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A B S T R A C T   

In this investigation, the influence of twisted turbulator and water-based MWCNT-MgO hybrid nanofluid on 
thermal–hydraulic performance (PEC), energy efficiency (ηn), and exergy efficiency (ηex) of parabolic solar 
collectors (PSCs) was numerically investigated using the finite volume process. The two-phase nanofluid flows at 
the Reynolds number (Re) ranging of 10,000–25,000, the RNG k-ε turbulence model is used to model the tur-
bulent flow regime. The nanofluid is modeled by a two-phase mixed model. In addition, the SIMPLEC algorithm 
was used for simulation. The study is performed for nanoparticles concentrations (φ) of 1% to 3% and pitch ratios 
(PR) of 0.25, 0.5, 0.75, and 1. Re and φ of MWCNT and MgO nanoparticles were detected to augments (Nuav). It 
is detected that the values of PEC are more than 1 for all cases. Therefore, it can be concluded that using a twisted 
turbulator and an enhancement of its PR intensifies PEC. In addition, the results demonstrate that ηn is enhanced 
and ηex is reduced with the PR of the solar collector having twisted. For case of φ = 3%, as Re increased from 
10,000 to 25,000, ηnandηex are enhanced by 45.98% and 31.67% for PR = 1 and 0.25, respectively.   

Introduction 

An improvement of heat transfer rate (HTR) and efficiency in phys-
ical phenomena is of great importance today [1–3]. The main purpose in 
this field is to use techniques to enlarge efficiency [4–6], improve the 
HTR [7–10], enhance the efficiency of thermal equipment [11–14], and 
reduce the size of thermos-fluid devices [15–19]. Using various opti-
mization methodology [20–22], artificial network [23], exergy analysis 
[24,25] as well as entropy generation [26–29] can be proceed to a better 
heat transfer. Another technique is the nanoparticles incorporation into 
fluid to vary the thermophysical properties such as thermal conductivity 
and viscosity [30–33] to enhance effectiveness [34–36]. 

Ghasemi and Ranjbar [37] numerically estimated the influence of 
porous rings on the PEC of a linear parabolic solar collector for Re of 
7000 to 21000. They modeled turbulent flow by engaging the k-ε tur-
bulent model. Their consequences have shown that porous rings 
advance the PEC of the linear PSC and enhance the Δp. Also, the 

maximum HTR was 49.51% at Re = 21000. 
Goldanlou et al. [38] analytically modeled the impact of hybrid 

nanofluid on PEC of a PSC. They used the standard k-ε turbulence model. 
The authors showed that hybrid nanofluids’ use causes a significant 
augmentation trendy on the PEC of the PSC compared to the base fluid. 
Also, Nuave enhances with φ and Re. 

Nazir et al. [39] engaged water/alumina nanofluid in a PSC and 
measured the ηex and ηn . They reported that the maximum enhancement 
in ηex of the PSC is 23.11%. 

Manjunath et al. [40] numerically, with the finite volume technique 
with the standard k-ε turbulence model, considered the influence of 
spherical generators on the heat transfer and fluid flow field on a solar 
heater. They showed that spherical vortex generators and enhancement 
in their height lead to an increase in the Nuave. 

Sharafeldin and Grof [41] studied the influence of nanofluid having 
GeO2 nanoparticle water-based fluid on the thermal performance of the 
solar collector experimentally and numerically. They experimentally 
fabricated water/GeO2 nanofluid using a two-step method. The 
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numerical part of their study was done using the computational fluid 
dynamics (CFD) method. They reported that the replacement of water/ 
GeO2 nanofluid in a solar collector improves its thermal performance. In 
addition, its thermal performance enhances with the φ of GeO2 
nanoparticles. 

Kiliç et al. [42] considered the influence of AL2O3/water nanofluid 
inside a flat plate solar collector experimentally. They dispersed tita-
nium oxide nanoparticles in water using a two-step technique. Accord-
ing to their experimental results, an increment in the φ of titanium oxide 
nanoparticles and Re improving the heat transfer of the flat panel solar 
collector. 

Chamoli et al. [43] measured the effect of vortex generators in solar 
heaters numerically using CFD. The consequences indicated that the use 
of vortex generators and enhancement of the angle between them is 
directly related to the thermal performance of the solar heater. Also, the 
higher heat transfer enhancement in solar heater was 41.70%. 

Rostami et al. [44] analytically considered the influence of the 
presence of an elliptical duct on the ηex of a solar collector engaged with 
nanofluid having carbon nanotube water-base fluid using ANSYS 
FLUENT software, and finite volume process with k-ω turbulence model. 
The findings demonstrated that the use of an elliptical duct has a sig-
nificant effect on the augmentation of the thermal performance of the 
solar collector. Besides, nanofluid is a more desirable base fluid in terms 
of thermal performance. 

