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Abstract:

This study comprehensively explores the application of thermal nanofluids in enhancing the performance
of solar parabolic trough collectors through advanced computational modeling techniques. Specifically, the
research employs the Large Eddy Simulation (LES) model to investigate heat transfer dynamics, focusing on
the interplay between fluid flow characteristics and thermal energy distribution. The analysis examines the
influence of varying porous fin heights on the flow structure and heat transfer behavior under a wide range of
Reynolds numbers (40,000 —450,000) and a fixed Prandtl number of 0.7. Key results indicate that increasing
the height of the porous fins significantly improves the overall heat transfer efficiency, as evidenced by an
enhancement in the Nusselt number. Additionally, the findings reveal a corresponding increase in the tube
friction coefficient, which is essential for understanding the trade-offs between thermal performance and flow
resistance. These insights underscore the potential of optimized fin geometries and nanofluid applications in
advancing the efficiency of solar thermal power systems.
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1. Introduction

Solar energy is an abundant and promising resource capa-
ble of meeting a substantial share of global energy needs
[1-3]. Despite extensive research on solar energy appli-
cations in solar thermal technologies, further studies are
essential to address the challenges and limitations inherent
in these systems [4—7]. Solar concentrators play a crucial
role in converting solar energy into high-temperature heat
for solar thermal energy technologies [§—10]. Among con-
centrated solar energy technologies, the Parabolic Trough
Solar Collector (PTC) stands out as the most established and
straightforward option, capable of achieving temperatures
up to 400 °C using thermal oils [11] and 550 °C with molten
salts [12]. PTCs leverage advanced materials with unique
bonding characteristics and surface properties to enhance
the efficiency of solar energy conversion into heat. This
integration of molecular interactions, material properties,
and energy optimization bridges multiple research domains

[13, 14].

Scholars have developed various analytical models to op-
timize the thermal efficiency of PTCs. Ouagued [15] in-
troduced a one-dimensional (1-D) model that incorporated
the role of working oil by dividing the Heat Collection Ele-
ment (HCE) into sections. Expanding this concept, Padilla
[16] derived control equations for the glass, fluid, and ab-
sorber components, which led to the development of one-
dimensional and two-dimensional (2-D) models [17]. The
key distinction lies in the segmentation of the receiver into
multiple segments along the PTC’s length in the 2-D ap-
proach compared to the 1-D approach. Discussions on
these models address assumptions, constraints, enhance-
ment strategies, and physical parameters.

Kalogirou [18] examined heat transfer through the glass
cover and absorber pipe, while Odeh [19] evaluated the col-
lector’s efficiency based on the temperature of the absorber
wall and the working fluids. Kassem [20] suggested that
heat transfer could be optimized by adjusting eccentricity
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based on studies of natural convection heat transfer between
the absorber and glass envelope. Gong [21] refined the 1-D
model by integrating it with a three-dimensional (3-D) end
model, achieving strong empirical correlation. Lu [22] pro-
posed a non-uniform model that divided the absorber and
glass into regions with varying temperatures, employing the
Monte Carlo Ray Trace and Finite Volume Method (FVM)
[23] to analyze heat transfer dynamics. Cheng [24] identi-
fied non-uniform temperature distribution as a critical factor
leading to system failure.

In solar energy applications, particularly in PTC systems,
advanced materials enhance energy capture and conversion
efficiency. Metal-based nanomaterials like nano-ZnO and
gold nanocomposites offer potential improvements in cat-
alytic processes for solar energy harvesting and thermal
storage. Efficient catalyst development also reduces energy
input for chemical processes, aligning them with sustainable
solar-driven operations. Furthermore, integrating chemical
mechanisms for organic synthesis into solar-driven reactors
can enable environmentally-friendly production processes
[25-27].

The principal aim of these models is to maximize PTC
performance. However, computational duration poses a sig-
nificant challenge in testing procedures. Numerical meth-
ods, such as Computational Fluid Dynamics (CFD), often
require extended periods to complete, driving researchers
toward simpler, faster, and more precise analytical models.
Cheng et al. [28] developed a model to examine non-
uniform temperature distribution within the receiver and
inconsistent solar flux incidence by dividing the setup into
distinct dormant and linear regions. Huang et al. [29] pro-
posed a model evaluating optical efficiency based on light
distribution from reflective points. Behar et al. [30] ex-
plored tracking modes’ effects on thermal efficiency, recom-
mending north-south and east-west orientations as optimal.
Ratzel et al. [31] created models addressing heat dissipation
through the receiver’s annular space, pinpointing conduc-
tion and convection as primary contributors and suggesting
solutions like using low-conductivity glass and widening
the annular gap.

PTCs concentrate direct solar radiation along their focal
axis to significantly increase the temperature of heat trans-
fer fluids. A PTC system comprises a parabolic reflector
that directs solar radiation onto a linear receiver at its focal
point, with solar tracking ensuring precise alignment. The
working fluid absorbs concentrated heat while circulating
through the receiver. Factors such as fluid velocity, internal
heat gain, geometric concentration ratio, and surface heat
loss impact the system’s efficiency [32]. The receiver de-
sign plays a vital role in overall performance. Studies on
enhancing PTC efficiency span 1-D, 2-D, and 3-D analy-
ses, employing CFD techniques like finite volume method,
boundary element method (BEM), finite element method
(FEM), and finite difference method (FDM) [33].

