltherm 800 oil) and particles ( γ-AlOOH ) have 
the same velocity field and temperature. Therefore, the 
governing equations must be provided as if the nanofluid 
is a Newtonian classical fluid by employing the effective 
thermophysical properties of final suspension. The second 
approach is founded on the single fluid TPM [50], sup-
posing that the coupling among the phases is robust, and 
nanoparticles closely follow the flow of suspension [51]. 
The two phases (solid and fluid) have been suggested to 
be inter-penetrating, and it is equivalent to each phase that 
takes its particular velocity field, and inside each control 
volume, it is a volume fraction for main phase (fluid) and 
another volume fraction for the another phase (solid). TPM 
model is illustrated to give powerful estimations even for 
low nanoparticle volume fractions [52]. The conservation 
for momentum, mass and energy for the mixture (nano-
fluid) is used instead of employing the governing equa-
tions of each fluid and solid phases separately [53]. The 
continuity equation is written as follows:

where the mixture velocity or mass-averaged velocity, U⃗m , 
is written as [54]:

where U⃗s and U⃗bf refer to the velocity of particle and veloc-
ity of base fluid, respectively, and �m refers to the density of 
two-phase mixture which are defined as follows [54]:

(26)hg =
Nugkg

dg
,

(27)Nug = cRem
D
Pr�

(

Pr

Prw

)�

.

(28)∇

(

𝜌mU⃗m

)

= 0,

(29)U⃗m =
𝜌s𝜙sU⃗s + 𝜌bf𝜙bfU⃗bf

𝜌m

,
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The steady-state momentum equation is [54]:

where p and �m refer to the pressure and mixture viscosity, 
respectively, U⃗dr,bf and U⃗dr,s refer to the particles drift velocity 
and base fluid drift velocity, respectively [54]:

The steady-state equation for energy is defined as fol-
lows [54]:

where hbf and hs refer to the base fluid and solid nanoparti-
cles enthalpy, respectively. The two-phase mixture volume 
fraction equation is as [54]:

The slip velocity is written as [54]:

and the relation among the relative velocity and drift veloc-
ity is defined as [54]:

The relative velocity is presented by the Schiller and 
Naumann [55] relation as:

where g⃗ and 𝛼⃗ refer to the fluid and particle acceleration of 
gravity, respectively. The Reynolds number ( Res ) of particle 
is presented as:

(30)�m = �s�s + �bf�bf.

(31)

𝜌m

(

U⃗m∇U⃗m

)

= −∇⃗p + 𝜇m

(

∇⃗U⃗m +

(

∇⃗U⃗m

)T
)

+ ∇⃗

(

𝜌bf𝜙bfU⃗dr,bfU⃗dr,bf + 𝜌s𝜙sU⃗dr,sU⃗dr,s

)

+ 𝜌mg⃗,

(32)U⃗dr,bf = U⃗bf − U⃗m,

(33)U⃗dr,s = U⃗s − U⃗m.

(34)
∇⃗

(

𝜌bf𝜙bfU⃗bfhbf + 𝜌s𝜙sU⃗shs

)

= ∇⃗

(

(

𝜙bfkbf + 𝜙sks
)

∇⃗T
)

,

(35)∇

(

𝜌s𝜙sU⃗m

)

= −∇⃗

(

𝜌s𝜙sU⃗dr,s

)

.

(36)U⃗bf,s = U⃗bf − U⃗s,

(37)U⃗dr,s = U⃗s,bf −
𝜌s𝜙s

𝜌m

U⃗bf,s.

