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Abstract

Parabolic trough collectors (PTCs) are essential for solar thermal energy systems, and their
thermal efficiency can be significantly enhanced using turbulators and nanofluids. This
numerical study introduces three novel fin-spiral turbulator configurations (4, 7, and 10 blades)
to enhance heat transfer within the absorber tube. Additionally, three nanofluid types
including water-based single-walled carbon nanotubes (SWCNT), cupric oxide (CuO), and a
hybrid SWCNT-CuO, at concentrations of 1%, 3%, and 5% were evaluated. The simulations,
conducted in ANSYS-FLUENT under steady-state turbulent flow conditions, revealed that the
10-blade turbulator improved the heat transfer coefficient by 12.25% compared to a plain
tube, while the hybrid SWCNT-CuO/water nanofluid exhibited a 24.8% increase in thermal
conductivity compared to the base fluid. Furthermore, a maximum pressure drop increase of
44% was observed for the hybrid nanofluid at 5% volume concentration and a Reynolds
number of 12,500. The study also demonstrated that the Performance Evaluation Criterion
(PEC) improved by 15.6% for the hybrid nanofluid compared to CuO/water nanofluid. These
findings highlight the effectiveness of combining fin-spiral turbulators and hybrid nanofluids
to optimize the thermal and hydraulic performance of PTC systems.
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1. Introduction

Renewable energy is essential in combating the growing challenges of climate change, providing
a sustainable and eco-friendly alternative to conventional fossil fuels. The significance of renewable
energy lies in its ability to harness naturally occurring and renewable sources such as solar energy
[1], wind power [2], and tidal forces [3], minimizing the ecological impact associated with traditional
energy production. Solar energy, a cornerstone of sustainable power, is employed through both
electrical and thermal applications, showcasing its versatility in meeting diverse energy needs.
Photovoltaic (PV) cells convert solar energy directly into electricity for electrical applications. This
technology has seen remarkable advancements, resulting in increased efficiency and cost-
effectiveness [4]. On the other hand, in thermal applications, solar energy is employed to generate
heat for different purposes such as space heating [5], liquid heating [6], and industrial operations
[7-10]. Parabolic trough collectors (PTCs) are very prevalent for power and heat production of
residential areas. The improvement of thermal performance in PTCs directly impacts reliability, cost,
and overall productivity. Researchers use various techniques to increase the heat absorption from
solar radiation and reduce heat dissipation to the environment. Among the different active and
passive technologies, using nanofluids and turbulators seems to be the most efficient way to
enhance the convection heat transfer coefficient inside the heat transfer tube [11]. Each approach
has its disadvantages and limitations such as increasing the pressure drop, sedimentation, and
economic feasibility. Therefore, more research and studies must be conducted by scholars on the
hydrothermal characteristics of PTCs.