Shuai et al. [34] utilized FEM and Monte Carlo ray tracing
(MCRT) to model PTCs performance, revealing that radial
stresses were minimum compared to axial stress. They
observed that stainless steel and SiC exhibit higher radial
stresses and temperature gradients than Cu and Al. Their
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findings also suggested that thermal stress could be reduced
by 46.6% by using eccentric tube receivers. Tripathy et al.
[35] investigated the material impact on a PTC absorber
tube using FVM, concluding that the heat transfer rate was
unaffected by the absorber tube material. They discovered
that Cu-Al-SiC-Fe and Cu-Fe composites could reduce max-
imum deflection by 45 —49% and 7 — 15%, respectively, in
comparison to steel. Kassem [36] applied FDM to estimate
the convective heat transfer rate in the annulus between
the glass cover and receiver of a parabolic-cylindrical solar
collector, deducing that optimal eccentricity selection could
enhance heat transfer and decrease the local Nusselt number
with increased eccentricity.

Kumar et al. [37] examined the receiver tube alongside
porous discs within a linear solar parabolic trough collec-
tor, assessing the influence of receiver design, solar radi-
ation concentration, and thermic fluid properties on heat
collection. They reported that a receiver featuring a top
porous disc configuration (where (w = di), (H = 0.5d1i),
and (h = 30)) exhibited superior heat transfer capabilities,
improving by approximately 64.3% with a pressure drop
of 457 Pa compared to a standard tubular receiver. They
also noted a significant enhancement in system performance
due to the incorporation of porous media in tubular solar
receivers.

Gunes et al. [38] conducted experimental research on
pressure drop and heat transfer in a turbulent flow regime
through a tube fitted with coiled wire inserts. Their studies
indicated that coiled wire inserts markedly increase pressure
drop and heat transfer compared to smooth tubes. Addi-
tionally, they found that the Nusselt number improved with
thicker wires, higher Reynolds numbers, and lower pitch
ratios. The most efficient overall enhancement, at 36.5%,
was achieved with a wire characterized by (P/D = 1) and
(a/D = 0.0892) at a Reynolds number of 3858.

Bellos et al. [39] posited that employing nanofluids, inter-
nal fins, and a combination of both could boost thermal
efficiency by 0.76%, 1.10%, and 1.54%, respectively. In
subsequent research, Bellos et al. [40] explored the effects
of reflective shields and internal longitudinal fins. They
found that internal fins consistently yield thermal gains,
while radiant shields prove beneficial at elevated tempera-
tures.

Traditional PTCs focus solar radiation at the absorber base
of tube, leading to deformation, thermal stress, and high
temperatures. Norouzi et al. [41] suggested rotating the ab-
sorber tube at a specific frequency to mitigate high surface
temperatures and enhance solar energy absorption. They
also experimental a nanofluid (Al,O3-Therminol) as the
heat transfer fluid. Their proposed 2D-transient model of
PTCs, along with 3-D steady laminar numerical simulations
showed that aluminium is the optimal material for the ab-
sorber tube, yielding an output temperature approximately
16 K higher—nearly 5% more than steel. This approach
also resulted in a more uniform surface temperature distri-
bution and improved the collector’s thermal efficiency.
Increasing the effective heat transfer surface area is a com-
mon and effective strategy to enhance heat transfer, though
it may increase pressure drop. Guidance fins and porous
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media are potent methods to augment the effective surface
area and thus heat transfer [41]. Rashidi et al. [42] pro-
vided a thorough review of porous material applications in
solar energy systems. At the same time, other studies have
considered gradient porous properties to boost heat transfer
with minimal pressure losses [43—45].

Viswanathan et al. [46] investigated turbulent flow in a
fixed finned tube with a 180° bend using numerical methods,
comparing the Detached Eddy Simulation (DES) model re-
sults with those of the Large Eddy Simulation (LES) model
and experimental data. The DES model demonstrated a
reasonable error margin relative to the LES model’s numer-
ical and experimental outcomes, also significantly reducing
computation time. The study by Ray et al. [47] explored
the influence of inlet temperature of the heat transfer fluid
(HTF) and wind velocity on the performance of a parabolic
trough solar collector receiver. They observed that as the
inlet temperature increased from 363 °K to 663 °K, the cir-
cumferential temperature difference (AT;) decreased from
30.49 °K to 17.08 °K, while the thermal efficiency of the
receiver declined by 6.45%. Moreover, an increase in wind
velocity over the receiver’s glass cover, from 0.5 m/s to 5
m/s, led to an 8.59% reduction in the glass cover’s peak
temperature.