(38)U⃗bf,s =

d2
p

18𝜇bf�d

𝜌s − 𝜌m

𝜌s

𝛼⃗,

(39)�d = 1 + 0.15Re0.687
s

,

(40)𝛼⃗ = g⃗ −
(

U⃗m∇U⃗m

)

,

where dp refers to the mean diameter of particle, here 38 nm.
In all simulated models during the current investiga-

tion, the fluid flow of the HTF in the absorber tube is in 
the turbulent flow regime, since the Reynolds number is 
higher than 2300 (details in Sect. 2.1). For simulating the 
turbulent fluid flows in the absorber tube, in addition to the 
conservation equation for mass, momentum and energy, 
the turbulent modeling equations must be employed in 
used commercial software [50]. In the current work, the 
k–ε turbulent model in employed. The selection of the k–ε 
turbulent model is according to its common employment, 
since this is effectively employed in numerous numerical 
investigations in PTSCs [56–60]. For the HTF, the temper-
ature-dependent thermophysical properties are considered. 
The k–ε model equations are as follows:

where �t,m and G that refer to the turbulent viscosity and 
production rate of k , respectively, are presented [56–60]:

The standard constants are employed, C
�
= 0.09 , 

c1 = 1.44 , c2 = 1.92 , �k = 1.00 , �
�
= 1.30 and �t = 0.85.

Radiation modeling inside the annulus has been done 
with the Monte Carlo approach [50], where the radiation 
is determined to affect the surface of domain with heating, 
while it is not radiant energy exchange with the medium 
(surface-to-surface, S2S). This hypothesis is reliable 
since the space of annulus is considered filled with low-
pressure air (lower than 0.83 atm) as already mentioned 
in Sect. 2.1. Gray model (GM) is employed to model the 
spectral dependence of the radiative heat exchange equa-
tion which considers all radiation magnitudes are unvary-
ing in the spectrum. Steady-state form of the governing 
equations is utilized with higher-order discretization. The 
convergence criterion value for the nanofluid flow and heat 
transfer is to be less than 10−6 . For analyzing the fluid (or 
nanofluid) fluid flow and heat transfer characteristics spec-
ifications of various volume fractions in solar receivers, 
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some useful interested parameters are written as follows. 
Reynolds number of fluid flow is defined as [61, 62]:

where um refers to the average velocity of fluid through the 
test section and Nusselt number is calculated as:

where kbf and hbf illustrate the fluid thermal conductivity and 
heat transfer coefficient, respectively.

The pressure drop through the test section is defined as:

The friction factor is calculated as:

The performance evaluation criterion (PEC) is utilized for 
the thermal and fluid performances of solar heat exchanger 
with nanofluid to estimate the real heat transfer improvement. 
It is determined employing the calculated friction factor and 
Nusselt numbers as follows [61, 62]:

(46)Re =
�bfumda

�bf

,

(47)Nu =
hbfda

kbf
,

(48)Δp = pav,inlet − pav,outlet.

(49)f =
2

(

L

da

)

Δp

�nfu
2
m

.

where Nuav and Nuav,0 are the averaged Nusselt number of 
enhanced PTSC and the averaged Nusselt number of refer-
ence PTSC, respectively. On the other side, f  and f0 are the 
friction factor for enhanced PTSC and the reference PTSC, 
respectively. In case of a conventional collector, the collec-
tor efficiency, �c, as a significant index, reporting the ability 
of the receiver to change the solar energy into the thermal 
energy may be assessed by [9]:

(50)PEC =

(

Nuav

Nuav,0

)

⋅

(

f

f0

)−1∕3

,

(51)�c =
Ec

IA
=

Qin�incp,in
(

Tout − Tin
)

6 ∗ 104IA
.

Fig. 10   Schematic diagram 
of geometry, fluid and solid 
domains, boundary conditions, 
wind direction, and schematic 
diagram of unstructured grid 
mesh

West EastWind direction

Velocity 
inlet

HTF
(SPM or TPM)

Air
(SPM)

Pressure 
outlet

Absorber 
tube

Insulator

Glass cover
Solid domains

Fluid domains

Gravity

Insulator
Absorber tube

The HTF film close to the absorber tube and 
grids are fine enough close to the wall, y+≤1,
to present in viscous sub-layer for the studied 
Reynolds numbers

Air

Table 7   Grid independence test

No. Nodes Tout (°C) Error (%)

1 462,727 84.4579 15.51
2 856,009 71.3579 6.27
3 1,365,347 66.8734 9.27
4 2,124,817 60.6703 3.96
5 2,721,873 58.2745 0.03
6 2,933,289 58.2567 –
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2.4 � Boundary conditions summery

