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ABSTRACT: Solar energy, as one of the most important clean energy sources, plays a significant Review History:
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technologies for medium-temperature thermal applications. In this study, the thermal performance of Revised: May, 20, 2026

role in sustainable development, and parabolic trough solar collectors are among the most widely used

a parabolic trough solar collector was investigated using computational fluid dynamics. The effects of ~ Accepted: May, 26, 2026
parameters including absorber tube rotational speed (10 and 15 rad/s), tube material (copper, brass, and ~ Available Online: Jun. 08, 2026
nickel), and wall thickness (1.45-1.85 mm) on the thermal and hydrodynamic behavior of the system

were analyzed. The results showed that increasing the rotational speed of the tube enhanced flow mixing,

Keywords:

reduced the boundary layer thickness, and improved heat transfer performance. Among the investigated Parabolic Trough Collector

materials, the copper tube provided the highest thermal efficiency and fluid outlet temperature due to its . .
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superior thermal conductivity. In addition, increasing the wall thickness led to a reduction in heat transfer
because of the increased thermal resistance. This reduction was approximately 25% for the nickel tube
and 7.7% for the copper tube. The inlet water temperature was considered to be 293 K, with a volumetric
flow rate of 2 L/min. As the Reynolds number increased from 250 to 550, the convective heat transfer =~ Thermal Efficiency
coefficient increased under all conditions. The use of two twisted tapes inside the absorber tube also

improved heat transfer by generating vortex flow and increasing the Nusselt number. The findings of

this study can contribute to the optimization of the design and enhancement of the efficiency of parabolic

trough solar collectors.

1- Introduction

The rapid increase in energy consumption and dependence
on fossil fuels have intensified environmental problems,
making renewable energy systems increasingly important [1,
2]. Among renewable sources, solar energy is considered one

provide practical insights for the design of high efficiency
solar collectors with lower thermal losses.

2- Methodology
In this study, computational fluid dynamics (CFD)

of the most sustainable options, especially in regions with
high solar irradiation such as Iran [3].Previous studies have
shown that nanofluids and turbulence-enhancing devices,
such as twisted tapes, can significantly improve the thermal
performance of parabolic trough collectors by enhancing
fluid mixing and heat transfer [4—10]. Research has reported
improvements in collector efficiency, heat transfer rate, and
Nusselt number through the use of metallic nanofluids, spiral
turbulators, and rotating absorber tubes [11-16]. However,
most existing studies have examined only a limited number
of parameters. Therefore, the present work develops a three
dimensional CFD model to investigate the combined effects
of twisted tapes, tube material and thickness, rotational
speed, and Al,O,/water nanofluid on the thermal performance
of a parabolic trough collector [17,18]. The study aims to
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was employed to analyze fluid flow and heat transfer in a
parabolic trough collector system. The model consisted of a
cylindrical absorber tube with a length of 1 m and an outer
diameter of 60.33 mm, equipped with twisted tapes mounted
around a central rod. The tapes were designed with a 720°
twist angle and a pitch of 50 mm to enhance flow turbulence
and heat transfer. To evaluate the effect of turbulator number,
three configurations including one pair, two pairs, and three
pairs of twisted tapes positioned 180° apart were investigated.
The absorber tube was discretized using 826,843 hexahedral
mesh elements, as illustrated in Figure 1. The geometry was
first designed in SolidWorks 2023 and then imported into
ANSYS Fluent 2024 R1 for simulation. A non-uniform heat
flux, dependent on the solar incidence angle, was applied to
the tube surface.
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Fig. 1. Details of the computational grid and mesh quality in the regions of the twisted tapes
and the absorber tube wall.
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Fig. 2. Variations of the mean fluid temperature at the collector outlet for different tube thick-
nesses and materials (copper, brass, and nickel) under various rotational speeds.