Asish Sarangi et al. [48] reviewed various working fluids
utilized in the receiver tube of parabolic trough solar col-
lectors, focusing on the stability, manufacturing techniques,
and impacts of hybrid nanofluids on the thermal properties
of PTSCs. Hybrid nanofluids and conventional nanoflu-
ids were identified as potential options for enhancing the
thermal and optical properties of PTSCs. Their findings
indicated that metal oxide hybrid nanofluids demonstrated
superior efficiency in improving thermal conductivity and
heat transfer compared to oxide nanofluids. This research
provides valuable guidance for scientists and manufacturers
in selecting suitable working fluids for PTSC applications.
Yanjuan Wang et al. [49] analyzed the performance of a
parabolic trough solar collector (PTC) under non-uniform
solar flux conditions using numerical methods such as solar
ray tracing (SRT) and finite element modeling (FEM). Their
findings revealed that the circumferential temperature differ-
ence (CTD) of the absorber decreased with increasing inlet
temperatures and fluid velocities but rose with higher direct
normal irradiance (DNI). For inlet velocities of 1.00 —4.00
m/s, DNIs ranging from 500 — 1250 W/m?, and inlet tem-
peratures between 373 °K and 673 °K, the CTD ranged
from 22 °K to 94 °K. Additionally, thermal stress and defor-
mation were found to be more pronounced in the absorber
than in the glass cover. These insights contribute to optimiz-
ing PTC designs for solar thermal power plants in China.
Yu Qiu et al. [50] investigated the thermal performance
and heat transfer characteristics of a parabolic trough solar
collector using supercritical CO, (s-CO;) as the HTF under
non-uniform solar flux. Their study applied a detailed three-
dimensional Monte Carlo ray tracing (MCRT) and finite
volume method (FVM) model to analyze energy transfer in
the collector. Two typical conditions for the s-CO, Bray-
ton and Rankine cycles were examined, offering critical
insights into the application of s-CO; in enhancing PTC
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performance.

This research employs computational modeling to examine
the use of thermal nanofluids in a solar parabolic trough col-
lector. Turbulent fins, which are a type of extended surface,
enhance the heat transfer coefficient and Nusselt number
for fluid flow within the tube. Additionally, they help to
lower the pressure drop and drag force on the tube compared
to plain or perforated fins. Despite advancements in solar
thermal systems, limited studies address the combined influ-
ence of nanofluids and innovative fin geometries on thermal
and flow performance in parabolic trough collectors. This
study bridges this research gap by numerically analyzing
the geometry of turbulent fins and their effects on flow and
heat transfer characteristics. The novelty of the work lies in
its focus on integrating thermal nanofluids with optimized
fin designs to achieve superior heat transfer efficiency and
reduced flow resistance. The findings provide valuable in-
sights for the design and optimization of parabolic trough
solar collector receiver tubes equipped with these advanced
fin configurations.

2. Materials and methods

Fig. 1 illustrates the detailed geometry of the solar collec-
tor, emphasizing the strategic arrangement of trapezoidal
fins designed to enhance heat transfer performance. The
collector’s configuration includes a total of 84 trapezoidal
fins, evenly distributed in three rows, each consisting of
28 fins. The precise spacing of 66 mm between adjacent
fins has been carefully selected to strike an optimal balance
between maximizing thermal performance and minimizing
pressure drop within the system. This systematic arrange-
ment ensures efficient absorption and transfer of solar en-
ergy, thereby improving the overall thermal efficiency of
the collector.

The schematic also highlights the integration of the fins with
the absorber tube, showcasing how their geometry plays
a pivotal role in enhancing the flow dynamics of the heat
transfer fluid (HTF). By increasing the surface area for heat
exchange and promoting turbulence in the fluid flow, these
fins contribute significantly to the augmentation of the heat
transfer coefficient and the reduction of thermal resistance.
This layout not only facilitates effective heat dissipation but
also addresses challenges associated with pressure losses,
ensuring reliable and efficient operation of the solar collec-
tor.

The large eddy simulation is used in this study. The govern-
ing continuity, momentum, and energy equation is written
as [51].

8 N1 —
ij(puj) =0 (D
o __ . P 0 _ - 1. -
ij(P“i”j) = Tox + ij(z(“anFHSGS)[Sij - gaijskk])
5 ()
d .- DP 9 Wy [scs, oh
ij(P”Jh) = Ft—k&ixj(( pr P )gj) 3

The modeling was carried out symmetrically due to the
symmetrical shape of the solar collector, which is a cylinder
with a length of 2 m. The walls into which the heat flux
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Figure 1. Geometry of solar collector with fins.

enters were divided into two parts. The upper surface is
directly heated by radiation, but the heat flux of the lower
surface is due to radiation caused by reflection.

The physical characteristics of the working fluid (water)
were considered. The inlet velocity perpendicular to the
surface is one of the boundary conditions of the inlet flow.
The walls have a no-slip condition. A constant heat flux was
considered to simulate the heating elements on the walls.
The effect of wall roughness has been ignored due to the
insignificance of wall roughness compared to the presence
of fin.

