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Numerical simulation for impact
of implement of reflector

and turbulator within the solar
system in existence

of nanomaterial

M. Sheikholeslami2** & M. Jafaryar?

Turbulent flow of oil based hybrid nanofluid within an absorber tube of concentrated solar system

has been evaluated in this article. To concentrate the solar irradiation, the parabolic plate has been
located below the tube and variable heat flux was considered as the boundary condition of the tube.
The presence of a turbulator within the circular tube causes secondary flow to increase. Both thermal
(Sgen,tn) and frictional (S, /) components of irreversibility were reported in outputs. As Re increases,
the residence time decreases and lower outlet temperature has been achieved. S, , decreases about
57.36% with growth of Re while S, sincreases about 17.44 times. As the number of rows of tapes
increases, the value of Sy, s enhances about 69.23% while the value of S, ;, decreases around 3.67%.
Increase of pitch ratio causes S, 1 to decrease about 11.25% while frictional component increases
around 76.7%.

At its source, the Sun, solar radiation is a powerful energy source with high temperature and exergy, reaching an
irradiance of approximately 63 MW/m? While the amount of irradiation reaching the Earth’s surface decreases
significantly to around 1 kW/m? However, that limitation could be overcome by utilizing concentrated solar
units, which convert irradiation into another form of energy, typically thermal, enabling efficient utilization
under high solar flux'. Thermal energy is generated from irradiation at the focal point of concentrated units.
These systems can be categorized based on their focal geometry, including point-focus reflectors such as parabolic
dishes, as well as line-focus reflectors such as parabolic-trough collectors (PTCs). PTCs concentrate irradiation
onto a focal line and receiver duct has been positioned. With absorbing the reflected irradiation, fluid becomes
warmer. PTCs specifically utilize Direct Normal Irradiance (DNI). This refers to the unobstructed irradiation
that reaches the Earth’s surface, unaffected by clouds, smoke, or atmospheric particles?.

Nanofluids, consisting of solid nanoparticles suspended in base fluids, have gained significant attention as
operative heat transfer agents in solar energy usages®. Unlike conventional heat transfer fluids, nanofluids exhibit
enhanced thermal conductivity, making them promising candidates for improving heat transfer performance.
These nanoparticles possess exceptional heat absorption and transport capabilities, making them increasingly
popular in solar energy systems. By incorporating nanofluids into solar applications, the thermal features could
be considerably enhanced, leading to enhanced efficiency and effectiveness. Nanofluids offer a homogeneous
solution for integrating nanoparticles into the base fluid, enabling efficient absorption of solar radiation and
facilitating enhanced heat transfer rates on a global scale. Khetib et al.* scrutinized a research on the impact of a
disturber in a PTC on the enhancement of performance of a system involving Cu-MgO /H,0O as working fluid.
The findings demonstrated that by increasing the Re, the energy efficiency and exergy efficiency experienced
maximum improvements of 23.79% and 21.15%, respectively. A novel twisted strip geometry that enhances
the efficiency (n) of solar collectors by reducing (AP) was proposed by Ibrahim et al.’. Their testing fluid was
SWCNT- CuO /H,0 hybrid nanofluid. Their results indicated that the highest pipe efficiency was achieved
when using a strip with three v-shaped cuts, resulting in an efficiency value of 2.46. Influences of loading hybrid
nanoparticles on convective flow over a Riga surface have been analyzed by Adnan et al.®. They showed that
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the radiation parameter is the main factor of increment of heat capacity of hybrid nanofluid. Ibrahim et al.’”
conducted an evaluation to assess the role of a disturber on the enhancement of performance of a solar collector
utilizing nanomaterial. They proved that thermal performance enhances about 41.75% with mounting the tur-
bulator and increasing Re leads to augment of exergy performance around 33.09%. To progress the efficiency of
PTC, Mustafa et al.® scrutinized a study involving the implementation of twisted tapes through the absorber duct.
They employed ANSYS 19.2 software for modeling purposes and demonstrated that augmenting the number
of turbulator resulted in improved performance of the solar unit. Notably, they exhibited the greatest efficiency
amount of 2.18 under the operating conditions of Re=25,000 and ¢ =2%.