Milani Shirvan et al. [45] engaged finite volume technique to 
investigate the effect of single-phase and double-phase AL2O3/water 
nanofluid in a dual-pipe heat exchanger. They used a mixed model for 
modeling of two-phase nanofluid. Based on the results obtained from 
their study, the two-phase modeling of nanofluids leads to other 
appropriate predictions than the single-phase. Also, they revealed that 
Nuave was improved with Re and φ. 

Ma et al. [46] studied the influence of two cold and hot heat sources 
in the space between two pipes. They revealed that two heat sources 
disrupt the shape of streamlines, leading to the generation of mixing and 
vortex formation, thus, an enhancement in the thermal performance. 

Dezfulizadeh et al. [47] measured the influence of a novel turbulator 
and a magnetic field on the ηex of a dual-pipe heat exchanger by 
engaging the finite volume technique and the standard k-ε turbulent 
model. According to the results, the use of the novel turbulators in a 
dual-pipe heat exchanger significantly enhances the ηex compared to the 
heat exchanger without turbulators. Besides, the use of a magnetic field 
increased heat transfer. 

Sheikholeslami et al. [48] numerically measured the influence of a 
twisted tape on the ηex of double-phase nanofluid in a linear PSC. They 
used the Eulerian-Eulerian model to model two-phase nanofluids. Ac-
cording to the results, the ηex depends on the PR of the twisted tape. Also, 
the maximum value of ηex was 17.34%. 

Using FLUENT software to analyze the fluid flow and finite volume 
method, Bellos et al. [49] observed the influence of helical turbulators 
on the PEC of copper oxide/water nanofluid in the PSC. It was estab-
lished that helical turbulators leads to better heat performance than the 
PSC without turbulators. Furthermore, the higher heat performance of 
56.78% was observed for a PSC. 

Babaei Mahani et al. [50] examined the impact on a solar collector 
having twisted turbulators on the thermal transfer and fluid flow region 
of based-water MWCNT-AL2O3 hybrid nanofluid through a PSC using 
the finite volume method and FLUENT software. Their consequences 
showed that the simultaneous use of twisted turbulators and hybrid 
nanofluids significantly enhance Nuave. In addition, Nuave was enhanced 
with the curvature, φ, and Re. 

According to previous studies, it can be concluded that the turbulator 
with the design of this study has not been used in PSCs. The application 
of this new geometry to a turbulator combined with a polymer hybrid 
nanofluid is also one of the innovations of this research. Also, the study 
of energy efficiency and exergy along with the coefficient of thermal-
–hydraulic performance at the same time has been studied in few 
studies. In the context of this literature review, the PEC, ηex and ηn Two- 
phase MWCNT-MgO/water hybrid nanofluid flow in a solar collector 
equipped with twisted turbulators has not been studied. Therefore, the 
PEC of based- water MWCNT-MgO hybrid nanofluid with φ = 1 to 3%, 
Re = 10,000 to 25000, and PR = 0.25, 0.5, 0.75, and 1 is evaluated for 
turbulence flow regime. 

Geometry of the model and equations 

The geometry of the PSC with twisted turbulators is presented in 
Fig. 1. The tube length and the turbulator span are 800 mm and 300 mm, 
respectively. Moreover, the space between the twisted turbulator 
located in the middle of the absorber tube and the outlet and inlet is 250 
mm. The surface-to-surface model is used for modeling the radiation. 
Also, to solve the turbulent flow, the RNG k-ε turbulent model and the 
SIMPLEC algorithm are used, respectively. A schematic of the twisted 
turbulator with dissimilar values of PR is shown in Fig. 2. 

The characteristics of the PSC with twisted turbulators presented in 
Table 1. 

The hybrid nanofluid of MWCNT-MgO/water was engaged as the 
working fluid. The thermophysical properties of MWCNT and MgO 
nanoparticles and the base fluid (water) are obtainable in Table 2. 