Inefficient heat absorption by working fluids results in a low conversion efficiency of solar
radiation into thermal energy. Therefore, optimizing the hydrothermal properties of heat transfer
fluids is crucial for developing cost-effective and high-efficiency solar collectors. Nanofluid
technology has opened a new window to provide enhanced thermophysical properties for fluids
flowing inside the solar collector tubes [12]. The ability of nanofluids to enhance the performance
of solar thermal systems depends on various factors, including their thermal conductivity, density,
viscosity, specific heat, and optical properties for absorbing solar radiation [13]. Mashhadian et al.
[14] utilized a hybrid nanofluid consisting of Al,O3-MWCNT/water to analyze the effect of the
concentrations of the hybrid nanofluid ranging from 0.01% to 0.04% on the performance of direct-
absorbing PTC. Their experimental findings revealed that the hybrid nanofluid outperformed the
single nanofluid in terms of optical properties. They concluded that using hybrid nanofluids led to a
197% improvement in the thermal efficiency of the solar collector. Two different hybrid nanofluids
including Al,03-SiO,/water and Al,03-CuO/water were applied to increase the thermal performance
in a PTC by Abdulhaleem et al. [15]. They employed the Tow-phase Mixture model to explain the
impact of Reynolds number and nanofluids concentration on Nusselt number, pressure drop, and
performance coefficient. It is indicated that the maximum 47% increment of the Nusselt number
was achieved by Al;0s (0.25%)-CuO (0.75%)/water while this value was decreased by 33% for
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another hybrid nanofluid at the same volume fraction. Dou et al. [16] introduced two synthetic oils
encompassing Therminol VP1 and Syltherm 800 besides copper as novel nanoparticles in a basic
parabolic solar collector. They examined various inlet temperatures and velocities at volume
fractions of 1%, 3%, and 5% to determine optimal hydrothermal performance. Their findings
indicated that the syltherm 800 enhanced the convection heat transfer coefficient by 21.79%~19.73%
at an inlet temperature of 600 K and volume fraction of 3% while this value was 15.29%~11.67%
within a velocity range between 0.1 to 3.5 m/s. While researchers have recommended enhancing
heat transfer fluid thermal properties with nanofluids, they have also put forward alternative
modifications to improve the efficiency of the solar collector system [17-20]. These alterations
primarily focus on the system’s geometry, involving morphological adjustments to enhance the heat
transfer of nanofluids.