Effect of spring device on turbulent flow within the solar system has been scrutinized by Fuxi et al.’. The
research findings demonstrated that increasing the size of the disturber led to increased flow turbulence. Yin
etal.'” studied a comprehensive research on the turbulent flow inside a PTC. Their investigation focused on the
utilization of two different spring disturbances. Their output demonstrated that reducing the pitch ratio led to
an increase in Nusselt number (Nu). They found that maximum efficiency of 2.39 has been achieved when pitch
ratio is 0.44. Numerical investigation was done by Ouabouch et al."! to examine the hydrothermal efficiency of
a PTC. They showed that Nu increases with augment of height of the turbulator. Also, they proved that outlet
temperature decreases with an increase in the number of turbulator. Influence of radiation and MHD flow on
thermal treatment of nanofluid has been scrutinized by Adnan et al.'2. They analyzed the impact of slip velocity
on a vertical surface. In another study, Adnan et al.’* analyzed the impact of non-linear radiative heat flux on
nanofluid flow through a squeezing duct. Talugeri et al.'"* conducted an experimental work on a concentrated
solar unit. The experiments were carried out between 10:00 and 16:00, with various flow rates. They showed
that the final design has 10-11% improvement in performance. Adnan et al.”® tried to scrutinize the nanofluid
movement over a wedge in existence of radiation. They derived a suitable model based on a similarity approach
and utilized experimental data for predicting features of nanofluid.

The previous articles showed that suggesting new configuration of solar system for achieving minimum
amount of entropy generation is important. So, present work aims to simulate new configuration of solar collector
in existence of parabolic reflector in existence of hybrid nanofluid within the absorber. Complex configuration
for disturber has been added within the duct to augment the useful heat and declines the entropy generation.
The numbers of revolution and rows of tapes have been considered as geometric parameters and simulations
were done for two levels of Reynolds number. Turbulent flow of hybrid nanofluid has been simulated via ANSYS
FLUENT and the wall of duct receives non-uniform heat flux which is obtained via SolTrace. Validation test has
been done based on previous experimental work. The study of grid assessment leads to best mesh generation
procedure. Distribution of temperature and components of irreversibility have been illustrated for various cases.
Also quantitative analyze of system in view of irreversibility has been reported.

The geometry of solar collector and modeling approach

The parabolic reflector has been installed on the ground and the absorber pipe has been located at the focal dis-
tance of the parabolic reflector. As depicted in Fig. 1, a turbulator with three levels of rows have been installed to
enhance the swirl flow within the tube. The middle (40 inch) has been assumed as the test section. The dimensions
have been shown in this figure. With changing inlet velocity, two levels of Re have been obtained. Also, with
changing pitch ratio (PR) and number of rows (NoS), various geometries for the turbulator have been obtained
which are simulated numerically. The testing fluid through the duct is a mixture of oil and hybrid nano-powders
(MWCNT and Al,O5) and properties have been derived from Refs.'®”. The volume fraction hybrid nanomaterial
is 0.01 and temperature dependent properties have been applied. To measure the value of Re, the properties at
inlet temperature (293.15 K) have been applied. The details of all twelve cases which were simulated in present
work have been declared in Fig. 1. The turbulent flow of working fluid has been simulated according to below
equations'®!’:
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The utilized model for turbulent flow has following forms of equations'®:
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Figure 1. Geometry of concentrating solar system in existence of turbulator.
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1
Ht = Cu.phnngz- (8)

The rim angle of the reflector is 80°, and its width is 4.52 m. Its obtained concentration ratio is 82. According
to SolTrace simulation, the curve of absorbed irradiation has been obtained as revealed in Fig. 2. The details of
mentioned software have been mentioned in Ref.?**!. In this figure, the angle of 180° denotes the upper point of
the tube. For solving the present work, ANSYS FLUENT software has been employed and details of set up have
been summarized in Fig. 3. The simulations were done in steady state conditions incorporating pressure based
algorithms. Turbulent modeling has been done via k-¢. The solid turbulator and pipe were made from aluminum.
The methods for discretization have been mentioned in Fig. 3 and residual for all scalars were less than 107>
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Figure 2. Heat flux received to absorber.