Figure 10 illustrates the boundary conditions, fluid and 
solid domains, wind direction, schematic diagram geome-
try (in case of novel PTSC (C.PTSC) with � = 15 mm , and 
� = 50◦ ), and schematic diagram of unstructured grid mesh 
(in case of conventional PTSC (C.PTSC) with � = 0 mm , 
and � = 90◦ ) in the present study. As it is noted in this fig-
ure, the grids in the HTF film near the absorber tube are fine 
adequate close to the walls (y + ≤ 1) to present the solution 
inside the viscous sub-layer for studied Reynolds numbers.

2.5 � Validation

As shown in Table 7, a grid independence check was made 
for the conventional collector using water to examine the 
influence of grid sizes on the numerical results. As it is seen, 
six sets of mesh are generated and tested. By comparing the 
results, it is concluded that mesh configuration that contains 
grid number of 2,933,289 nodes is assumed to get a satis-
factory agreement among the time of computation and the 
accuracy of results with the maximum error of 0.03%.

Also, CFD code validation was accomplished by compar-
ing the numerical results achieved from the present study 
(with SPM and TPM) and experimental data of Dudley et al. 
[38] and also numerical results of Kaloudis et al. [34] (with 
TPM) with identical dimension and boundary condition with 
nanofluid. These compressions are presented in Fig. 11. It is 
concluded from the present figure that a notable proximity 
exists among the Dudley et al. [38] empirical data, numerical 

results of Kaloudis et al. [34] and numerical results achieved 
from the present study with SPM and TPM. It is seen that 
the TPM simulation in the present work leads to a better 
validation with experimental data.

3 � Results and discussion

In the first step of this section, the difference between 
the SPM and TPM simulations results is investigated for 
N.PTSC. In the next step, the optimum nanoparticles vol-
ume fraction and diameter for spherical morphology are 
introduced. And finally, the non-spherical morphologies are 
analyzed. As it was noted previously, in order to simulate 
the nanofluid flow in PTSCs during the current study, two 
simulation approaches are used. The first one is the SPM and 
the second technique is TPM. One of the goals of the present 
work is to compare the SPM and TPM simulation results 
in terms of using different nanoparticles morphologies in 
PTSCs. Therefore, the HTF which is flowed in absorber tube 
is simulated with the SPM and TPM approaches. The air in 
annulus for all studied cases in the present work is simulated 
with the SPM.

3.1 � Comparison between the single‑ and two‑phase 
mixture models

Figure 12 demonstrates the temperature distribution and 
streamlines in the mid-length cross section of N.PTSC filled 
with the nanofluid for � = 4% and Re = 6001.2 . The tem-
perature distribution in the annulus-air zone and insulting 
zone presents that the TPM shows more air temperature than 
that the SPM. Furthermore, the temperature distribution in 
the absorber tube zone and HTF zone indicates that the TPM 
also illustrates more HTF and tube temperature than that the 
SPM. But, the streamlines in the insulated-annulus-air zone 
show that both the SPM and TPM present almost the same 
results in terms of flow velocity.

As it is seen in Fig. 12, the pure natural convection pat-
terns are observed for both method (SPM and TPM), where 
a large eddy exists in middle of the annulus zone. Figure 13a 
demonstrates the isotherm lines for the SPM and TPM 
methods, in the mid-length cross section of the N.PTSC 
filled with the nanofluid for � = 4% and Re = 6001.2 . As 
it is seen in this figure, the temperature close to the bottom 
wall is more than that of the higher walls. This behavior is 
because of more nanoparticles concentration near the bot-
tom wall. Figure 13b illustrates the nanoparticles distribu-
tion for the SPM and TPM methods, in the mid-length cross 
section of the N.PTSC filled with the nanofluid for � = 4% 
and Re = 6001.2 . As it is seen in this figure, the nanoparti-
cles have a non-uniform distribution at the mid-length cross 
section of the C.PTSC, and the nanoparticles concentrate 
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Fig. 11   Code validation among the present work results (with single- 
and two-phase mixture models), experimental data of Dudley et  al. 
[38] and numerical results of Kaloudis et al. [34]
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Single-Phase Mixture model (SPM) Two-Phase Mixture model (TPM)