The two-phase mixed method was engaged to simulate the based 
water MWCNT-MgO hybrid nanofluid flow within the solar collector. 
Also, the governing equations of the three-dimensional problem are 
[52–56]: 

Continuity Eq: 

Nomenclature 

Symbols 
cP Specific heat, (J/kgK) 
Dh Hydraulic diameter, (m) 
D Diameter of nanoparticles (nm) 
F Friction factor 
k Thermal conductivity, (W/mK) 
Pr Prandtl number 
P Pressure, (Pa) 
T Temperature (K) 
U Velocity (m/s) 

Greek Symbols 
μ Dynamic viscosity (mPa.s) 

ρ Density (m3/kg) 
φ volume fraction (%) 

Subscriptions 
bf Base fluid 
np Nanoparticle 
nf Nanofluid 

Abbreviations 
PEC thermal–hydraulic performance 
ηn energy efficiency 
ηex exergy efficiency 
PTSC Parabolic Trough Solar Collector 
PR pitch ratios 
Re Reynolds number  
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where r, θ, and z are the coordinates, u, v, and w are the velocity com-
ponents. 
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(6) 

The average Nusselt number is obtained from the following equation: 

Nu =
hf ∙Di

kf
(7) 

The Δp within the inlet to outlet of the test section is defined as: 

ΔP = Pav,inlet − Pav,outlet (8) 

Equation (9) is used to calculate the friction factor. 

f =
2

(
L
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)
ΔP

ρnf ∙um
2 (9) 

Nanofluid properties including density, specific heat capacity, vis-
cosity and thermal conductivity are obtained from Equations (10) to 

Fig. 1. Schematic of the geometry of a part of the solar collector with a twisted turbulator.  
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(13). 

ρnf = ϕnp1ρnp1 +ϕnp2ρnp2 +
(
1 − ϕnp1 − ϕnp2

)
ρbf (10)  

cp,nf = ϕnp1cp,np +ϕnp2cp,np2 +
(
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)
cp,bf (11)  
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)2.5 (12)  
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(13) 

Energy and exergy efficiencies are obtained from Equations (14) and 
(15). 
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)
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While the mixture model has been used, it needs to indicate the 
equations that chose for property of the nanofluid. 

Numerical modeling 

In the current research, the finite volume technique and FLUENT 
software were employed to solve the governing equations. The geometry 
of the PSC was generated using SOLIDWORKS software. The grid of the 
geometry of a PSC was created by using ANSYS Mashing module. The 
three-dimensional solution and steady was optimized. The water/ 
MWCNT-MgO hybrid nanofluid was simulated applying a two-phase 
mixed model. The flow is turbulent, and the RNG k-ε turbulence 
model was used to model the turbulent flow. Besides, to investigate the 
fluid flow behavior near a wall, the standard wall function is employed. 
The boundary condition at the inlet of the PSC is velocity inlet that leads 
to Re of 10,000 to 25,000. Also, φ = of 1 to 3% and PR = 0.25, 0.5, 0.75, 
and 1 are considered. The pressure outlet boundary condition is also 
used for the output of the PSC. 

Fig. 2. Schematic of the twisted turbulator with different values of PR.  

Table 1 
Characteristics of the solar collector.  

Value Dimension 

800 mm L 
50 mm D 
0.25, 0.5, 0.75, 1 PR  

Table 2 
Thermophysical properties of water, MgO and MWCNTs [50,51].  

Property MWCNT MgO Water 

Р (kg/m3) 2100 3560 998.2 
Cp (J/kgK 519 955 4182 
k (W/mK 3000 45 0.6 
μ (kg/ms) – – 0.001003  
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Grid independence test 

The grid study is performed to find a suitable grid for the present 
simulations. Nuavewas calculated for MWCNT-MgO hybrid nanofluid 
flow within the solar collector with twisted turbulator for various grids 
(Fig. 3. According to the Figure, it can be concluded that the grid res-
olution of 2,031,769 is sufficient for the simulations because the further 
increase in the number of grid points does not change the value of Nuave 
significantly. 

Validation 

Validation of the current numerical results was approved using the 
model of Bahirai et al. [57] by calculating Nuave (Fig. 4. It can be noticed 
that the difference of 2.09% between the amounts of Nuave gained in the 
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Fig. 3. Grid study results in terms of Nuave for MWCNT-MgO/water two-phase 
hybrid nanofluid within solar collector with twisted turbulator for Re = 25000, 
φ = 3%, and PR = 1. 

Fig. 4. Validation of the current numerical simulations with those of previ-
ous work. 

Fig. 5. Nuave in terms of Re of a PSC having a twisted turbulator with various 
values of PR and dissimilar nanoparticles concentrations. 
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current simulations and those of Bahirai et al. [57]. Hence, the accuracy 
of the modeling outcomes was confirmed. 

Results and discussion 

The present study results were presented for estimating the effect of 
turbulator and hybrid nanofluid on PEC, as well as ηn and ηex of the PSC. 
The influence of different values of PR on Nuave, Δp, PEC, and ηn were 
examined. Moreover, the counters of velocity, turbulent kinetic energy, 
pressure, temperature, and streamlines inside the PSC with twisted 
turbulator are presented for PR = 0.25, 0.5, 0.75, and 1 when Re =
25000 and φ = 3%. 