Setup
General I—> Viscous model Materials &—> Boundary conditions I
Steady state Velocity inlet in tube inlet
Pressure-based Pressureoutlet at tube outlet

Heat flux at outer wall of tube
RNGK-£ turbulance model

Powered by “enhanced wall treatment”

Aluminium Turbulator and pipe

Hybrid nanofluid as working fluid

Solution

Special discretization I Special discretization

The gradients computed with Least Squares Cell-Based method

All equations discretized with second order discretization

Less than 10 for all equations without energy residual
Less than 10 for energy residual

Figure 3. FLUENT set up in simulation.
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Results and discussion

To gain more heat flux from the solar system, parabolic reflector has been applied in present work. Concentrated
solar systems can absorb high levels of solar irradiation and can be utilized in industrial applications. To increase
the thermal output of the solar unit, the absorber can be equipped with a turbulator. For present work, a compli-
cated configuration of a turbulator which is fabricated from various numbers of rows of tapes has been applied.
Also, to increase the conductivity of working fluid (oil), hybrid nano-powders have been utilized. Utilizing a
homogeneous mixture of additives and oil makes the irreversibility of the system to decrease. 3D turbulent flow
within the absorber has been simulated numerically. The impact of presence of reflector has been involved in
calculating the received heat flux around the tube. Numbers of rows for tapes (NoS), pitch ratio (PR) and Re have
been selected as variables. The entropy generation of the system has been assessed in the result section. Twelve
cases were simulated and results in forms of contours and plots were illustrated.

Checking the correctness of modeling should be considered as the first step of modeling. The modeling of
turbulent flow in the existence of a turbulator is the main important step of present simulation, thus, the selected
article for validation is about the experimental evaluation of performance of a tube with dimples and disturber.
The previous experimental work®” has been considered and amounts of Nu and f for various ranges of Re were
compared (see Fig. 4). Good agreement exists between current outputs and empirical data. Thus, the current
code can be employed for the current solar system in existence of a complex disturber.

The grid analysis is a significant step in modeling of turbulent flow and as demonstrated in Fig. 5, finer grid
has been applied near the solid wall to satisfy the acceptable amount of Y*. The numbers of elements which were
utilized for various cases have been mentioned in this figure and one sample of the lowest level of pitch ratio.
To evaluate the various resolutions of the grid, two components of irreversibility have been calculated for each
grid. The formulas for calculating these functions are the same as Ref.?!. Four sizes for the grid have been applied
and obtained results for the 12th case (the most complicated case) have been shown in Fig. 6. For this case, the
optimized number of total elements is 9,293,339. With selecting such a grid, good accuracy can be obtained
involving the acceptable range of Y* for the utilized turbulent model.

The different cases in form of distribution of T were illustrated in Fig. 7. In this figure, the temperature
over the tube has been demonstrated and isotherms for nanofluid have been shown in three various sections.
The region which experiences higher heat flux has higher temperature. With the rise of Z, the temperature of
nanofluid decreases. With installing the turbulator within the test section, the temperature of the wall in such a
region reduces because of stronger swirl flow in the existence of the turbulator. Utilizing hybrid nanofluid instead
of pure oil makes the amount of absorbed heat increase and higher thermal performance must be achieved.
With changing the cases, three active parameters have been changed. With the rise of the number of rows, the
residence time increases and interaction of hybrid nanofluid with walls increases, thus, temperature of hybrid
nanofluid at outlet section enhances. With an augment of pitch ratio, the influence of NoS increases about 2.54%
at Re=5000. Also, the influence of NoS for highest Re is about 5.28 times greater than that of lowest Re. As PR
grows, the number of revolutions of the turbulator increases and strength of secondary flow enhances which
leads to slightly increment of T,,.. The impact of PR on T, decreases around 88.92% incorporating highest levels
of NoS and Re. As pumping power grows, the fluid can move faster within the tube and resident time decreases,
thus, temperature of hybrid nanofluid decreases while absorption heat increases because of higher mass flow rate.
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Figure 4. Examination for checking correctness of code against data of Ref.?2.
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Figure 5. Sample of grid and its details for the most complicated case.
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Figure 6. Finding the optimized grid.
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Figure 7. Exhibition of T on various spaces.