Temperature distribution in the annulus-air zone and insulating zone

Temperature distribution in the absorber tube zone and HTF zone

Streamlines in the annulus-air zone

Fig. 12   Temperature distribution and streamlines in the mid-length cross section of N.PTSC filled with the nanofluid at � = 1% , Re = 2985.9 , 
� = 0 mm , and � = 70

◦
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adjacent to the bottom wall due to gravity force. It is clear 
that the more nanoparticles concentration adjacent to the 
bottom wall causes higher thermal conductivity of nanofluid 
in region close to the bottom wall and consequently more 
heat transfer and temperature values in this region.

Figure 14 illustrates the effects of using the SPM and 
TPM on the pressure drop, variation of Nusselt number, fric-
tion factor, PEC, outlet temperature, and collector efficiency 
versus Reynolds number in the case of using C.PTSC and 
N.PTSC ( � = 0 mm , and � = 90◦ ) filled with the nanofluid 
( � = 1% and dnp = 20 mm ). As it is shown in Fig. 14a, with 
the Reynolds number augmentation, the Nusselt number 
increases also for all studied cases. The higher Reynolds 
number is related to the greater velocity which can cause 
the better disturbing of the fluid flow and therefore, the heat 
transfer is enhanced. It is seen that for both C.PTSC and 
N.PTSC configurations, the obtained Nusselt number from 
the TPM simulation is more than that the SPM simulation.

Also it is found that usage of N.PTSC leads to the higher 
Nusselt number for studied Reynolds numbers and this 
behavior is due to the lower heat loss in the N.PTSC than 
that the C.PTSC.

It is clear that using of N.PTSC instead of C.PTSC can 
increase the average Nusselt number for Re = 11,151.6 about 
51%. The minimum differences between the SPM and TPM 
results in Fig. 14a are 4.82% and 5.04%, respectively.

As it is presented in Fig. 14b, it is shown that the pressure 
drop of nanofluid flow between inlet and outlet sections of 
the absorber tube for both the C.PTSC and N.PTSC con-
figurations has the same values. It is clear that this behavior 
is because of similar inlet wall geometry for both configu-
rations. But also it is seen that the TPM leads to the more 
pressure drop values at studied Reynolds numbers. Also, 

the pressure drop increases abruptly with increasing the 
Reynolds number, and the reason for higher pressure drop 
at higher Reynolds is the producing stronger vortexes in 
nanofluid flow at greater Reynolds numbers. The minimum 
differences between the SPM and TPM results in Fig. 14b 
are 4.78% and 4.97%, respectively. Figure 14c shows that 
the nanofluid friction factor always reduces by growing of 
Reynolds number. Furthermore, the friction factor inside the 
absorber tube for both C.PTSC and N.PTSC configurations 
has the same values. It is clear that this behavior is because 
of similar inlet wall geometry for the both configurations. 
But also it is seen that the TPM leads to the more friction 
factor values at all studied Reynolds numbers. The minimum 
differences between the SPM and TPM results in Fig. 14c 
are 4.91% and 5.01%, respectively. Figure 14d depicts that 
for N.PTSC the values of PEC always increase inside the 
whole studied Reynolds number, which states that maxi-
mum Reynolds number ( Re = 11,151.6 ) corresponds to the 
highest PEC.

The optimum Reynolds number corresponds to 
Re = 11,151.6 . It is seen that the TPM leads to the more 
PEC values. The PEC of nanofluid flow for Re = 11,151.6 
is shown to be the highest between all configurations for 
studied Reynolds number and is about 1.51. The mini-
mum differences between the SPM and TPM results in 
Fig. 14d are 4.93% and 5.05%, respectively. As it is shown 
in Fig. 14e, with the Reynolds number augmentation, the 
nanofluid outlet temperature also increases for all stud-
ied cases. The higher Reynolds number is related to the 
greater velocity which can cause the better disturbing of 
the flow and therefore, the heat transfer is enhanced and 
finally the outlet temperature increased. It is seen that for 
both C.PTSC and N.PTSC configurations, the obtained 