Influence of PR on Nuave 

Fig. 5 demonstrates Nuave in terms of Re on a PSC having a twisted 
turbulator inside a PSC with different values of PR and different nano-
particles concentrations. As observed, an increment in the Re enhances 
the flow rate of the MWCNT-MgO/water hybrid nanofluid, causing the 
heat transfer coefficient to intensify and Nuave to enhance. As the Re 
rises, the HTR improves. Consequently, energy efficiency improves as 
heat exchange enhances. Also, an increase in the φ of MgO and MWCNT 
nanoparticles enhances the PEC of the PSC. At Re = 25,000, for cases of 
φ = 1%, 2% and 3%, the placement of twisted turbulators with PR = 1 

Fig. 6. Velocity contours for the two-phase MWCNT-MgO/water hybrid 
nanofluid flow with φ = 3% for Re = 25000. Fig. 7. Turbulent kinetic energy contours for two-phase MWCNT-MgO/water 

two-phase hybrid nanofluids with φ = 3% for Re = 25000. 
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respectively enhances Nuave by 68.11%, 69.70% and 71.25% compared 
to the PSC in the absence of turbulator. 

Velocity contours for the two-phase MWCNT-MgO/water hybrid 
nanofluid flow with φ = 3% are shown in Fig. 6 for Re = 25000. As 
shown in the Figure, considering the no-slip boundary condition for the 

Fig. 8. Temperature contours for two-phase MWCNT-MgO/water two-phase 
hybrid nanofluids with φ = 3% for Re = 25000. 

Fig. 9. Δp virsus Re in a PSC including a twisted turbulator with various values 
of PR and dissimilar nanoparticles concentrations. 
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walls of the PSC, the velocity of the MWCNT-MgO/water two-phase 
hybrid nanofluid flow is zero near the wall. However, at the center of 
solar collector, the shape of the streamlines is disturbed due to the 
presence of a twisted turbulator, which causes the flow velocity in this 
area to be higher than near the wall. 

The contours of turbulent kinetic energy are displayed in Fig. 7 (a, b, 
c, and d) for two-phase MWCNT-MgO/water two-phase hybrid nano-
fluids with φ = 3% for Re = 25000 and different PRs. Turbulent kinetic 
contours indicate areas where the intensity of turbulence is greater. With 
the help of turbulent kinetic contours, areas where there are more severe 
speed fluctuations can be well identified. As can be seen, turbulent ki-
netic energy is more significant in the areas between the surfaces of the 
twisted turbulator due to the creation of mixing and turbulence. Also, 

the intensity of turbulence enhances significantly with the PR. 
Fig. 8 (a, b, c, and d) demonstrates the temperature contours for two- 

phase MWCNT-MgO/water two-phase hybrid nanofluids with φ = 3% 
for Re = 25000. As can be seen, the surface temperature of the turbulator 
is enhanced due to the collision of the nanofluid flow with the surface 

Fig. 10. Pressure contours for two-phase MWCNT-MgO/water two-phase 
hybrid nanofluids with φ = 3% for Re = 25000. 

Fig. 11. PEC versus Re of the PSC equipped having a twisted turbulator at 
different values of PR for dissimilar nanoparticles concentrations. 
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and the effect of radiation. 

Effect of PR on Δp 

Fig. 9 shows Δp in subject of Re inside a PSC including a twisted 
turbulator at dissimilar values of PR and dissimilar nanoparticles con-
centrations. As can be seen, Δp is strongly influenced by Re, φ, and PR. 
As Re, φ, and PR enhance, the amount of Δp is intensified. At Re =
25,000 and φ = 1%, the twisted turbulator with PR = 1 augments the Δp 
by 385.19% in comparison of the PSC without turbulator. At Re =
25,000 and φ = 2%, the twisted turbulator with PR = 1 increases the Δp 
by 387.09% in comparison of the PSC without turbulator. At Re =
25,000 and φ = 3%, the twisted turbulator with PR = 1 enhances the Δp 
by 388.59% in comparison of the PSC without turbulator. 

The contours of pressure are illustrated in Fig. 10 (a, b, c, and d) for 
two-phase MWCNT-MgO/water two-phase hybrid nanofluids with φ =
3% for Re = 25000. As can be seen, similar to the results reported by 
other researchers, the placement of the turbulator causes the streamlines 
to be dense, resulting in mixing and turbulence. Therefore, the Δp is very 
high at the moment of collision of two-phase MWCNT-MgO/water 
hybrid nanofluid with a twisted turbulator. However, the value of Δp is 
reduced along with the solar collector for all cases. 

