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ABSTRACT

The impact of a twisted turbulator in a parabolic solar collector on the improvement of thermal-hydraulic
performance (THP), as well as energy and exergy Efficiency of MgO-Cu/water hybrid nanofluid (HNF) is
numerically evaluated. The main goal of this study is to use a twisted turbulator with pitch ratios (y) of 1, 1.5, 2,
and 2.5 for Reynolds numbers (Re) of 8000 to 32,000 and volume fractions (¢) of 1, 2, and 3% of MgO and Cu
nanoparticles. Numerical simulation findings are reported in the form of graphs of average Nusselt number
(Nuaye), pressure drop (Ap), THP, energy Efficiency (,), and exergy Efficiency (1,,). It can be concluded that
Nuaye and Ap depends on ¢ and Re and augments linearly with their values. Moreover, Nu,ye and Ap increases
significantly by increasing the pitch ratio of the turbulator. The results revealed that the maximum values of
augmentation of 5. and 7,, are respectively 23.79% and 21.15% by raising Re from 8000 to 32000. In a SC with a
turbulator with y = 2 and ¢ = 3%, 1, is raised by 24.16% by increasing Re from 8000 to 32000; while, in the case

of y = 2.5 and ¢ = 3%, 7, is enhanced by 18.2%.

Introduction

The sun is always one of the most energetic resources available to
humans without causing pollution. Therefore, its use has attracted the
attention of researchers and led them to provide a variety of methods of
using it in the best possible way [1-7]. Many researchers in recent years
have sought to reduce energy consumption in various devices [8-12].
They have conducted their studies using laboratory or numerical
methods [13-17]. One of the most important issues for researchers is
solar collectors and research to increase their thermal efficiency
[18-21]. One of the main parts of solar collectors is their tubes and also
the operating fluid flowing in them that act as heat exchanger [22-24].
One of the proposed alternative fluids is nanofluids. In fact, there have
been many reports of how nanofluids function positively [25-28].
Today, many researchers have used nanotechnology in their research

[29-34]. The use of nanoparticles is used in many scientific fields today
[35-41]. Addition of nanoparticles and creation of nanofluids is also one
of the applications of nanotechnology in heat transfer [43,42]. In recent
years, many researchers have used nanofluids in their research [47-51].
Many of these researchers have stated that the use of nanofluids can lead
to better heat transfer in different heating devices [52,53].

Many researchers have also tried to modify the structure of the pipe
to increase the thermal efficiency of the collectors and also to use
nanofluids as the working fluid [54-59]. In this way, Skullong et al. [60]
numerically investigated the effect of the vortex generators inside the
solar heater using the finite volume method (FVM). In this study, they
used SOLIDWORKS software to model the geometry of the solar heater.
They also employed FLUENT software to analyze the fluid flow. Their
results demonstrated that the use of vortex generators causes the form of
the streamlines near the walls to change, which leads to the formation of
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Fig. 1. Schematic of SC with twisted turbulator.

Table 1
Physical properties of base fluid and nanoparticles [74,75].

Property MgO Cu water

p(kgm=3) 3560 8954 998.2
cp(Jkg LK) 955 383 4182
k(Wm K1) 45 400 0.6
u(kgm=t.s71) - - 0.001003
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Fig. 2. Nu,ye for Re = 32000, ¢ = 3%, y = 2.5, and different grid resolutions.
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Fig. 3. Validation and comparison of the present numerical simulation by re-
sults of Bahirai et al. [79].

vortices and increment of heat transfer.

Sheikholeslami and Farshad [61] numerically investigated the effect
of novel turbulators on the THP of a HNF flowing in a SC. They used
FLUENT software to model and analyze the performance of the SC in
turbulent flow regime for Re ranging from 6,000 to 24,000 using the k-¢
turbulence model. It was shown that the use of turbulators leads to the
higher mixing and creation of turbulence in the HNF flow, which im-
proves the thermal performance of the SC.

Sheikholeslami et al. [62] numerically investigated the effect of
hybrid turbulators on the nanofluid entropy generation in a SC using the
FVM and ANSYS FLUENT software. They revealed that the entropy
generation diminishes with the step and pitch ratio.

Saedodin et al. [63] numerically explored the effect of twisted tapes
on the thermal performance of parabolic SCs using the FVM. In this
study, the effect of pitch ratio and longitudinal ratio of twisted tapes on
the THP of SC was investigated. The authors reported that the maximum
heat transfer rate in the SC with twisted tape is 51.43%. Also, an
enhancement of the twisted tapes and their longitudinal ratio improves
the thermal performance of the collector.