Fig. 13   a Isotherm lines for the SPM and TPM models, and b nanoparticles distribution for the TPM model, in the mid-length cross section of 
N.PTSC filled with the nanofluid at � = 1% , Re = 2985.9 , � = 0 mm , and � = 90

◦
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outlet temperature from the TPM simulation is more than 
that of the SPM simulation. Also it is found that employ-
ing the N.PTSC leads to the higher outlet temperature at 
all Reynolds numbers, and this behavior is because of the 
lower heat loss in N.PTSC than that of C.PTSC. It is clear 
that using the N.PTSC instead of C.PTSC can increase 
the outlet temperature for Re = 11,151.6 about 8%. The 
minimum differences between the SPM and TPM results 
in Fig. 14e are 4.77% and 4.91%, respectively. As it is 
presented in Fig. 14f, with the Reynolds number augmen-
tation, the energy efficiency of PTSC increases also for all 

studied cases. The higher Reynolds number is related to 
the greater velocity which can cause the better disturbing 
of the fluid flow and thus, the heat transfer is enhanced 
and finally the energy efficiency increased. It is seen that, 
for both C.PTSC and N.PTSC configurations, obtained 
energy efficiency from the TPM simulation are more than 
that of the SPM simulation. Also it is found that using 
the N.PTSC leads to the higher energy efficiency at all 
Reynolds numbers. It is clear that employing the N.PTSC 
instead of C.PTSC can increase the energy efficiency 
for Re = 11,151.6 about 20%. The minimum differences 

Fig. 14   Effects of using the 
SPM and TPM on variation of 
a average Nusselt number, b 
pressure drop, c friction factor, 
d PEC, e outlet temperature 
and f collector efficiency versus 
Reynolds number in case of 
using C.PTSC and N.PTSC 
( � = 0 mm , and � = 90

◦ ) filled 
with nanofluid ( � = 1% and 
d
np

= 20 mm)
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between the SPM and TPM results in Fig. 14f are 4.85% 
and 5.00%, respectively. It is clear that the TPM leads to 
more validated results in comparison with SPM.

3.2 � Geometry optimization of N.PTSC

Figure 15 illustrates the effects of different insulator arc-
angles on the PEC and collector efficiency versus Reyn-
olds number in case of using N.PTSC ( � = 0 mm ) filled 
with nanofluid ( � = 1% and dnp = 20 mm ). Figure  15a 
depicts that the PEC values for all configurations always 
increase by increasing Reynolds number, which means that 
the maximum Reynolds number ( Re = 11,151.6 ) corre-
sponds to the maximum PEC. Also, it is realized that for 
all studied configurations, employing the TPM leads to 
the more PEC values than that of the SPM. The optimum 
configuration is related to � = 70◦ which is followed by 
� = 90◦, 50◦, 110◦, 130◦, 150◦ and 30◦ , respectively, for 
studied Reynolds numbers. As it is shown in Fig. 15b, with 
the Reynolds number augmentation, the energy efficiency 
of PTSC increases also for all investigated configurations. It 
is shown for both C.PTSC and N.PTSC configurations, the 
optimum Reynolds number is Re = 11,151.6 . Also it is found 
that the maximum energy efficiency is related to � = 70◦ 

which is followed by � = 90◦, 50◦, 110◦, 130◦, 150◦ and 30◦ , 
respectively, for all studied Reynolds numbers. Therefore, in 
the rest of this study the N.PTSC with � = 70◦ is employed 
to analyze the different parameters. Also, it is found that for 
all investigated models, employing the TPM leads to the 
higher energy efficiency than that of the SPM.

Figure 16 illustrates the effects of different acentric values 
on the PEC and collector efficiency versus Reynolds number 
in the case of using N.PTSC ( � = 70◦ ) filled with nanofluid 
( � = 1% and dnp = 20 mm ). Figure 16a depicts that the PEC 
values for all configurations always increase by increasing of 
Reynolds number, which means that the maximum Reynolds 
number ( Re = 11,151.6 ) corresponds to the maximum PEC.