Sheikholeslami et al. [21] introduced a novel spiral turbulator aimed at enhancing the thermal
efficiency of solar systems. They claimed that the turbulator both increased the swirl ratio and
extended the heat transfer surface. So, their results showed that the rotational flow boosted with
an increasing spiral rotation of the tape, consequently leading to a higher pressure drop. The friction
factor and Nu exhibit increments of approximately 271.36% and 5.83%, respectively, with the rise
in spiral rotation. Moreover, an increase in Reynolds number (Re) results in a 75.22% enhancement
in Nu but concurrently induces a 12.43% reduction in the friction factor. Semi-circular and teardrop-
shaped turbulators were added to the circular tube by Fang et al. [22]. Their finding indicated that
these turbulators significantly influence heat transfer and friction coefficient. The heat transfer
values reached a maximum of 257% and 298% higher for semi-circular and teardrop-shaped
turbulators, respectively, compared to a standard plain tube. Babapour et al. [23] conducted
research focused on improving thermal characteristics in a PTC. To achieve this objective, they
employed a helically corrugated tube as the absorber, introducing modifications to its shape,
including adjusting the pitch. The findings indicated an enhancement in the system’s thermal
performance of up to 2%. Al-Aloosi et al. [24] integrated circular, elliptical, and square fins of varying
cross-sections and heights into the absorber tube of a parabolic trough collector. Numerical findings
indicated that the highest thermal performance was achieved with circular, elliptical, and square
fins, achieving values of 1.4, 1.31, and 1.26 respectively at Re = 4000. Additionally, there is a
substantial increase in Nu, almost 51%, when transitioning from Re = 4000 to Re = 8000 for the
square cross-section. Semi-spherical inner surfaces [25], dimpled tubes [26], and wavy surfaces [27]
are other configurations of the turbulator used in solar thermal collectors. Using turbulators and
nanofluids simultaneously paved a new way for scholars to take advantage of both methods and
compensate for the disadvantages of each approach. The finned turbulator and perforated twisted
tape were analyzed numerically with MWCNT-AI,Os/water as a hybrid nanofluid by Tavakoli and
Soufivand [28]. They revealed that the maximum total entropy generation of 40.75% was achieved
by a perforated twisted tape at Reynolds number of 30,000 and ¢ = 3%. Similarly, the shift from a
finned turbulator to a perforated tape turbulator resulted in a maximum efficiency change of 1.62%
at Reynolds number 20,000 and ¢ = 0%. Bellos et al. [29] suggested employing nanofluids based
on oil with a 6% concentration of CuO, and they contrasted this with the conventional fins employed
in the absorber. They also investigated the combined application of these techniques, finding that
the nanofluids led to a 0.76% improvement in thermal efficiency. The incorporation of internal fins
resulted in a 1.10% increase, while the combined techniques yielded a 1.54% enhancement in PTC
thermal efficiency according to their study. Khetib et al. [30] enhanced energy and exergy
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efficiencies in parabolic solar collectors by employing twisted turbulators and MgO-Cu/water
nanofluids. They evaluated the average Nusselt number and pressure drop across Reynolds
numbers ranging from 8000 to 32000, with nanofluid concentrations varying between 1% and 3%.
The study concluded that changing the Reynolds number from 8000 to 32000 resulted in maximum
improvements of 23.79% and 21.15% in energy and exergy efficiencies, respectively. The numerical
study by Alnagi et al. [31] investigated the hydrothermal impacts of twisted tape inserts in parabolic
trough collectors (PTCs), utilizing MgO-MWCNT/thermal oil as a hybrid nanofluid for heat transfer.
The MgO/MWCNT ratio was 80:20, and the volume fraction ranged from 0.25% to 2%. Their findings
indicated that the performance evaluation criterion (PEC) using the LCRW model increased with
rising Reynolds number up to 10,000 and then decreased up to 100,000 under all tested conditions.
Recent research has predominantly focused on nanofluids due to their superior thermal
properties and potential to enhance heat transfer in solar thermal systems. However, the
application of turbulators to improve the thermal performance of solar collectors remains
underexplored. Moreover, the combined use of nanofluids and turbulators, a promising synergy for
optimizing heat transfer and efficiency, has received limited attention in the existing literature. To
address this research gap, this study introduces a novel hybrid approach that simultaneously
leverages three configurations of fin-spiral turbulators (4, 7, and 10 blades) and water-based
nanofluids, including single-walled carbon nanotubes (SWCNT), cupric oxide (CuO), and a hybrid
SWCNT-CuO composition. The turbulent flow is simulated using the Standard K- model, while
empirical correlations are applied to accurately derive key thermophysical properties such as
density, viscosity, thermal conductivity, and specific heat for both single and hybrid nanofluids.
The key contributions of this study are twofold: first, the innovative combination of fin-spiral
turbulators and hybrid nanofluids to achieve enhanced thermal performance in parabolic trough
collectors (PTCs), and second, the comprehensive evaluation of heat transfer coefficients, pressure
drops, and performance evaluation criteria (PEC) across different configurations and nanofluid
types. The structure of this paper is as follows: Section 2 details the PTC model and geometric
configurations; Section 3 validates the numerical model; Section 4 examines the thermal and
hydraulic performance of the PTC, including the effects of nanofluid type and turbulator
configuration; and finally, Section 5 highlights the major findings and implications of this study.

2. Model Description and Geometry

The absorber tube modeled in this study refers to a parabolic trough collector prototype in Spain
introduced by Wirz et al. [32]. The original one includes a hollow absorber tube and a glass envelope,
but in this study, three different types of fin-spiral turbulators are inserted in the center of the
absorber tube. Figure 1 and Table 1 show the general view of the absorber tube and 4, 7, and 10-
blade turbulators.
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Outlet

4-blade 7-blade 10-blade

Figure 1 Overall view of the PTC with fin-spiral turbulator and three different tabulators.

Table 1 Geometrical parameters.

Characteristic Sizes (mm)
Length (Tube) 4096
Diameter (Tube) 70

Length (Tape) 3000

Diameter (Turbulator) 50
Thickness (Turbulator) 1.3

3. Numerical Model

The governing equations and boundary conditions in this study are determined by solving the
Reynolds-averaged Navier-Stokes equations. The ANSYS FLUENT, a finite-volume-based commercial
CFD software is employed for numerical simulation. The Standard k-e model is employed in this
study to simulate turbulent flow inside the tube. The uniform velocity is considered for the inlet
boundary, ranging from 0.07 m/s to 0.17 m/s, corresponding to Reynolds numbers between 5000
and 12500. The inlet temperature is assumed constant at 300 K. The tube outlet is characterized by
a pressure-outlet boundary condition, while the outer surface of the absorber tube experiences
variable heat flux based on the angle, as described by Eq. 1 [33]. All constant coefficients used in Eq.
1 are outlined in Table 2. The UDF (User Defined Function) is employed to introduce the variable
heat flux to Fluent.