Effect of PR on PEC 

The changes in PEC versus Re of the PSC containing a twisted tur-
bulator with dissimilar values of PR for dissimilar nanoparticles con-
centrations are presented in Fig. 11. As can be seen, the amounts of the 
PEC coefficient are more than 1 for all cases. Therefore, it can be found 
that the presence of a twisted turbulator and an augmentation in PR 

improves the PEC. 
The contours of streamline are given in Fig. 12 for MWCNT-MgO/ 

water hybrid nanofluids with φ = 3% for Re = 25000. As observed, 
the concentration of the streamlines was enhanced with the PR. 

Effect of PR on ηn 

Fig. 13 (a, b, c, and d) reveals the amount of ηn versus Re of the PSC 
equipped having a twisted turbulator at different values of φ and PR =
(0.25, 0.5, 0.75 and 1). As can be seen, the ηn is strongly influenced by 
Re, φ, and PR for all cases. At φ = 3%, by intensifying the Re from 10,000 
to 25,000, value of ηn was enhanced by 42.11%, 43.87%, 45.16% and 
45.98% for PR = 0.25, 0.5, 0.75 and 1, respectively. 

Effect of PR on ηex 

The variation of ηex in terms of Re is displayed in Fig. 14. The PSC 
containing a twisted turbulator at dissimilar amounts of φ and PR =
(0.25, 0.5, 0.75 and 1). As can be seen from the results, ηex is an 
ascensional function with Re and φ and a decreasing function with PR. 
As the PR ratio decreases, the exergy efficiency intensifies. One of the 
factors affecting the exergy efficiency is the HTR. As the PR ratio di-
minishes, the turbulence of the flow decreases as a result of the heat 
exchange between the nanofluid particles; therefore, the exergy effi-
ciency decreases. Also, with growing volume fraction, the exergy effi-
ciency augments. As mentioned above, one of the factors affecting the 
exergy efficiency is the HTR. As the volume fraction intensifies, the 
thermal conductivity of the nanofluid rises, resulting in improved heat 
exchange and augmented exergy efficiency. 

In a PSC having a twisted turbulator, containing nanofluid at φ = 3%, 

Fig. 12. The streamline contours MWCNT-MgO/water hybrid nanofluids at φ = 3% for Re = 25000.  
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by intensifying the Re from 10,000 to 25,000, value of ηex was increased 
by 31.67%, 30.13%, 30.02% and 29.87% for PR = 0.25, 0.5, 0.75 and 1, 
respectively. 

Conclusions 

In the current research, the influence of twisted turbulator and two- 
phase MWCNT- MgO2/water hybrid nanofluid on PEC, ηn, and ηex of the 
PSC was evaluated numerically employing the finite volume method and 

Fig. 13. The amount of ηn versus Re inside a PSC containing a twisted turbu-
lator at dissimilar values of φ and PR. 

Fig. 14. The variation of ηex in terms of Re of the PSC equipped having a 
twisted turbulator with dissimilar amounts of φ and PR. 
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FLUENT software. Since 10,000 < Re < 25,000, the RNG k-ε turbulence 
model was used to model the turbulent flow. The nanofluid was modeled 
by using a two-phase mixed model. In addition, the SIMPLEC algorithm 
was employed to discretize the equations. The study was performed for 
φ = 1 to 3% and PR = 0.25, 0.5, 0.75, and 1 inside a PSC. According to 
the results:  

• The Nuave enhances with Re and φ of MWCNT and MgO 
nanoparticles.  

• The Δp in the PSC is enhanced with Re and φ of MWCNT and MgO 
nanoparticles.  

• The Nuave and Δp intensify significantly with PR of the twisted 
turbulator.  

• For the case of Re = 25,000 and φ = 3% and, the presence of twisted 
turbulators with PR = 1 augments Nuave and Δp by 71.25% and 
388.59%, respectively, in comparison of the PSC without turbulator.  

• The results revealed that the amounts of PEC are more than 1 for all 
cases. Therefore, it can be concluded that the presence of a twisted 
turbulator and increasing its PR intensify PEC.  

• By increasing the PR of a twisted turbulator inside a PSC, ηn is 
enhanced and ηex is reduced.  

• For case of φ = 3%, as Re increased from 10,000 to 25,000, ηn and 
ηex are enhanced by 45.98% and 31.67% for PR = 1 and 0.25, 
respectively. 
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