Olfian et al. [64] analyzed the effect of twisted tapes on the thermal
performance of SCs containing phase change materials using computa-
tional fluid dynamics and FLUENT software. They used the SIMPLEC
algorithm and showed that the maximum thermal Efficiency of the SC
with twisted tapes and phase change materials is 22.78%.

Farshad and Sheikholeslami [65] evaluated the effect of hybrid
turbulators on 7,, of water-aluminum oxide nanofluid in a linear para-
bolic SC using FVM and computational fluid dynamics. They used
FLUENT software for modeling. It was concluded that the use of a rotary
turbulator significantly improves #,, compared to the parabolic SC
without a hybrid turbulator. Also, the use of water-aluminum oxide
nanofluid is more suitable than the base fluid in terms of 7,,.. In addition,
the maximum 7,, of the collector with a hybrid turbulator was 34.61%.

Ghasemi and Ranjbar [66] evaluated the effect of porous plates on
the THP of parabolic SCs using FVM and FLUENT software. The effect of
diameter, size, and spacing of porous holes on the THP of a parabolic SC
was discussed. it was revealed that changing the distance and size of
porous holes improves the thermal performance of the parabolic SC.
Also, the thermal Efficiency of the parabolic SC was enhanced up to
48.11% when porous plates were employed.

Oztop et al. [67] theoretically studied the effect of geometry,
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Fig. 4. Nu,ye versus Re in a parabolic SC equipped with a twisted turbulator with different pitch ratios for (a) ¢ = 1%, (b) ¢ = 2%, and (c) ¢ = 3%.

material, type of fluid and nanofluid on 7, and 5, in SCs. It was
demonstrated that #,, and 7, are strongly influenced by geometric pa-
rameters. They reported that the maximum improvement in 5, and 7,, is
between 17% and 91%.

Balaji et al. [68] experimentally considered the absorber tubes to
improve the thermal performance of the SC and found that they have a
significant effect on improving the thermal performance of the SC.

Acir et al. [69] numerically studied the impact of various turbulator
angles on 7, and 7,, of a parabolic SC using computational fluid dy-
namics and FLUENT software. Their study was carried out in turbulent
flow regime and Re ranging from 5000 to 25000. They used the k-o
turbulence model and showed that increment of the turbulator angle
and Re enhances 7, and 7, of the parabolic SC.

Rostami et al. [70] numerically studied the effect of using a tube with
an elliptical cross section inside a SC filled with nanofluid to evaluate the

effect of an elliptical cross-section tube on 7,, of a SC for Re = 5000 to
20,000 and ¢ = 1 to 4%. Their results indicated that #,, of the SC with
elliptical cross section tubes is higher than that with circular one. Also,
the maximum 7#,, of SC was reported to be 17.11%.

Goldanlou et al. [71] evaluated the effect of using HNF on hydraulic
parameters of a parabolic SC using FLUENT software and FVM. In order
to model the flow and discretization of the equations, they used k-o
turbulence model and SIMPLEC algorithm, respectively. It was revealed
that Nuaye is an ascending function of Re and ¢. Also, the maximum
increase in thermal performance in this study was 46.89%.

Nazir et al. [72]analyzed the effect of alumina nanofluid on #,, in a
parabolic SC numerically using the FVM and FLUENT software. They
employed structured mesh and ANSYS meshing software to grid the
geometry of the SC. Their results revealed that #,, of the parabolic SC is
influenced by Re and ¢.
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Fig. 5. Velocity contours of TPHNF flow within a parabolic SC equipped with a twisted turbulator for a fraction of 3%, Re = 32000, and (a) y=1,(b) y=1.5, () y =

2, and (d)) y = 2.5.
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Fig. 6. Temperature contours of TPHNF flow within a parabolic SC equipped with a twisted turbulator for a fraction of 3%, Re = 32000, and (a) y =1, (b) y = 1.5, (¢)

y =2, and (d) y = 2.5.

Ma et al. [73] used the FVM to analyze the effect of hot and cold heat
sources on the THP of an adiabatic tube using FLUENT software. They
used structured mesh and ANSYS meshing software to grid the geome-
try. Their results showed that Nu,y. is enhanced linearly with the

Rayleigh number and ¢.