In the lower half of the receiver, the distribution of uniform
heat flux is:

D g<o<00<r<2 @

q" =I,Cr, r= >

In the upper half of the receiver, the uniform heat flux dis-
tribution is:

L0<0<90,0<L<2 5)

where Cy, is the concentration ratio of the concentrator, I,
is the concentrated beam intensity, I, is the intensity of the
sun’s radiation, A, is the collector receiver area, and Ap is

the collector concentrator area.
The friction coefficient of the tubes with solid and porous
fins was calculated from Eq. (7).

Ap. D
pUz/2 L

f= (6

where Ap, is the effective pressure drop and it is obtained
from Eq. (7) in straight-finned tubes:

1 1
Ape = Din — Pour + EpUz%z - Eonzut (N

Uin = Uput
Egs. (8) and (9) express the changes in the pressure drop
and overall heat transfer coefficient in various mass fluxes
for the tube with a porous trapezoidal fin.

i

q

g = ————— (®)
" Twall_Tnf
h,rD
Nu= ';{f < 9)
nf

Finally, the thermal performance factor (TPF) represents the
parameter that summarizes the thermal improvement and
increases in pressure drop compared to the reference case
(smooth model) and provides details about the net energy
gain of the system. This factor can be written as follows
TPF = (1) (L0}

(7 (10)
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Table 1. Geometric parameters of the receiver and fin.

Receiver inside diameter (mm) D =66
Receiver length (mm) L =2000
Square fin thickness (mm) W=4
Distance between two fins (mm) P =66
Trapezoidal shape fin (top and bottom thickness ratio) A = 0.25

Table 2. Characteristics of working fluid, solid fins and nanoparticles.

5/14

Property Working fluid ~ Solid fin  Nanoparticle (Al,O3)
Density (kg/m?) 938 8027 3970
Specific heat (J/kg K) 1970 500 765
Thermal conductivity (W/m K) 0.118 20 40
Viscosity (N s/mz) 0.000486 - -
Table 3. Properties of the porous fins.

Property Porous fin

Porosity ¢ =0.37

Permeability K,=29x1071°

The geometric parameters of the receiver, the characteristics
of the solid fin and the working fluid, as well as the proper-
ties of the porous fin, are given in Tables 1-3, respectively.

Grid independence

Using an index known as LES;g; presented by Pope [52]
and validation in other studies [53, 54], the solution grid
independency was examined, demonstrated as:

kr@S

LESiok = 17

(1)
Regarding the equations, k** denotes the resolved kinetic
energy, while k' represents the overall kinetic energy. Pre-
vious studies have suggested that for high Reynolds num-
bers flows, an appropriate range could be between 75% and
85% [42]. To determine a cost-effective and optimal mesh
configuration, different grid sizes were evaluated. For hav-
ing an affordable and precise grid, various cell numbers
have been examined and finally, the cell number of about
1528000 is chosen. In geometry with this number of cells
LES[Qk is 0.91.

Validation

To verify the validity of the derived scientific model and
the precision of the numerical outputs in the present study,
it is necessary to correlate the previously reported results.
In this research, the results of Reddy et al. [27] were used.
The changes of Nusselt number in different mass flow rate
for solid and porous trapezoidal tubes and comparison with
numerical work of Reddy et al. can be seen in Figs. 2 and 3.
The supreme variation between the results is less than 8%.
Therefore, the current numerical procedure can capture the
valid results.

1500,
1200F ?
900 L4
= [
A
600 2
L & _
300 A Solid fin {Reddy etal.)
L ’ B Solid fin {Present study)
-|||||..||||||.|||||||..|]_|||||.|||
% 7

L
1 Mass flg'n' mdte (k%fs} §

Figure 2. Comparison of overall Nusselt number in different mass flow
rate of solid trapezoidal tube with numerical results of Reddy et al.[13].

3. Results and discussion

3.1 Effect of fin height on the tube cross-section
3.1.1 Pressure contour

Figure 4 presents the pressure contours obtained from a 3D
simulation at a Reynolds number of 400,000 for trapezoidal
finned tubes with varying fin heights of 4 mm, 8 mm, and
12 mm. The data reveal that as fin height increases, the
wall’s resistance to flow along the tube also increases. This
elevated resistance causes intensified flow turbulence and
greater energy dissipation, which ultimately results in a
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Figure 3. Comparison of overall Nusselt number in different mass flow
rate of porous trapezoidal tube with numerical results of Reddy et al.[27].

higher pressure drop across the tube.
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Figure 4. Comparison of pressure contours in 3D simulation at Reynolds
400,000 for trapezoidal finned tubes with heights of 4, 8, and 12 mm.

Extended analysis:

1. Flow Resistance: Taller fins significantly increase the
surface area interacting with the fluid flow. This leads
to higher flow resistance, as the fins impede the move-
ment of fluid more effectively compared to shorter fins.
The added resistance impacts the velocity profiles and
flow stability within the tube.

2. Turbulence and Energy Dissipation: The enhanced fin
height promotes turbulence, which plays a key role in
improving heat transfer efficiency. However, it also in-
creases energy dissipation, as turbulent flows consume
more energy to sustain their movement. This rela-
tionship demonstrates the dual effect of fins-beneficial
for heat transfer but challenging in terms of energy
efficiency.