The distributions of S, ¢ for 12 cases have been exhibited in Fig. 8. The friction term of irreversibility has a
direct relationship with velocity gradient. So, the presence of disturber can increase this function. Augmenting
NoS makes the tape configuration becomes more complicated and the strength of swirl flow enhances. As velocity
of hybrid nanofluid enhances, the amount of bulk velocity enhances and stronger interaction with the outer wall
occurs. So, frictional irreversibility augments with the rise of Re. With increase of revolution of the turbulator,
pressure drop increases and velocity gradient increases, thus, S, ¢ increases.

Figure 9 demonstrates the contour of S, , for various cases. The thermal component of entropy generation
can be enhanced with rising temperature gradients. Loading hybrid nano-powders can enhance the tempera-
ture of fluid and gradient of this scalar reduces, thus, utilizing such testing fluid can reduce the irreversibility of
the system. The stronger impingement of hybrid nanofluid with wall occurs if value of PR increases. Therefore,
heating irreversibility decreases with the rise of PR. The stronger swirl flow in presence of greater Re leads to
decrement of S, 4, owing to reduction of AT. The same treatment was illustrated when the number of rows
increases while the impact of Re is more sensible in comparison to NoS.

The average amounts of S, were exhibited in Fig. 10. Minimizing the irreversibility of a system should be
considered as an important issue in designing a system. By means of simulations, designers can find the regions
which have greater irreversibility then find ways to reduce the entropy generation in those regions. Presence of
a turbulator with larger values of PR and NoS can reduce the irreversibility of the unit. The lowest and great-
est amounts of S,., have been reported for 12th and 1st cases, respectively. As Re grows, the amount of S, ,
decreases about 57.36%. The amount of S,,, ( for highest Re is around 17.44 times higher than that of lowest Re.
As number of rows has been increased within tapes, the frictional irreversibility augments about 69.23% while
Sgenm decreases about 3.67%. The impact of NoS on S, 4, and S, cincreased about 76.55% and 41.27% in pres-
ence of greater value of PR. Also, the influence of NoS can be more sensible when lower pumping power has been
applied. With increase of PR, S, s, decreases about 11.25% while S, ¢ increases around 76.7%.
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Figure 7. (continued)

Conclusion

To increase the thermal output of the solar unit, a reflector with the shape of parabolic has been mounted on
the ground. The absorber has been located in the focal line of the reflector to gain the highest solar irradiation.
The testing fluid within the absorber is oil which is mixed with hybrid nano-powders. The swirl flow within the
tube enhances with installing the turbulator inside the absorber. The turbulator consists of various helical tapes.
The number of rows (NoS) and pitch distance (PR) are two geometrical variables of present work. Also, various
values of inlet velocity provide various Re which are in turbulent regime. The reasons for adding nano-powders
are achieving higher conductivity and lower irreversibility. The components of S,., have been presented for vari-
ous twelve cases. The simulation for 3D domain in steady state conduction has been done via the Finite volume
method. The space dependent heat flux around the absorber has been considered. For calculating the proper-
ties of hybrid nanomaterial, single phase formulation has been utilized. The accuracy of present modeling was
tested with comparing the outputs with previous empirical data and good accommodation has been applied. The
selected previous work is about fluid flow within a tube with dimples including twisted tape, so, such validation
shows that the current model has reasonable accuracy of predicting experiment set up. The number of elements
in mesh generation should be minimized to reduce computational cost. So, various grids have been applied for
different geometry and obtained results for 12th case shows that 9,293,339 elements should be employed to
reach the correct modeling. Also, the distance of the first layer from the solid layer of the tube should be selected
according to the acceptable range of Y* for RNG k-¢ model. Dispersing additives within oil can enhance the
heat absorption of working fluid and thermal irreversibility decreases. So, such selection of testing fluid has a
beneficiary in both view of energy and entropy generation. With increase of number of rows and revolution of
tapes, the turbulator shape becomes more complex and secondary flow increases and hybrid nanofluid can absorb
more heat. So, S, s, decreases with rise of NoS and PR while S,,, ; increases with augment of such parameters.
Also, temperature of working fluid enhances slightly with increase of mentioned parameters. As velocity of hybrid
nanofluid at inlet increases, the fluid bulk velocity increases but outlet temperature decreases. The growth of Re
leads to augment of S, ; while S,, , decreases around 57.36%. As PR increases, S, reduces around11.25%
but S, grows about 76.7%. The amount of S, c augments about 69.23% with growth of PR but S, ;, reduces
around 3.67%. The influences of number of rows on Sy, 1, and S, r augments about 76.55% and 41.27% in the
existence of higher levels of PR. The lowest amount of entropy generation occurs for 12th case.