Dezfulizadeh et al. [74] used FLUENT software to model the geom-
etry of dual-pipe heat exchangers equipped with grooved helical tur-
bulators. They investigated the effect of different geometric shapes of
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Fig. 7. Turbulent kinetic energy contours of TPHNF flow within a parabolic SC equipped with a twisted turbulator for a fraction of 3%, Re = 32000, and (a) y =1, (b)
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Fig. 8. Turbulent viscosity contours of TPHNF flow within a parabolic SC equipped with a twisted turbulator for a fraction of 3%, Re = 32000, and (a) y =1, (b) y =

1.5, (¢) y = 2, and (d)) y = 2.5.

grooves and reported that spherical shape of grooves is desirable in
terms of 7,,. Also, the maximum ,, in this study was reported to be
45.11%.

According to the studies conducted so far, the effect of using a
twisted turbulator on THP, ,, and 7. of two-phase MgO-Cu/water HNF
in a parabolic SC has not been studied. The innovations of this study are

the use of hybrid nanofluids in parabolic SCs, the study of a new ge-
ometry of turbulators with different parameters, the introduction of
turbulent viscosity and turbulent kinetic energy contours for the analysis
of the mentioned results. Therefore, in this numerical study, the effect of
two-phase MgO-Cu/water HNF with ¢ = 1 to 3%, Re = 8000 to 32000,
and pitch ratios of 1, 1.5, 2, and 2.5 is evaluated in turbulent flow
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Fig. 9. Ap versus Re for a parabolic SC equipped with a twisted turbulator with
different pitch ratios and (a) ¢ = 1%, (b) ¢ = 2%, and (c) ¢ = 3%.

regime.
Geometric model and governing equations

The geometry of the parabolic SC with twisted turbulator is shown
schematically in Fig. 1. The length of the absorber tube is 1000 mm, and
the length of the twisted turbulator is 300 mm. Also, the distance be-
tween the turbulator and collector inlet and outlet is 350 mm.

The two-phase MgO-Cu/water HNF is used as the working fluid. The
thermophysical properties of the base fluid (water) and nanoparticles
are presented in Table 1.

In order to simulate the MgO-Cu/water nanofluid flow inside the SC,
the two-phase mixed model is employed.

In this study, the flow is considered turbulent, incompressible, steady
and three-dimensional.

Equations and relations are followed as [76-78]:

The continuity equation:
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Numerical simulation

In this study, the FVM is used to perform the simulations. Three-
dimensional geometry of the SC is generated using the design modeler
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Fig. 10. Pressure contours of TPHNF for ¢ = 3%, Re = 32000, and (@) y =1, (b) y = 1.5, (c) y = 2, and (d) I" = 2.5.

software. Then, the geometry is created using ANSYS Mashing software.
After doing the grid study, the grid is exported into FLUENT software.
The MgO-Cu/water HNF is modeled by employing the two-phase
Eulerian-Eulerian model. The first and second phases are water and
MgO-Cu nanoparticles. Since 8000 < Re < 32000, the turbulent flow
regime is modeled using the standard k-¢ approach. The SIMPLE algo-
rithm is used for coupling the velocity and pressure fields. The Least
Squares Cell Based model is employed to spatially discretize the gradi-
ents. The PRESTO model is also used to discretize the pressure, and the
first-order upwind scheme is employed for momentum, volume fraction,
and turbulent kinetic energy equations.

Grid study

An appropriate grid should be selected to ensure the results are in-
dependent of the grid elements. Hence, Nu,y, is calculated for MgO-Cu/
water two-phase hybrid nanofluid (TPHNF) for different number of grid
points (Fig. 2). This figure shows that a grid with 2,132,168 nodes is
sufficient for the present simulations. Because as the number of grid
points is enhanced, Nugye does not change significantly.

Validation

The present numerical results are verified by using the results of
Bahirai et al. [79]. Nuaye is calculated and compared with their reported
data (Fig. 3). The figure demonstrates that the difference between values
of Nu,ye obtained from the present simulations and those reported by
Bahirai et al. [79] is about 2.09%, confirming that the curacy of the
results is ensured.

Results and discussion

The numerical results of the present simulations are provided in this
section. The impact of different pitch ratios of the turbulator on Nug,ye,
Ap, THP, and 5, and 7, is investigated. Also, the contours of velocity,
temperature, pressure, and streamlines are presented for pitch ratios of
1, 1.5, 2, and 2.5, ¢ = 3%, and Re = 32000.