3. Pressure Drop: The combined impact of increased
flow resistance and heightened turbulence culminates
in a significantly greater pressure drop across the tube.
This rise in pressure drop is a critical factor in the over-
all system design, as it affects the operational energy
requirements and flow behavior.

Jamali & Hajialigol

These findings hold substantial importance for optimizing
the receiver tube design in parabolic trough solar collectors.
They underscore the trade-offs between enhanced thermal
performance due to improved heat transfer and the increased
pressure drop that accompanies fin modifications. A com-
prehensive understanding of these dynamics is essential for
developing receiver systems that achieve an optimal balance
between energy efficiency, thermal performance, and opera-
tional feasibility. Researchers and engineers can leverage
this knowledge to refine designs and choose fin dimensions
that align with specific application needs, ensuring sustain-
able and cost-effective solutions for solar thermal energy
systems.

3.1.2 Velocity contour

Figure 5 illustrates the contours of the absolute value of
velocity obtained from a 3D simulation at a Reynolds
number of 400,000 for trapezoidal finned tubes with fin
heights of 4 mm, 8 mm, and 12 mm. The simulation
reveals that as the fin height increases, the boundary layer
grows thicker, significantly influencing fluid flow dynamics
within the tube and leading to a noticeable reduction in the
velocity of the fluid.

Velocity Magnitude(m/s)

fine3,hadmm
fin=3,h=gmm L ——
3 o ey e e e e e
S ——
fin=3,h=12mm S — _—

Figure 5. Comparison of contours of the absolute value of the velocity at
Reynolds 400,000 for trapezoidal finned tubes with heights of 4, 8 and 12
mm.

Extended observations:

1. Boundary Layer Development: The increase in fin
height results in a more substantial expansion of the
boundary layer. This phenomenon alters the flow char-
acteristics by creating regions of slower-moving fluid
near the surface of the fins, impacting the stability and
uniformity of flow throughout the tube.

2. Velocity Reduction: As the boundary layer thickens,
the velocity of the fluid decreases due to increased
interaction between the fluid and the larger surface
area of the fins. This heightened frictional resistance
slows down the fluid, affecting its overall momentum
and flow efficiency.

3. Impact on Flow Dynamics and Heat Transfer: While
the reduction in fluid velocity may challenge flow ef-
ficiency, the presence of taller fins contributes to en-
hanced turbulence within the boundary layer. This
turbulence can improve heat transfer rates by encour-
aging more vigorous interaction between the fluid and
the finned surfaces.
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4. Trade-Offs and System Optimization: These findings
underscore the importance of fin geometry in balanc-
ing the performance metrics of parabolic trough solar
collector systems. Taller fins promote better heat trans-
fer but also increase flow resistance, which must be
carefully managed to prevent excessive energy loss
and ensure optimal system operation.

Understanding these fluid dynamics and their implications
for heat transfer is vital for designing efficient receiver tubes
in parabolic trough solar collectors. By tailoring fin dimen-
sions to align with specific operational requirements, en-
gineers and researchers can achieve a balanced approach
that maximizes thermal efficiency while minimizing energy
consumption and fluid flow resistance. These insights pave
the way for advancements in solar thermal technologies and
sustainable energy systems.

3.1.3 Heat transfer and pressure drop

Figure 6 illustrates the impact of increasing fin height in
the tube cross-section on the overall heat transfer coeffi-
cient across the tube at various Reynolds numbers (460,000,
380,000, 310,000, 230,000, 150,000, 80,000, and 60,000).
The results demonstrate a significant interplay between fin
geometry, flow behavior, and thermal performance. As the
fin height increases, the fluid reaches and interacts with
taller fins, resulting in the formation of larger longitudinal
vortices within the flow. These vortices enhance the mixing
of fluid layers, which is crucial for improving heat trans-
fer performance. The stronger secondary flows generated
around taller fins contribute to a noticeable rise in the overall
heat transfer coefficient, making the system more efficient
in transferring thermal energy. However, this improvement
in heat transfer comes with trade-offs. The increased fin
height leads to a greater resistance to fluid flow along the
tube. This resistance is caused by the larger surface area
of the fins, which interacts more extensively with the fluid
and creates additional friction. The enhanced interaction
not only impedes the flow but also induces higher levels of
turbulence and energy dissipation within the system.
Consequently, these factors collectively result in a signif-
icant increase in the pressure drop within the tube. The
greater energy required to overcome flow resistance must
be carefully accounted for when designing such systems, as
excessive pressure drops can lead to higher operational costs
and reduced overall efficiency. These findings highlight the
dual effects of increasing fin height: enhanced heat trans-
fer efficiency due to improved fluid mixing and turbulence,
balanced against the drawbacks of higher flow resistance
and pressure loss. By analyzing the relationship between
fin height, heat transfer, and pressure drop, engineers and
researchers can optimize the design of receiver tubes for
parabolic trough solar collectors. Such optimization aims
to maximize thermal performance while minimizing energy
consumption, ensuring a balanced and efficient system for
renewable energy applications. This comprehensive un-
derstanding provides valuable insights into the trade-offs
inherent in fin geometry adjustments, guiding the develop-
ment of more sustainable and effective thermal systems.
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Figure 6. Comparison of heat transfer coefficient in porous trapezoidal
finned tubes with heights of 4, 8, and 12 mm at different Reynolds numbers.