Scientific Reports |

(2023) 13:11515 | https://doi.org/10.1038/s41598-023-37758-x nature portfolio



www.nature.com/scientificreports/

ase IX

!

ase X

al

C

Temperature
3714
386214
73
man
363712
356212
348711
121
m70

326210
318709
311209

303,708

Temperature
440368
28100
FIEESS)
403564

9129
SO LD O PSP ® o
o q,?ww@ PV B P SIS | Bowiiet
S PSS S o
b = e

329955

Temperature K] i E ek

Temperaure
54
|
| Y
w266
32019
nsi2
2100
st69m
312008
0833
304760
0088
296616

(]

P—
2730
35690
35115
wsam
e
O S O AN D> QPO QDD 333.790
‘QQ@’ PP P O e P | o

S D
N O A A s e il | 220
e

Temperature K] H st062

Figure 7. (continued)

-
=
b

<

@
o
v

st
s
| e
s
s

Temperature

e

429573
273
415169
402967

0768
A TN T A R NN BN R I I 378564
RRIRS WA NGO R e
L S e Rl 354160
[ 341958
56
Temperature K] e
05353
pre

]

Temperature
X

w70
333269
329467
325,665
21862
318060
314258
310455
306653

Temperature
2463
356,69
350929
345163

339396
SR SHAN IS S A S SN AN ) 331629
RGOSR Fo
L R N S e s el S 200
- = = e
Temperature K] 310362
304795

209029

23202

[LN)

Scientific Reports |

(2023) 13:11515 |

https://doi.org/10.1038/s41598-023-37758-x

nature portfolio



www.nature.com/scientificreports/

Botopy
ot
o
s
s4%
509
s
348
2748
200
1
.
000
L
@7
[
“
Entropy F
Eoopy
e
159608
145098
130388
Heons
— I
i
3
»
<
=

Entropy F

Entropy F
e
76
705
6330
5627

ase III

|

C

ase IV

al

C

A
® Ao
NP
NN 3

Entropy F

Figure 8. Exhibition of S, at various spaces.

I I I IO 129
S 2 g0 PO 0 S gP S AL
NSNS S P N ) o
- 268
Entropy F 2us
| 1o
1057
o000

Envopy P

3 ‘-’3\0’\&:«‘?'3?\9@@?“\?\'\33‘ PO 4si0
N AT A D

Entropy F
52

5914
5376
4839
4301
3763

| 3226
2688

2151
1613

107
0538

0000

Entropy F

e

s818

| [

155473
138,198
120923

{ oo
86374
.09

Entropy F
142260
130405
118550
106,695

S 5298
g 71130

- s

4420

Scientific Reports|  (2023) 13:11515 |

https://doi.org/10.1038/s41598-023-37758-x

nature portfolio



www.nature.com/scientificreports/

o
@]