Table 2 Constant coefficient of variable heat flux equation [33].

0 0°<6<18° 18°<6<94° 94° <6 <180°

w 0 4412 x 1072  4.237 x 1072
a, 300 3.146 x 10* 3.363 x 10*
a; O —8.090 x 103 —1.162 x 10*
b, O —3.123 x 10* —1.899 x 10*
a, O —7.178 x 103 3.648 x 103
b, 0 —3.119x 103  7.571 x 103
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The use of a double-precision pressure-based solver ensures enhanced accuracy and
convergence in the numerical calculations. The PRESTO scheme is applied for pressure interpolation,
while the QUICK scheme is employed for turbulence kinetic energy equations. The pressure-velocity
coupling is handled using the SIMPLEC algorithm. Convective terms in the energy and momentum
equations are discretized using a second-order upwind scheme for improved precision, whereas the
specific dissipation rate term is interpolated using a first-order upwind scheme to balance accuracy
and computational efficiency. Convergence is considered achieved when residuals for continuity
and momentum equations are below 10, and for the energy equation, below 10,

q = ag + a, cos(wB) + b, sin(wBh) + a, cos(2wh) + b, sin(2wh) (D)
3.1 Governing Equation

This study considers the general governing equations for steady, three-dimensional, and
incompressible flow, outlined as follows [34]:
Continuity equation:

d
a_xi(pui) =0 (2)
Momentum equation:
d dp du; Ou; 8ul
ox, -(pwiwy) = _6x+ [(M+/’Lt)<x]+axl - (u+ut) 3)
Energy equation:
c oT
s 0t) =g [+ ) ] s ®

The Standard k- model is utilized to simulate the turbulent flow domain in this paper, which can
be written as [35]:

k equation:
d 0 ut) ok
ox, Puk) =5 [(“ T axi] P~ pe )
€ equation:
oe g2
a_(p 15) = ax [( )ax ] + Ceq k Cszp? (6)

The turbulent viscosity y; and production rate of k (P,) are calculated:

k2
He = Cup— @)
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Pk:h%(Z_:—l_%) (8)
The standard constant used in this simulation: ;, = 0.09, C¢y = 1.44, (¢, = 1.92,0, = 1.0,0, =
1.3, and a; = 0.85 [35].
The average Reynolds and average Nusselt numbers for nanofluid and hybrid nanofluid are
defined as follows:

hD

Nu=-——— 9
knf or hnf
uD
Re = pnf or hnf (10)
.unf or hnf

Also, the friction factor and performance evaluation criteria (PEC) are calculated by following
relations [17]:

f= i, (11
2DPU
Nunf or hnf/N
u
PEC = f (12)

3.2 Thermophysical Characteristics of Nanofluids and Hybrid Nanofluids

This study adopts the single-phase model to characterize nanofluids and hybrid nanofluids
comprising CuO and SWCNT nanoparticles. This is due to its validation for volume fractions below
10% and nanoparticle diameters under 100 nm [36]. The hydrothermal correlations of hybrid
nanofluid including density, viscosity, specific heat, and thermal conductivity are calculated by the
formulas shown in Table 3 [37]. The thermophysical properties of water, CuO, and SWCNT have
been indicated in Table 4. The nanoparticles are assumed to be spherical, monodisperse, and
uniformly dispersed in the base fluid. Thermophysical correlations are compiled into UDF code for
introducing nanofluids and hybrid nanofluids into FLUENT.

Table 3 Hybrid nanofluid correlations [37].