3- Results and Discussion

In this study, the fluid flow inside the absorber tube was
modeled under laminar conditions with an inlet flow rate of
2 L/min and an inlet water temperature of 293 K. Thermal
and velocity boundary conditions were applied according to
Table 1. Mesh independence analysis showed that hexahedral
elements provided stable and convergent results, while
tetrahedral meshes led to fluctuating temperature predictions.
Therefore, a hexahedral mesh with at least (2 x10°) elements
was selected for the simulations. The results indicated that
the fluid velocity gradually stabilized along the tube length,
while the maximum fluid temperature increased rapidly near
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the inlet and then approached a nearly constant value toward
the outlet. Figure 2 illustrates the variation of the mean fluid
temperature atthe collector outlet for different tube thicknesses
and materials under various rotational speeds. Copper tubes
produced the highest outlet temperatures under all conditions,
confirming their superior heat transfer capability. At a
rotational speed of 10 rad/s, brass tubes showed the second-
best thermal performance across all thicknesses. However,
when the rotational speed increased to 15 rad/s, the thermal
performance of brass tubes decreased noticeably, and at
thicknesses of 1.75 mm and above, their outlet temperatures
became even lower than those of nickel tubes. In contrast,
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Fig. 3. Comparison of the effects of nanofluid and the number of turbulators on the Nusselt
number ratio at different Reynolds numbers.

copper and nickel tubes showed less sensitivity to changes
in rotational speed, with their temperature profiles remaining
nearly unchanged except at the largest thickness of 1.85 mm.
Overall, copper tubes achieved the highest mean outlet fluid
temperature, followed by brass and nickel tubes, respectively.

The fluid temperature reached about 330 K at 0.25 m,
increased to 347 K at the tube midpoint, and finally stabilized
around 351 K near the outlet.The findings also demonstrated
that using nanofluids together with twisted tape turbulators
significantly enhanced the Nusselt number and heat transfer
performance compared with pure water. Increasing the
number of turbulators from one to three further improved
thermal performance due to stronger mixing and higher
flow disturbance. In all cases, higher Reynolds numbers led
to better heat transfer characteristics, with the best thermal
performance achieved using the nanofluid combined with
three turbulators at the highest Reynolds number showed in
figure 3.

4- Conclusion

Theresults showed thatrotating the absorber tube improved
fluid mixing and enhanced heat transfer in the parabolic
trough collector. Higher rotational speeds increased the fluid
temperature near the tube wall, while increasing the Reynolds
number improved the convective heat transfer coefficient.
Copper tubes achieved the best thermal performance due to
their high thermal conductivity, whereas nickel tubes showed
the lowest efficiency. Increasing tube thickness reduced heat
transfer because of higher thermal resistance. Twisted tapes

also enhanced heat transfer by generating vortex flow and
turbulence. However, using more than two pairs of twisted
tapes produced only minor improvements while increasing
pressure drop. Therefore, two pairs of twisted tapes were
identified as the optimal configuration.
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Fig. 2. Details of the computational grid and mesh quality in the regions of the twisted tapes and
the absorber tube wall.
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Table 1. Thermophysical properties of the materials used in the absorber tube.
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Table 2. Boundary and initial conditions applied for the analysis.
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Table 3. Thermophysical properties of water, carbon nanotubes, and aluminum oxide nanoparticles.
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Fig. 3. Validation of the solar loading results.

2l gl p el Cusd & @l G W] 095 o0 saalie S5
01 Crguims (£l BMES] oS 0395 3o y> 0 1 a5 5 y55he gpe b

..\;Sgo.\,,g_;lsl)o.\p'lw;q@lxjws

cou g @b -

ildao ol g0 d O Al 31 55 Jlew (o oGedos ol 53
wlodd 4,5 )L 53 pj s 4 by kel slayiel)ly cunl 0ns