"
| b

420

Entropy ¥
3sis

603 3394
582 2070
529 2546
4657 2121
407 1697
3492 73
2010 0849
2328 0424

Entropy F
e
so12
s3m
433

SEOSPOEI PO
O o AT TN R AT 200
| |
Entropy F 210
Lo
Lo
Iz
000
[—
R
153199

139272

Entropy F
206860 15345
189622 s

3 97491
155,145 ns6
137.907 66
120668 55709
103430 am
6192 21855
a5 13928

o001

Entropy F

Entropy F

Figure 8. (continued)

[
-
>
L]
»n
<

ase VIII

e
o

C

Entropy F

18293
16630

Entropy F
6 14967

18758 13304
17083 1est
15347 | 078
13642 8315

I

0000

PN DO AN P PO
RS AN A IS R
ST T TS S TS

o]
Entropy F

Entropy F

| 2

0000

Entropy F

o
374696

136253

102,19

0000

SRR I AR

9 080 o
S S
|| =

Entropy F

Scientific Reports|  (2023) 13:11515 |

https://doi.org/10.1038/s41598-023-37758-x

nature portfolio



www.nature.com/scientificreports/

Entropy F
e
12943

11766

Entropy F
12252 1059
1231 9413
10210 8236
9189 7060
168 5583
7147 4707
6126 3530
5105

I

ase IX

l

C

Entropy F
e
1810
10736
9663
8589
7515
6442

- 5368
Entropy F a5

L D> LD >ADADD D
O P LIRANIPONPOCI ol TIRALPNN
SO A

Entropy F
g
481973
48157

Entropy F
423881 394302
388558 350526
353234 306711
317911 262895
282588 219080
27264 175264
211941 131448
176,618 I 87.633
141205 817
105971 0002

I 70648

0002

Case X

36
28033
263030
26727

S .0 DO DD

@Q L\qb\\‘b\/‘\’\'\:’bmqh’sé‘) b«‘\( :;»\\ ,>ng§1 b?%‘ 210424
AR v .
- = - isis
Entropy F 105212
oow

Figure 8. (continued)

ase XII

e
. d

C

Eniropy F
13.065
1977
10888

Entropy F
9799

LA NI NAN DN DS
P E NI HTA QA
SFER DI P LS F P

Entropy F

Entropy F

S d’n;9“1&“’@@“@&@%429& “@x?:'b
SRS o SO R O

=] =
Entropy F

Entropy F

13592
13651

wropy F
371921
340928
309934
28941
247948
216954
185.961
154,967
123974
92081
61987
30994
0,000

Scientific Reports|  (2023) 13:11515 |

https://doi.org/10.1038/s41598-023-37758-x

nature portfolio



www.nature.com/scientificreports/

Case I
Case III

Case II

>
-
v
wn
=
&}

Case V

Case VII

Case VI

Case VIII

Enrmpy H i @@X

Figure 9. (continued)

Scientific Reports|  (2023) 13:11515 |

https://doi.org/10.1038/s41598-023-37758-x nature portfolio



www.nature.com/scientificreports/

Case IX
Case XI

‘3(:\6‘ b‘bgg“b be Qb

°> e<“ &
S \”" 3‘:96‘0@ uzf‘“@ * e?<
K

N
’f’ <b56( o
Entropy 1y be kS %5@

Case X
Case XII

S P g
\& ¥
\5'1' Q"gb@»zb\ e." 'Lc,\"s‘:e‘x‘}uﬁ(@@axe(
\'555"\ qd‘ 6&6’»6‘“ “q@
Entropy

\’Lz *ﬁ ax @ 9 S
Entropy H q

Figure 9. (continued)

Scientific Reports |

(2023) 13:11515 | https://doi.org/10.1038/541598-023-37758-x nature portfolio



www.nature.com/scientificreports/

Frictional entropy (W/K)

Thermal entropy (W/K)

0.25

===
Re {5000 —»PR{ s =

15000 — PR {

4 r j

Stages

e
%

=
-
0

e
=

1400
{5000 —»PR{
Re

15000 — PR

L Lk

Stages

1
2.5
1200 .

25
=
25 ==
2.5 mmmm

—
=3
(=3
(=]

=]
>
(=]

=)
=
(=]

B
>
(=]

200

Figure 10. The calculated amounts of S,,, for 12 cases.

gen

Data availability

All outputs studied during current work are included in this published paper.