Also, it is realized that for all studied configurations, 
employing the TPM leads to the more PEC values than 
that the SPM. The optimum configuration is related to 
acentric value of � = 20 mm has the maximum Nusselt 
number among all configurations, which is followed by 
� = 15, 10, 5 and 0 mm , respectively, for considered Reyn-
olds numbers. As it is shown in Fig. 16b, with the Reyn-
olds number augmentation, the energy efficiency of PTSC 
increases also for all studied configurations.
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Fig. 15   Effects of different insulator arc-angles on variation of a PEC and b collector efficiency versus Reynolds number in case of using 
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3.3 � Nanofluid details

Figure 17 illustrates the effects of different nanoparticles 
volume fractions on PEC and collector efficiency versus 
Reynolds number in case of using N.PTSC ( � = 70◦ and 
� = 20 mm ) filled with nanofluid ( dnp = 20 mm).

Figure 17a depicts that the PEC values for all cases 
always increase by augmentation of Reynolds number and 
reduction of nanoparticle volume fraction, which shows 
that an optimum Reynolds number ( Re = 11,151.6 ) cor-
responds to the highest PEC. The optimum case is associ-
ated with volume fraction of � = 1% , which is followed 
by � = 3, 2 and 1% , respectively. Also, it is realized that 
for all studied configurations, employing the TPM leads 
to more PEC values than that of the SPM. As it is shown 
in Fig. 17b, with the Reynolds number augmentation or 
nanoparticle volume fraction reduction, the energy effi-
ciency of PTSC increases for all studied cases. Therefore, 
the optimum Reynolds number is Re = 11,151.6 and the 
optimum nanoparticle volume fraction is � = 1% . The 
energy efficiency of N.PTSC ( � = 70◦ and � = 20 mm ) 
filled with nanofluid ( dnp = 20 mm ) for � = 1% is about 
73.10%.

Therefore, in the rest of this study the N.PTSC with 
� = 70◦ and � = 20 mm filled with nanofluid of � = 1% 
is analyzed to study the different particle diameters effect. 
Also, it is found that for all studied configurations, employ-
ing the TPM leads to the higher energy efficiency values 
than that of the SPM.

Figure 18 illustrates the effects of different nanoparti-
cles diameters on the PEC and collector efficiency versus 
Reynolds number in case of using N.PTSC ( � = 70◦ and 
� = 20 mm ) filled with nanofluid ( � = 1% ) simulated with 
the TPM. Figure 18a depicts that the PEC values for all 
cases always increase by increasing of Reynolds number and 
reduction of nanoparticle diameter, which means that the 
maximum Reynolds number ( Re = 11,151.6 ) corresponds 
to the highest PEC. The optimum case is associated with 
nanoparticles diameter of dnp = 20 nm , which is followed by 
dnp = 30, 40, 50 and 60 nm , respectively. Also, it is realized 
that for all studied configurations, employing the TPM leads 
to higher PEC values than that of the SPM.

As it is shown in Fig. 18b, with the Reynolds number 
augmentation or nanoparticle diameter reduction the energy 
efficiency of PTSC increases for all studied cases. Therefore, 
the optimum Reynolds number is Re = 11,151.6 and the 
optimum nanoparticle diameter is dnp = 20 nm . The energy 
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efficiency of N.PTSC ( � = 70◦ and � = 20 mm ) filled with 
nanofluid of dnp = 20 mm and � = 1% is about 73.10% and 
is the maximum obtained energy efficiency in present study. 
Also, it is found that for all investigated models, employing 
the TPM leads to higher energy efficiency values than that 
of the SPM.