3.1.4 Overall Nusselt number

Figure 7 illustrates the variation of the overall Nusselt num-
ber at different Reynolds numbers for trapezoidal finned
tubes with fin heights of 4 mm, 8§ mm, and 12 mm. The
results indicate that as the Reynolds number increases, the
secondary flows intensify, resulting in stronger longitudinal
vortices within the flow. These vortices significantly en-
hance the mixing of fluid layers, improving the heat transfer
process and leading to a corresponding rise in the Nusselt
number. This highlights the critical role of secondary flow
dynamics in optimizing the thermal performance of finned
tube systems. Notably, at the start of the tube, the heat trans-
fer coefficient is exceptionally high due to the pronounced
temperature gradient between the fluid and the tube wall.
However, as the fluid moves along the tube, the thermal
boundary layer gradually develops and thickens. This thick-
ened boundary layer acts as a thermal resistance, reducing
the temperature gradient and subsequently causing a de-
cline in the heat transfer coefficient. This phenomenon is
reflected in the slope of the Nusselt plot, which becomes
less steep as the Reynolds number increases. Additionally,
the results reveal the interplay between fin height and ther-
mal performance. Taller fins provide larger surface areas
for heat exchange, which enhances heat transfer efficiency.
However, they also introduce greater flow resistance, which
can impact overall fluid dynamics. The interplay between
these factors emphasizes the importance of selecting appro-
priate fin dimensions to balance heat transfer performance
and flow resistance effectively.

As the fin height increases, the interaction between the fluid
and the finned surfaces becomes more pronounced, lead-
ing to the emergence of stronger secondary flows. These
secondary flows, characterized by turbulent and irregular
movements of fluid particles, play a crucial role in enhanc-
ing the heat transfer process. The turbulence promotes
efficient mixing of the fluid layers, reducing thermal resis-
tance and facilitating greater energy transfer from the heated
surface to the fluid. Consequently, the overall Nusselt num-
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Figure 7. The overall Nusselt number for trapezoidal finned tubes with
heights of 4, 8, and 12 mm at different Reynolds numbers.

ber experiences a significant rise, reflecting improved heat
transfer performance. Additionally, the increased fin height
creates larger surface areas for heat exchange, further ampli-
fying the impact of the secondary flows on the heat transfer
mechanism. The combined effects of intensified turbulence,
enhanced fluid mixing, and greater surface interaction col-
lectively result in a notable improvement in the thermal
efficiency of the system. However, it is also important to
recognize the trade-offs associated with these effects. While
taller fins lead to better heat transfer and higher Nusselt num-
bers, they also contribute to increased flow resistance within
the tube. This heightened resistance can lead to greater
energy dissipation and a higher pressure drop, which must
be accounted for when designing efficient systems. By care-
fully balancing fin height with operational requirements,
it is possible to optimize both heat transfer performance
and system efficiency. These findings underscore the impor-
tance of understanding the interplay between fin geometry,
secondary flow dynamics, and thermal properties in engi-
neering applications.

3.1.5 Overall friction coefficient

Figure 8 illustrates the variation in the friction coefficient
for three trapezoidal finned tubes with fin heights of 4 mm,
8 mm, and 12 mm at different Reynolds numbers. The
analysis reveals a notable relationship between Reynolds
number, fin height, and flow dynamics within the tubes.
As the Reynolds number increases, the friction coefficient
decreases significantly. This reduction can be attributed
to the diminishing influence of wall and viscosity effects
on the fluid flow. Higher Reynolds numbers correspond to
more turbulent flows, where inertial forces dominate over
viscous forces, thereby reducing the impact of viscosity
and wall friction on the overall flow resistance. This phe-
nomenon highlights the dynamic nature of fluid behavior as
velocity increases. On the other hand, increasing the height
of the fins introduces a more complex interaction between
the flow and tube walls. Taller fins enhance surface area

Jamali & Hajialigol

and intensify flow turbulence, leading to greater dissipa-
tion and resistance. Consequently, the friction coefficient
increases as fin height increases, reflecting the enhanced
influence of wall and viscosity effects. This underscores
the trade-offs between enhanced heat transfer and increased
flow resistance when modifying fin geometry. Additionally,
when Reynolds number is elevated across all three tubes, the
viscosity effects diminish further, resulting in a consistent
decrease in the friction coefficient. The gradual decline in
viscous dominance at higher flow rates enhances flow effi-
ciency but requires careful consideration of energy loss due
to turbulence and resistance in the system. These findings
emphasize the importance of understanding the interplay
between Reynolds number, fin height, and fluid dynamics
in optimizing the design of thermal systems. By tailoring
fin geometry to specific operating conditions, engineers and
researchers can achieve a balanced approach that maximizes
heat transfer efficiency while minimizing pressure loss and
flow resistance.
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Figure 8. The friction coefficient for three trapezoidal finned tubes with
heights of 4, 8, and 12 mm at different Reynolds numbers.