Effect of pitch ratio on Nugy.

Fig. 4 illustrates Nuaye versus Re in a SC equipped with a twisted
turbulator with different pitch ratios and different values of ¢ = 1%, 2%,
and 3%. Nu,ye depends on the volume fraction of nanoparticles and Re
and is enhanced linearly with their magnitudes. Besides, Nugye in-
tensifies with the pitch ratio significantly.

As the pitch ratio increases, the turbulence in the nanofluid flow
increases, resulting in increased heat transfer. For ¢ = 1% and Re =
32000, the placement of twisted turbulators with y = 2.5 within the
parabolic SC leads to an increment in Nu,ye by 92.01% compared to the
parabolic SC without turbulator. For ¢ = 2% and Re = 32,000, the
placement of twisted turbulators with y = 2.5 within the parabolic SC
raises Nugye by 93.27% compared to the parabolic SC without turbula-
tor. When ¢ = 3% and Re = 32,000, the placement of twisted turbulators
with y = 2.5 within the parabolic SC leads to an enhancement in Nuaye
by 94.70% compared to the parabolic SC without turbulator.

Velocity contours of TPHNF flow within a parabolic SC are presented
in Fig. 5 for ¢ = 3%, Re = 32000, and different pitch ratios of 1, 1.5, 2,
and 2.5. It can be concluded that due to no-slip boundary condition, the
velocity of two-phase MgO-Cu/water HNF is zero close to the wall. In the
middle of the SC, however, the velocity of two-phase MgO-Cu/water
HNF is enhanced due to mixing and turbulence generated by the twisted
turbulator.

Fig. 6 reveals the temperature contours for the TPHNF for a fraction
of 3%, Re = 32000, and different pitch ratios of 1, 1.5, 2, and 2.5. The
temperature of the HNF intensifies the surface temperature of the
twisted turbulator by passing through the parabolic SC and receiving the
solar radiation energy.

Turbulent kinetic energy contours are plotted in Fig. 7 for a fraction
of 3%, Re = 32000, and different pitch ratios of 1, 1.5, 2, and 2.5. The
amount of turbulent kinetic energy in the areas between the turbulator
blades is enhanced with the pitch ratio.

The amount of turbulent kinetic energy indicates the kinetic energy
of the turbulence and is due to the oscillating terms of the velocity in the
turbulent flow. As the amount of turbulence in the flow increases with
increasing y, the amount of turbulent kinetic energy caused by the tur-
bulence also increases.
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Fig. 11. The variations of THP as a function of Re is shown in Fig. 11 for a parabolic SC equipped with a twisted turbulator for different pitch ratios and (a) ¢ = 1%,

(b) ¢ = 2%, and (c) ¢ = 3%.

Fig. 8 demonstrates the turbulent viscosity contours for TPHNFs for a
fraction of 3%, Re = 32000, and different pitch ratios of 1, 1.5, 2, and
2.5. As can be observed, the maximum amount of turbulent viscosity
occurs between the blades of the twisted turbulator due to the rotational
motion of the vortices. The increase in turbulent viscosity is also due to
the increase in turbulence caused by flow fluctuations. The formation of
flow fluctuations is also due to the presence of turbulators.

Effect of pitch ratio on Ap

Fig. 9 reveals Ap versus Re in a parabolic SC equipped with a twisted
turbulator with different pitch ratios and ¢ = 1%, 2%, and 3%. It is
found that Ap depends on ¢ and Re and is enhanced linearly with their

values with a relatively sharp slope. Besides, the amount of Ap is
intensified significantly by raising the pitch ratio. For ¢ = 1% and Re =
32000, twisted turbulators with y = 2.5 improves Ap by 387.11%
compared to the parabolic SC without turbulator. When ¢ = 2% and Re
= 32000, twisted turbulators with y = 2.5 intensifies Ap by 388.45%
compared to the parabolic SC without turbulator. For ¢ = 3% and Re =
32000, twisted turbulators with y = 2.5 leads to an enhancement in Ap
by 389.62% compared to the parabolic SC without turbulator.
Pressure contours of TPHNFs are presented in Fig. 10 for ¢ = 3%, Re
= 32000, and different pitch ratios of 1, 1.5, 2, and 2.5. It is found that
an enhancement in the pitch ratio of the twisted turbulator intensifies
the accumulation of TPHNF flow when collides with the turbulator,
resulting in an increment in the density of streamlines and an



Fig. 12. Streamline contours for TPHNF flow when the fraction is 3% and Re =
32000 for () y =1, (b) y =1.5,(c) y = 2, and (d) y = 2.5.

enhancement in Ap.