Figure 19 illustrates the effects of different nanoparticles 
shapes on the PEC and collector efficiency versus Reynolds 
number in case of using N.PTSC ( � = 70◦ and � = 20 mm ) 
filled with nanofluid ( � = 1% and dnp = 20 mm ). Figure 19a 
depicts that the PEC values for all cases always increase 
till Re = 5000 and then reduce and again increase till 
Re = 11,151.6 by increasing of Reynolds number, which 
shows that the maximum Reynolds number ( Re = 11,151.6 ) 
corresponds to the highest PEC. The optimum case is asso-
ciated with the nanoparticles shape of blade which is fol-
lowed by brick, cylinders and platelet, respectively. Also, 
it is realized that for all studied configurations, employing 
the TPM leads to the higher PEC values than that of the 
SPM. As it is shown in Fig. 19b, with the Reynolds number 

augmentations, the energy efficiency of PTSC increases for 
all studied cases till Re = 5000 and then always reduces. 
Therefore, the optimum Reynolds number is Re = 5000 . 
The optimum case is related to the nanoparticles shape of 
blades which is followed by bricks, cylinders and platelets, 
respectively. Also, it is found that for all studied configura-
tions, employing the TPM leads to higher energy efficiency 
values than that the SPM. Their trend is not completely simi-
lar with each other.

4 � Conclusion

For simulating the nanofluid flow, two approaches are 
employed in the current study. The first one, employed 
for validation case and for air modeling in the annulus, 
is the single-phase mixture model (SPM) and thus gov-
erning equations of momentum, energy and mass be 
employed for the classical Newtonian nanofluid (fluid) 
by means of effective thermal properties for the fluid and 

(a)

Legend

(b)

Re

PE
C

2500 5500 8500 11500

0.5

1.5

2.5

3.5

4.5

φ=1%
φ=2%
φ=3%
φ=4%
φ=1%
φ=2%
φ=3%
φ=4%

T
P
M

S
P
M

Re

η
(%

)

2500 5500 8500 11500

54

59

64

69

74

Fig. 17   Effects of different nanoparticles volume fractions on variation of a PEC and b collector efficiency versus Reynolds number in case of 
using N.PTSC ( � = 70

◦ and � = 20 mm ) filled with nanofluid ( d
np

= 20 mm)



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:630	

1 3

Page 21 of 24  630

nanofluid. And the second approach is constructed on the 
Eulerian–Eulerian single fluid, two-phase mixture model 
(TPM). The main objective of the present work was to 
study the morphology effects of Syltherm 800 oil-based 
γ-AlOOH nanofluid flow on the thermal–hydraulic perfor-
mances and energy efficiency of a novel parabolic trough 
solar collector (N.PTSC) numerically using finite volume 
method. And the other goal was to compare the obtained 
numerical results of simulating nanofluid in PTSC using 
the SPM and TPM. Based on obtained results:

•	 For all studied cases, the obtained PEC and energy effi-
ciencies from the TPM approach are more than that of 
SPM approach.

•	 Using N.PTSC leads to the higher average Nusselt 
number, energy efficiency, performance evaluation 
criteria (PEC) and outlet temperature at all Reynolds 
numbers.

•	 The configuration with � = 70◦ has the maximum Nus-
selt number among all configurations, which is followed 
by � = 90◦, 50◦, 110◦, 130◦, 150◦ and 30◦ , respectively.

•	 The configuration with acentric value of � = 20 mm has 
the maximum Nusselt number among all configurations, 
which is followed by � = 15, 10, 5 and 0 mm , respec-
tively.

•	 For all cases always the PEC and energy efficiency 
increase by reduction of nanoparticle volume fraction 
and diameter.

•	 The PEC values for all cases always increase till 
Re = 5000 and then reduce and again increase till 
Re = 11,151.6 by increasing Reynolds number, 
which shows that the maximum Reynolds number 
( Re = 11,151.6 ) corresponds to the highest PEC.

•	 As the Reynolds number increases, the energy efficiency 
of PTSC increases for all studied cases till Re = 5000 and 
then always reduces. Therefore, the optimum Reynolds 
number is Re = 5000.

•	 The optimum morphology is related to the nanoparticles 
shape of blades which is followed by brick, cylinders and 
platelet, respectively.
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Fig. 18   Effects of different nanoparticles diameters on variation of a PEC and b collector efficiency versus Reynolds number in case of using 
N.PTSC ( � = 70

◦ and � = 20 mm ) filled with nanofluid ( � = 1%)
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