3.2 Effect of the fin number on the tube cross-section
3.2.1 Pressure contour

Figure 9 depicts the pressure contours obtained from a 3D
simulation at a Reynolds number of 400,000 for trapezoidal
finned tubes with varying numbers of fins 3, 6, and 9 fins.
The simulation provides valuable insights into the effect of
fin quantity on flow dynamics and pressure characteristics
within the tube. As the number of fins increases, the inter-
action between the fluid flow and the tube walls becomes
more complex and intense. This increase in fin count sig-
nificantly enhances the resistance of the walls against the
flow along the tube. The added surface area from additional
fins creates more opportunities for the fluid to encounter
obstacles, increasing friction and slowing the flow. This
heightened resistance is closely tied to the emergence and
intensification of secondary flows and turbulence within the
tube. The increased turbulence results in a greater level of
fluid mixing and dissipation of energy. While turbulence
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can be beneficial for improving heat transfer efficiency, it
also contributes to higher energy loss within the system. As
a direct consequence of these combined effects enhanced
resistance, stronger turbulence, and greater dissipation the
pressure drop across the tube rises markedly with the addi-
tion of more fins.

Furthermore, the results emphasize the trade-offs associ-
ated with increasing the number of fins in thermal systems.
While additional fins can enhance thermal performance by
promoting better heat exchange, they also lead to higher
flow resistance and pressure losses, which must be care-
fully managed. Engineers and researchers can use this
information to optimize fin designs, balancing heat transfer
efficiency with energy consumption to achieve the desired
performance for applications such as parabolic trough so-
lar collectors. These findings underline the importance of
understanding the relationship between fin geometry, fluid
dynamics, and pressure characteristics. By tailoring fin
designs to specific operational conditions, systems can be
designed to maximize efficiency while minimizing potential
drawbacks, contributing to more sustainable and effective
solutions in thermal applications.

Static Pressure(pascal]

fin=3 h=demm

fin=6,h=4mm ‘

fin=3h=4mm I_ .

Figure 9. Comparison of pressure contours in 3D simulation at Reynolds
400,000 for trapezoidal finned tubes with fin number of 3, 6, and 9.

3.2.2 Velocity contour

Figure 10 illustrates the contours of the absolute value of
velocity obtained from a 3D simulation at a Reynolds num-
ber of 400,000 for trapezoidal finned tubes with varying
numbers of fins 3, 6, and 9 fins. The results reveal impor-
tant insights into the influence of fin number on boundary
layer development and fluid velocity within the tube. As
the fin number increases, the interaction between the fluid
and the tube walls becomes more pronounced, leading to a
substantial growth in the boundary layer. With more fins,
the surface area exposed to the fluid increases significantly,
creating additional frictional resistance and impacting the
flow dynamics. The thicker boundary layer near the walls
not only alters the velocity profile but also introduces more
regions of slower-moving fluid within the tube. This in-
crease in the boundary layer thickness directly results in
a reduction in fluid velocity. The additional fins impose
greater resistance on the flow, causing the fluid particles to
move slower. While this reduction in velocity may appear
disadvantageous from a flow efficiency perspective, it also
contributes to enhanced mixing and turbulence within the
boundary layer, which can improve heat transfer in thermal
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Figure 10. Comparison of contours of the absolute value of the velocity at
Reynolds 400,000 for trapezoidal finned tubes with fin number of 3, 6, and
9.

3.2.3 Heat transfer and pressure drop

Figure 11 provides a detailed representation of the impact
of increasing the number of fins in the tube cross-section
on the overall heat transfer coefficient at varying Reynolds
numbers. The results underscore the significant interplay
between fin geometry, flow dynamics, and thermal perfor-
mance within the system. As the number of fins increases,
the collision surface between the fluid and the finned sur-
faces grows, promoting enhanced interactions. This esca-
lation in surface interaction amplifies flow turbulence and
facilitates better mixing of the fluid layers, both of which
are key contributors to improving heat transfer efficiency.
Accordingly, the overall heat transfer coefficient rises, re-
flecting the system’s improved ability to transfer thermal
energy effectively. The increased fin number also promotes
the formation of larger longitudinal vortices within the flow.
These vortices enhance the mixing of fluid in the cross-
sectional area of the tube, further improving heat transfer.
The stronger secondary flows and turbulence induced by
additional fins play a crucial role in augmenting the thermal
performance of the system. However, there are trade-offs
associated with the increase in fin number. The addition
of more fins reduces the cross-sectional area available for
fluid flow, leading to an elevated resistance along the walls
of the tube. This increased wall resistance, combined with
intensified turbulence and dissipation, results in a significant
rise in the pressure drop across the tube. A higher pressure
drop indicates a greater energy requirement to maintain the
flow, which must be carefully managed to prevent excessive
operational costs.