Properties Hybrid Nanofluid
. _ Ky
Viscosity Upny = (1- (p1)2'5(1 _ <,02)2'5
. P
Density Panfs = Pr(1 — @2) <(1 — @)+ ‘Pl(ﬁ)) + @2Ps2
ops _ (pcp)sl
Specific heat (Pcp)ans = (Pp) f(1 — @2) (1 — 1) + <p1—( oc )f) + 92(pCp)s2
p
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Apf

A
1=+ 20: (22 ) n
T R v ey s e 7 P

Thermal conductivity

B g1 ) (/151 + /1f>
Aﬂ_l <p1+2<p1(151_lf In 27;

1— @ +2 L)
1 e\ =77 ) M\ 27,

Table 4 Base fluid and nanoparticles characteristics.

Density Viscosity Specific heat Thermal conductivity

Materials \1g/m?) (N-s/m?) (fkgK)  (W/mK)
Water 998 0.001 4182 0.613
CuO 6320 - 531.8 76.5
SWCNT 1400 - 1380 3500

3.3 Mesh Independency Analysis

The grid study aims to identify an appropriate grid resolution that ensures the number of grid
points utilized does not influence the results. To achieve this, the Average Nusselt Number (ANU) is
computed for various grid resolutions corresponding to the geometries with a 7-blad turbulator at
Reynolds number (Re) of 5,000 with base working fluid (¢ = 0%). As seen in Table 5, by analyzing
the percentage error in ANU values between four grids, it is determined that grid number 519048
is suitable for the following simulations. Figure 2 illustrates the grids employed for the tube and
turbulator.

Figure 2 Mesh configuration for tube and turbulator.

Table 5 Error percentage of ANU at various mesh resolutions.

No. of grid cell Error% (ANU)

162376 21.4%
342193 8.6%

519048 2.04%
748862 1.52%
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3.4 Validation Study

The numerical results in this study were validated by comparing the experimental outlet
temperature of synthetic thermal oil with the numerically calculated average Nusselt number for
Syltherm-800 flow. As shown in Figure 3, the numerical outlet temperature from the absorber tube
in the parabolic trough collector (PTC) demonstrates excellent agreement with experimental data
reported by Zou et al. [38], who measured solar radiation intensity, fluid outlet temperature, and
fluid flow rate at various daylight times. The maximum error observed in this validation study was
5.31%. Additional verification was performed using numerical results presented by Zhu et al. [39],
based on a similar absorber tube configuration. Discrepancies due to differences in mesh density
and solution procedures resulted in a maximum error of 4.05%, as shown in Figure 4. Overall, these
validation results confirm the reliability and accuracy of the present numerical model for
subsequent simulations.

95

- O Present Numerical Work
NE | m Experimental (Zou et al. 2016)

80

|

75F
70 u

65;— ;‘

60

Outlet HTF Temperature ("C)

|
55 m

50:\\l.\\\l\w.lw\.lw.\lw..l\.
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Figure 3 Validation of present outlet HTF temperature and experimental results by Zou

et al. [38].
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Figure 4 Validation of present numerical and numerical results by Zhu et al. [39].
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4. Results and Discussion

This section explores the effects of three turbulator configurations on PTC’s hydrothermal
performance, including heat transfer coefficient, pressure drop, and PEC. Additionally, it
investigates the effects of single-walled carbon nanotubes (SWCNT), cupric oxide (CuO), and a
hybrid SWCNT-CuO. Simulations were conducted over Reynolds numbers ranging from 5000 to
12500.

4.1 The Effect of Turbulator Configurations

Figure 5 illustrates the variations in the heat transfer coefficient for the absorber tube flow
concerning the Reynolds number across various turbulator configurations. Generally, there’s a
positive correlation between the heat transfer coefficient and the Reynolds number. Introducing
turbulator blades notably enhances the convection heat transfer coefficient. Specifically, at a
Reynolds number of 12,500, the absorber tube with 10 blades exhibits the highest heat transfer
coefficient, showing a significant 12.25% increase compared to the configuration without a
turbulator. Similarly, the configuration with 4 blades experiences a substantial 13.7% enhancement
in the heat transfer coefficient.