1ok Cae Al p Y ied9)9 (02 (23 10k Clastie )
(lesY) el il w2y = Z yome b slse

42> Yo) cnglS YAY wg3gyy ol gl sles i)l bl Y
2 o Sl polie Blas wivsw p (@SB gipe S 1S Bl
g 3 (Sl iy bl pd raler ) il sl gl Jols ) g
Ol Jl sla Sy (2955 5 $2909 2 Sy Sipe bailyd Ayl
29530 Jgdor )3 ol ©jgo 4 85 Bl o ol g Jlw S e a3
Slods go i

gl 9y Lawgie (slod s 0l S5 gjpe kil @ a2 L
slod @lymis (¥ JSi5) wdlial 3y50 slalall plo olul 5wl

2 b 9 ke slaglll (lp 1) Cils Ay gy buwgie

2 b ool (1Sl 4 Cud 65V CE (b > dlaio 13 bod g sy
dwdin g atiadl ol ol )l s els (g0 bl e po o
ot bl (e 55 5l g 5 ol 239 03415 5 & e Ay
aagly 5l cdul dae g .30,5 pald e duslie K6l b oss Wgi5b JolS

By bl ae N ol g3 &S .ol ol dusle <N, {hmfm}
S Gy wapd A g el dy il JS) iy 5Sls
)JJOT)JJ:MMW;V :i 410)‘))‘]0.«»9».0;45)»».%»]
pd :
oo A 5 o S p (KE/S) o (23 11 cbogio e V ]
[V il o dg) glado

sb)ly bl dgd giloans jl Jols slaasl ol jolato 4,
P! [V8] o 50 0l 8 yr0 (650 bl Jloel b (00500 Julod connls
b das 5 3o (pl ) odddulone Clul das o duslie (i pdy
BB pl aS a5l woyd Y dgds 0 BMB ()5S he mie jd 0l yiyl5S
ol pedd b Jae Jad BB el snimd Ll g 039 3l s
pLsl 3y ISk Cono I lebl sl piomen il Giagl
I8 Al 3,50 18] g ol Ll S g (ol ol 3 00
o &S GSlan Ll o 0l Lisles & S5 43 doe a5 2,50

V€LY



VEOY B AFTY doio VFF Jlo V) 0,leud DY 095 ¢y ool SilSn i 4y

3325&-

332

3315

331

T (K)

3305

330

3295

M -
1E+06

.
2E+06

M
3E+06

M
4E+06

Number of Elements

5E+06

<l

3315
$

331
330.5
330

3295

T (K)

329

3285}

328

s a8 =

/3

P - P
1E+06 2E+06

L | r
3E+06 4E+06 5E+06

Number of Elements

<

R I o o 29,k N lo] 2 510] i

Comd 3l Ayl (49, bawgie (glod Ol pds . F S5

Fig. 4. Variations of the mean temperature inside the absorber tube with respect to element size for (a) tetrahedral

and (b) hexah
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Fig. S. Variations of the mean fluid velocity along the flow path inside the tube.
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Fig. 6. Variations of the maximum fluid temperature along the tube length.
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Fig. 7. Variations of the mean fluid temperature at the collector outlet for different tube thicknesses and
materials (copper, brass, and nickel) under various rotational speeds.
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Fig. 8. Variations of the maximum temperature with respect to tube thickness at the tube outlet for brass,
copper, and nickel tubes.
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Fig. 9. Variations of the maximum tube surface temperature as a function of material, thickness, and rota-
tional speed.
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Fig. 10. Variations of the heat transferred to the fluid as a function of the mean inlet—outlet temperature
difference for copper, brass, and nickel tubes with different thicknesses.
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Fig. 11. Variations of the fluid convective heat transfer coefficient for copper, brass, and nickel tubes with different
thicknesses.
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Fig. 12. Comparison of the thermal efficiency of the collector for copper, brass, and nickel tubes at differ-
ent thicknesses and rotational speeds.
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Fig. 13. Comparison of the convective heat transfer coefficient for water and nanofluid in the presence of
different numbers of turbulators and Reynolds numbers.
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Fig. 14. Comparison of the convective heat transfer coefficient for water and nanofluid in the presence of
different numbers of turbulators and Reynolds numbers.
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Fig. 15. Comparison of the effects of nanofluid and the number of turbulators on the Nusselt number ratio
at different Reynolds numbers.
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