Received: 15 September 2022; Accepted: 27 June 2023
Published online: 17 July 2023

References

1.

2.

3.

Gharat, P. V. et al. Chronological development of innovations in reflector systems of parabolic trough solar collector (PTC)—A
review. Renew. Sustain. Energy Rev. 145, 111002. https://doi.org/10.1016/j.rser.2021.111002 (2021).

Butta, P. P. et al. Modeling and performance evaluation of a small solar parabolic trough collector (PTC) for possible purification
of drained water. Mater. Today 47(14), 4226-4234. https://doi.org/10.1016/j.matpr.2021.04.489 (2021).

Minea, A. A. & El-Maghlany, W. M. Influence of hybrid nanofluids on the performance of parabolic trough collectors in solar
thermal systems: Recent findings and numerical comparison. Renew. Energy 120, 350-364. https://doi.org/10.1016/j.renene.2017.
12.093 (2018).

. Khetib, Y., Alzaed, A., Alahmadi, A., Cheraghian, G. & Sharifpur, M. Application of hybrid nanofluid and a twisted turbulator in a

parabolic solar trough collector: Energy and exergy models. Sustain. Energy Technol. Assess. 49, 101708 https://doi.org/10.1016/j.
seta.2021.101708 (2022).

. Ibrahim, S. et al. Improving performance evaluation coefficient and parabolic solar collector efficiency with hybrid nanofluid by

innovative slotted turbulators. Sustain. Energy Technol. Assess. 53(A), 102391. https://doi.org/10.1016/j.seta.2022.102391 (2022).

. Adnan, Heat transfer inspection in [(ZnO-MWCNTs)/water-EG(50:50) |hnf with thermal radiation ray and convective condition

over a Riga surface. Waves in Random and Complex Media. https://doi.org/10.1080/17455030.2022.2119300

Scientific Reports |

(2023) 13:11515

| https://doi.org/10.1038/s41598-023-37758-x nature portfolio


https://doi.org/10.1016/j.rser.2021.111002
https://doi.org/10.1016/j.matpr.2021.04.489
https://doi.org/10.1016/j.renene.2017.12.093
https://doi.org/10.1016/j.renene.2017.12.093
https://doi.org/10.1016/j.seta.2021.101708
https://doi.org/10.1016/j.seta.2021.101708
https://doi.org/10.1016/j.seta.2022.102391
https://doi.org/10.1080/17455030.2022.2119300

www.nature.com/scientificreports/

7. Ibrahim, M. et al. Improvement of the energy and exergy efficiencies of the parabolic solar collector equipped with a twisted
turbulator using SWCNT-Cu/water two-phase hybrid nanofluid. Sustain. Energy Technol. Assess. 49, 101705. https://doi.org/10.
1016/j.seta.2021.101705 (2022).

8. Mustafa, J., Alqaed, S., Aybar, H. $ & Husain, S. Investigation of the effect of twisted tape turbulators on thermal-hydraulic behavior
of parabolic solar collector with polymer hybrid nanofluid and exergy analysis using numerical method and ANN. Eng. Anal.
Bound. Elem. 144, 81-93. https://doi.org/10.1016/j.enganabound.2022.08.011 (2022).

9. Fuxi, S. et al. Artificial neural network modeling to examine spring turbulators influence on parabolic solar collector effectiveness
with hybrid nanofluids. Eng. Anal. Bound. Elem. 143, 442-456. https://doi.org/10.1016/j.enganabound.2022.06.026 (2022).

10. Yin, P, Hasan, Y. M., Bashar, B. S. & Zahra, M. M. A. Evaluation of efficiency, thermohydraulic performance evaluation criterion,
and field synergy principle improvement of the parabolic solar collector containing the hybrid nanofluid using spring turbulators.
Case Stud. Therm. Eng. 41, 102571. https://doi.org/10.1016/j.csite.2022.102571 (2023).