1200
- ———— Without Turbulator
1100 ~——@—— Turbulator with 4 blades
g - ——@—— Turbulator with 7 blades
”E ~—p——Turbulator with 10 blades
E 1000 =
-’
=
8 F
é i
D soof
=
3 -
S
& 700 -
wn
=
s B
=
b B
]
W
T s00f
4 L | L 1 l 1 |
02000 6000 8000 10000 12000 14000

Reynolds number (Re)
Figure 5 Heat transfer coefficient versus Reynolds number for different turbulators.

Figure 6 shows the outlet temperature of the three different configurations of the tabulator and
plain tube. The outlet temperature decreases monotonically as the Reynolds number increases for
all configurations. The outlet temperature increased with an increase in the number of blades at
constant Reynolds numbers, owing to higher heat transfer coefficients.
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Figure 6 Outlet temperature versus Reynolds number for different turbulators.

Outlet temperature [K]

305.5
- —@—— Without Turbulator
308 3 ——&@—— Turbulator with 4 blades
3048 E ~—@—— Turbulator with 7 blades
= ———fp— Turbulator with 10 blades
304 -
3035
303 -
3025
302 -
3015 F
301 |-
300.5 |
300
E TR I | T A S
299.5
9 3000 6000 8000 10000 12000

Reynolds number (Re)

|
14000

Figure 7 depicts the variation in pressure drop with Reynolds number for different turbulator

configurations and a plain tube. With increasing Reynolds number, the pressure drop intensifies due
to heightened shear stress from increased velocity. Across all Reynolds numbers, pressure drop

values rise with greater numbers of turbulator blades, mainly due to increased surface area.

pressure drop (P)

80
E ——f—— Without Turbulator
70 = ——4@—— Turbulator with 4 blades
- —@— Turbulator with 7 blades
60 = —»—— Turbulator with 10 blades
50 |
40
30
20
10
0F
1 g | 1 1 |
4?000 6000 8000 10000 12000
Reynolds number (Re)

14000

Figure 7 Pressure drop as a function of Reynolds number for various turbulators.
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4.2 The Effect of Nanofluids

Figure 8 illustrates the relationship between the heat transfer coefficient and Reynolds number
(Re). The graph shows that the heat transfer coefficient increases with Reynolds number, especially
at a specific volume concentration of nanoparticles. Notably, among the studied nanofluids, the
hybrid SWCNT-CuO/water nanofluid demonstrates superior thermal performance compared to
both CuO/water and SWCNT/water nanofluids.

1300

—— Base

—— CuO (p=5%)
—@— SWCNT (9=5%)

B ——Pp—— SWCNT-CuO (9p=5%)

—
5]
=3
=]
1

—
p—
1=
=
1

L

1000

900

T

800

L L

700

L |

Heat transfer coefficient (W/mzK)

600

50 ! 1 ! I ! l ! 1 !
%000 6000 8000 10000 12000 14000
Reynolds number (Re)

Figure 8 Variation of heat transfer coefficient with Reynolds number for different heat
transfer fluids.

Additionally, Figure 9 demonstrates that at a constant Reynolds number, the heat transfer
coefficient increases with higher volume concentrations of nanoparticles. This trend is linked to the
thinning of the thermal boundary layer as the Reynolds number rises. Moreover, increasing the
volume concentration of nanofluid enhances its thermal conductivity, thereby further augmenting
the heat transfer coefficient.
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1300

L —=— Base

—&— SWCNT-CuO (9=1%)
S RO g SWCNT-CuO (9=3%)
——p—— SWCNT-CuO (9=5%)

1
g
U B

L 1 | N N A |
%000 6000 8000 10000 12000 14000
Reynolds number (Re)

Figure 9 Heat transfer coefficient as a function of Reynolds number for various
concentrations of hybrid nanofluid.