As the pitch ratio increases, the contact surface with the fluid flow
increases, resulting in increased shear stresses and pressure drops. On
the other hand, due to the presence of the turbulator and the increase of
the pitch ratio, the flow lines become more curved and as a result, the
pressure drop due to its presence increases.

Effect of pitch ratio on THP

The variations of THP as a function of Re is shown in Fig. 11 for a
parabolic SC equipped with a twisted turbulator for different pitch ratios
and ¢ = 1%, 2%, and 3%. It is observed that the values of the THP are
greater than 1 for all cases, indicating that the addition of a twisted
turbulator and raising its pitch ratio are desirable for improving the
THP. As the Reynolds number increases, the amount of heat transfer
increases, and as a result, the amount of PEC also increases.

The contours of streamlines are plotted in Fig. 12 for TPHNF flow
when the fraction is 3% and Re = 32000 for various pitch ratios of 1, 1.5,
2, and 2.5. The figure demonstrates that the density of the streamlines is
intensified with the pitch ratio in a twisted turbulator.

Effect of pitch ratio on 1,

Fig. 13 shows 7, as a function of Re in a parabolic SC equipped with a
twisted turbulator for different values of ¢ and pitch ratios of 1, 1.5, 2,
and 2.5. For all cases, 7, is affected by Re and ¢ and is enhanced linearly
with them significantly. In a SC with a turbulator with y =1 and ¢ = 3%,
the amount of 77, increases by 23.11% by raising Re from 8000 to 32000.
In a SC with a turbulator with y = 1.5 and ¢ = 3%, the amount of 7, is
intensified by 23.79% by enhancing Re from 8000 to 32000. In a SC with
a turbulator with y = 2 and ¢ = 3%, the amount of 7, is raised by 24.16%

by increasing Re from 8000 to 32000. In a SC with a turbulator with y =
2.5 and ¢ = 3%, the amount of 7, is enhanced by 18.2% by raising Re
from 8000 to 32000.

Effect of pitch ratio on n,,

e as a function of Re is illustrated in Fig. 14 for a parabolic SC
equipped with a rotary turbulator with different values of ¢ and pitch
ratios of 1, 1.5, 2, and 2.5. The figure demonstrates that y,, is affected by
the volume fraction and Re and is enhanced with them. However, 7, is
reduced with the pitch ratio. In a SC with a turbulator with y =1 and ¢
= 3%, the amount of ,, is raised by 21.15% by enhancing Re from 8000
to 32000. In a SC with a turbulator with y = 1.5 and ¢ = 3%, the amount
of 7, is enhanced by 20.83% by raising Re from 8000 to 32000. In a SC
with a turbulator with y = 2 and ¢ = 3%, the amount of 7,, is improved
by 19.26% by enhancing Re from 8000 to 32000. In a SC with a tur-
bulator with y = 2.5 and ¢ = 3%, the amount of 7,, is enhanced by
18.70% by improcing Re from 8000 to 32000.

Conclusions

In this study, the impact of using a twisted turbulator on THP of a
collector, 7. and 7,, of MgO-Cu/water HNF was evaluated by consid-
ering a two-phase model for HNF in a parabolic SC. Based on the results
obtained from the numerical study, the following conclusions can be
expressed:

The amount of Ap is enhanced significantly by raising the pitch ratio.
For all cases, the values of the THP are greater than 1, showing that
the addition of twisted turbulator and enhancing its pitch ratio can
improve the THP.

For all cases, 7, is affected by Re and ¢ and is enhanced significantly
as they are raised.

In a SC with a turbulator with y = 2.5 and ¢ = 3%, the amount of 1, is
enhanced by 18.2% by intensifying Re from 8000 to 32000.

e is affected by ¢ and Re and is raised as they are enhanced.
However, 7, is reduced by enhancing the Reynolds number from
8000 to 32000.

o In a SC with a turbulator with y = 1 and ¢ = 3%, the amount of 7, is
raised by 21.15% by enhancing Re from 8000 to 32000.

To continue this study and conduct future studies, the following
suggestions are provided:

1. Review of new geometries for used turbulators

2. Using other turbulence models and comparing their results with
experimental results

3. Comparison of the effect of using different nanofluids on changes in
energy and exergy efficiencies
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