11. Ouabouch, O., Laasri, I. A., Kriraa, M. & Lamsaadi, M. Investigation of novel turbulator with and without twisted configuration
under turbulent forced convection of a CuO/water nanofluid flow inside a parabolic trough solar collector. AIMS Mater. Sci. 10(1),
112-138. https://doi.org/10.3934/matersci.2023007 (2023).

12. Adnan, A. et al. Impact of freezing temperature (Tfr) of Al,O; and molecular diameter (H,0)d on thermal enhancement in mag-
netized and radiative nanofluid with mixed convection. Sci. Rep. 12, 703. https://doi.org/10.1038/s41598-021-04587-9 (2022).

13. Adnan, A, Alharbi, K. A. M., Fwaz, M. Z. B, Eldin, S. M. & Yassen, M. Numerical heat performance of TiO,/Glycerin under
nanoparticles aggregation and nonlinear radiative heat flux in dilating/squeezing channel. Case Stud. Therm. Eng. 41, 102568.
https://doi.org/10.1016/j.csite.2022.102568 (2023).

14. Talugeri, V. et al. Experimental investigation on a solar parabolic collector using water-based multi-walled carbon-nanotube with
low volume concentrations. Sci. Rep. 13, 7398. https://doi.org/10.1038/s41598-023-34529-6 (2023).

15. Adnan, A. et al. Thermal enhancement in Falkner-Skan flow of the nanofluid by considering molecular diameter and freezing
temperature. Sci. Rep. 12, 9415. https://doi.org/10.1038/s41598-022-13423-7 (2022).

16. Fugiang, W, Qingzhi, L., Huaizhi, H. & Jianyu, T. Parabolic trough receiver with corrugated tube for improving heat transfer and
thermal deformation characteristics. Appl. Energy 164, 411-424 (2016).

17. Urmi, W. T., Rahman, M. M. & Hamzah, W. A. W. An experimental investigation on the thermophysical properties of 40% ethylene
glycol based TiO,-Al,O; hybrid nanofluids. Int. Commun. Heat Mass Transf. 116, 104663 (2020).

18. ANSYS® Academic research, release 18.1, ANSYS FLUENT, Theory Guide, ANSYS, Inc.

19. Versteeg, H. K. & Malalasekera, W. An Introduction to Computational Fluid Dynamics: The Finite Volume Method 2nd edn. (Pearson/
Prentice Hall, 2007).

20. SOLTRACE, National Renewable Energy Laboratory NREL, https://www.nrel.gov/csp/soltrace.html. Accessed 07 April 2020.

21. Chu, Y.-M,, Salehi, E, Jafaryar, M. & Bach, Q.-V. Simulation based on FVM for influence of nanoparticles on flow inside a pipe
enhanced with helical tapes. Appl. Nanosci. https://doi.org/10.1007/s13204-020-01583-9 (2020).

22. Dagdevir, T., Uyanik, M. & Ozceyhan, V. The experimental thermal and hydraulic performance analyses for the location of per-
forations and dimples on the twisted tapes in twisted tape inserted tube. Int. J. Therm. Sci. 167, 107033 (2021).

Author contributions
M.S. and M.J. simulated this solar system and derived the figures. Also, both authors prepared the main
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:11515 | https://doi.org/10.1038/s41598-023-37758-x nature portfolio


https://doi.org/10.1016/j.seta.2021.101705
https://doi.org/10.1016/j.seta.2021.101705
https://doi.org/10.1016/j.enganabound.2022.08.011
https://doi.org/10.1016/j.enganabound.2022.06.026
https://doi.org/10.1016/j.csite.2022.102571
https://doi.org/10.3934/matersci.2023007
https://doi.org/10.1038/s41598-021-04587-9
https://doi.org/10.1016/j.csite.2022.102568
https://doi.org/10.1038/s41598-023-34529-6
https://doi.org/10.1038/s41598-022-13423-7
https://www.nrel.gov/csp/soltrace.html
https://doi.org/10.1007/s13204-020-01583-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Numerical simulation for impact of implement of reflector and turbulator within the solar system in existence of nanomaterial
	The geometry of solar collector and modeling approach
	Results and discussion
	Conclusion
	References