Figure 10 demonstrates the outlet temperature in terms of Reynolds number at different volume
concentrations of hybrid nanofluids for the collector with a 10-blade turbulator. As the Reynolds
number enhanced, the outlet temperature reduced but at a constant value of the Reynolds number,
the outlet temperature increased with the volume concentration of nanoparticles. Raising the
volume concentration of nanofluid improves its thermal conductivity, leading to increased energy
exchange via molecular diffusion. Nonetheless, at higher inlet velocities, the reduced duration of
heat transfer between the working fluid and hot surface causes a decline in outlet temperature,
despite the higher heat transfer coefficient achieved at higher Reynolds numbers.

ST —— Base
- —@— SWCNT-CuO (9=1%)
s E- —@®— SWCNT-CuO (p=3%)
——p—— SWCNT-CuO (9=5%)
3055 -
[-*]
1
2
= 3051
P
o i
2
£ s0usf
=~
R
-~
5 304
© i
3035

3 el L 1 IR | (- !
03000 6000 8000 10000 12000 14000

Reynolds number (Re)

Figure 10 Variation of outlet temperature with Reynolds number for various
concentrations of hybrid nanofluid.
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Figure 11 depicts the variation in pressure drop with Reynolds number for different volume
concentrations of hybrid nanofluid in a collector equipped with a 10-blade turbulator. At consistent
Reynolds numbers, pressure drop increases with higher volume concentrations. This effect is
attributed to increased nanofluid viscosity due to volume concentration. The maximum pressure
drop change is observed to be 44% at a Reynolds number of 5000 and a volume fraction of 5%,
compared to the base fluid.

100
—— Base
0l —&— SWCNT-CuO (9=1%)
@ SWCNT-CuO (9=3%)
80 B ——Pp—— SWCNT-CuO (¢=5%)
& N
S’
g
= 60
]
2
= S0
w
w
2
& 4F
30~
20 -
1 = | = | =1 f—g=—] L
-?000 6000 8000 10000 12000 14000

Reynolds number (Re)
Figure 11 Pressure drop as a function of Reynolds number for various turbulators.

In Figure 12, the changes in Performance Evaluation Criteria (PEC) with Reynolds number are
shown for various volume concentrations of nanoparticles in a collector featuring a 10-blade
turbulator. As the Reynolds number increases, there are cases where the PEC (Performance
Evaluation Criterion) increases, while in others, it decreases. This fluctuation is attributed to the
simultaneous effects of two factors: the augmentation of bulk motion in the nanofluid and the rise
in shear stress resulting from an increase in velocity gradient due to higher Reynolds numbers. The
increase in Reynolds number generally leads to enhanced heat transfer coefficients but also results
in heightened friction coefficients, contributing to the fluctuation in the PEC.

@ Base B SWCNT-CuO (phi=1%)
BESWCNT-CuO (phi=3%)  BESWCNT-CuO (phi=5%)

1.6
1.4

. - [121] [1.16]
.o
0.8
0.6
0.4
0.2
0
5000

10000 12500
Reynolds number

Performance evaluation criteria
(PEC)

Figure 12 Pressure drop as a function of Reynolds number for various turbulators.
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Moreover, with increasing volume concentration of nanoparticles, the PEC improves across all
Reynolds numbers. This improvement is due to the heightened thermal conductivity and viscosity
of the nanofluid resulting from the increased volume concentration. In this study, the positive
impact of enhanced thermal conductivity outweighs the negative impact of increased dynamic
viscosity, resulting in an overall enhancement of the PEC with volume concentration.

5. Conclusions

This study comprehensively investigated the thermal-hydraulic performance of parabolic trough
collectors (PTCs) enhanced with three configurations of fin-spiral turbulators (4, 7, and 10 blades)
and water-based nanofluids, including single-walled carbon nanotubes (SWCNT), cupric oxide (CuO),
and a hybrid SWCNT-CuO composition. Simulations were performed for Reynolds numbers ranging
from 5000 to 12,500 and nanofluid volume concentrations of 1%, 3%, and 5%.

The key findings are as follows:

e The inclusion of turbulators significantly enhanced heat transfer. Specifically, the 10-blade

turbulator achieved a 12.25% improvement in the heat transfer coefficient compared to a
plain tube, while the 7-blade and 4-blade turbulators showed improvements of 9.8% and 6.7%,
respectively.

e Among the tested nanofluids, the hybrid SWCNT-CuO/water demonstrated superior thermal
performance, with a 24.8% increase in thermal conductivity compared to the base fluid and
an 8.5% improvement over CuO/water.

e The maximum pressure drop occurred with the hybrid nanofluid at 5% volume concentration,
showing an increase of 44% compared to the base fluid. Despite this, the Performance
Evaluation Criterion (PEC) for the hybrid nanofluid improved by 15.6% compared to
CuO/water, highlighting its efficiency in balancing heat transfer enhancement with flow
resistance.

The novelty of this study lies in the combined application of fin-spiral turbulators and hybrid
nanofluids, which has not been extensively explored in the literature. The findings contribute to
advancing the design of PTCs by demonstrating a hybrid approach that simultaneously enhances
thermal efficiency and system performance. This work provides valuable insights for optimizing PTC
systems and offers a foundation for future research on integrating advanced geometries and
nanofluids to further improve solar thermal systems.

6. Future Research Work

While this study offers significant insights into the thermal-hydraulic performance of parabolic
trough collectors (PTCs) enhanced with fin-spiral turbulators and hybrid nanofluids, certain
limitations should be acknowledged. The numerical simulations, based on the Standard k-¢
turbulence model, require further experimental validation to confirm the findings under varying
operating conditions. Additionally, the long-term stability and dispersion characteristics of the
hybrid SWCNT-CuO nanofluid were assumed and should be experimentally verified to address issues
like sedimentation and thermal degradation. Although pressure drop effects were analyzed, a
detailed cost analysis of implementing hybrid nanofluids and advanced turbulators in PTC systems
was not included and should be explored in future studies. Furthermore, the turbulator
configurations analyzed were limited to specific geometries, and investigating alternative designs,
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such as twisted or perforated turbulators, could provide additional optimization opportunities.
Similarly, only three nanofluid compositions were evaluated, highlighting the need to explore other
hybrid nanofluids with varying ratios or nanoparticles. To address these limitations, future research
should focus on experimental validation of the numerical results, transient simulations under
dynamic operating conditions, and the use of advanced turbulence models like Large Eddy
Simulation (LES) for improved accuracy. Additionally, economic and environmental impacts of these
enhancements should be assessed, along with the integration of optimized PTCs with thermal
energy storage systems to further improve energy efficiency.

Nomenclature

\n§§@bb~§’3mw‘:e:ﬂw»§b

density

heat capacity

thermal conductivity
pressure

temperature

velocity

Nanoparticle concentration
Viscosity

Turbulent kinetic energy
Turbulence dissipation
source term

length

diameter

heat flux

Nusselt number
Reynolds number
Friction factor

Abbreviations

(kg/m?3)
(kJ/kg.K)
(W/m.K)
(N/m?)
(K)
(m/s)
(Pa.s)
(J/kg)
(J/kg.s)
(W/m?)
(m)

(m)
(W/m?)

PTC parabolic trough collector
HTC heat transfer coefficient
TKE turbulence kinetic energy
UDF user-defined function
PEC performance evaluation criterion
ANU average Nusselt number
SWCNT Single-wall carbon nanotubes
PV photovoltaic

Subscripts
f base fluid
nf  nanofluid
hnf hybrid nanofluid
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S

solid particle
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