3.2.4 Overall Nusselt number

Figure 12 presents the relationship between the overall Nus-
selt number and Reynolds numbers for trapezoidal finned
tubes with fin counts of 3, 6, and 9. The findings reveal
key trends in thermal performance and flow behavior as
influenced by Reynolds number and fin geometry. As the
Reynolds number increases, the Nusselt number also rises,
indicating improved heat transfer at higher flow velocities.
However, the slope of this increase diminishes with fur-
ther growth in Reynolds number. This behavior suggests
that while the effects of enhanced turbulence continue to
improve heat transfer, the rate of improvement slows as iner-
tial forces begin to dominate over viscous forces, reducing
the overall efficiency gains.
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Figure 11. Comparison of heat transfer coefficient in porous trapezoidal
finned tubes with fin number of 3, 6, and 9 at different Reynolds numbers.
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Figure 12. Comparison of the overall Nusselt number for trapezoidal
finned tubes with fin number of 3, 6 and 9 at different Reynolds numbers.

Furthermore, the results show that the Nusselt number in-
creases with a higher number of fins. The addition of fins
amplifies the available collision surface for fluid interac-
tions, which in turn intensifies the turbulence within the flow.
This heightened turbulence enhances the mixing of fluid
layers, effectively reducing thermal resistance and boosting
heat transfer. As a result, tubes with more fins achieve sig-
nificantly higher Nusselt numbers, demonstrating superior
thermal performance. The increase in the number of fins
also facilitates the formation of stronger secondary flows,
including larger longitudinal vortices. These vortices play a
crucial role in enhancing the fluid mixing process, further
contributing to the improved heat transfer coefficient and
overall Nusselt number. The synergy of increased surface
area, intensified turbulence, and enhanced fluid dynamics
underscores the benefits of using more fins for thermal
optimization. However, it is important to consider the ac-
companying trade-offs. While a greater number of fins
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boost heat transfer efficiency, it also introduces higher flow
resistance and potentially increases pressure drop across
the tube. This emphasizes the need for careful balancing
between thermal performance and flow resistance when
designing such systems.

3.2.5 Overall friction coefficient

Figure 13 illustrates the variation of the friction coefficient
for trapezoidal finned tubes with fin heights of 4 mm, § mm,
and 12 mm across a range of Reynolds numbers. The results
provide valuable insights into the relationship between flow
dynamics, fin geometry, and frictional behavior within the
tube system. As the Reynolds number increases, the fric-
tion coefficient exhibits a consistent downward trend. This
reduction is primarily attributed to the diminishing influ-
ence of wall and viscosity effects on the fluid flow at higher
Reynolds numbers. In such conditions, inertial forces domi-
nate over viscous forces, reducing the relative contribution
of wall friction to the overall resistance. The decrease in
the viscosity effects as the flow transitions toward a more
turbulent regime plays a significant role in lowering the
friction coefficient.

Conversely, as the fin height increases, the friction coeffi-
cient experiences a noticeable rise. Taller fins introduce
a larger surface area for the fluid to interact with, enhanc-
ing the effects of wall resistance and fluid viscosity. The
increased surface area also intensifies energy dissipation
within the flow, particularly due to stronger turbulence and
secondary flow structures induced by the finned geometry.
These factors collectively contribute to the higher friction
coefficient observed with taller fins. Even as Reynolds num-
ber increases for all three fin configurations, the effects of
viscosity and wall interactions continue to diminish. This
is evident in the consistent reduction of the friction coeffi-
cient with higher Reynolds numbers, regardless of fin height.
However, the absolute friction coefficient remains higher
for tubes with taller fins due to their inherently greater wall
resistance and dissipation effects.
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Figure 13. The friction coefficient for three trapezoidal finned tubes with
fin number of 3, 6 and 9 at different Reynolds numbers.

Figure 14 illustrates the variation of the relative Nusselt
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Figure 14. Variation of relative Nusselt number for Al, O3—water nanofluid
at different volume fractions.

number against Reynolds number for Al,O3 nanoparticles
at different volume fractions within the base fluid (water).
The results clearly indicate that the relative Nusselt number
exceeds unity when Al,O3 nanoparticles are introduced to
the base fluid. This enhancement can be attributed to the
significantly improved thermal conductivity of water due to
the presence of these nanoparticles. The inclusion of Al;O3
nanoparticles transforms the base fluid into a nanofluid,
which effectively boosts the heat transfer properties of the
fluid.

The study reveals that employing Al,O3-water nanofluid as
the working fluid within the receiver tube of the collector
enhances the thermal performance of the solar system. This
improvement is due to the superior heat transfer charac-
teristics offered by nanofluids. As the volume fraction of
Al,O3 nanoparticles increases, the relative Nusselt number
also rises. This behavior is a direct result of the added vol-
ume concentration of nanoparticles in the base fluid, which
further enhances the fluid’s thermal conductivity and aug-
ments the Brownian motion of the nanoparticles. These
two factors synergistically elevate the thermal performance
of the nanofluid, making it significantly more effective in
comparison to pure distilled water.

Additionally, the presence of nanoparticles induces micro-
convection effects within the fluid due to their constant mo-
tion, which contributes to breaking down the thermal bound-
ary layer. This mechanism allows for improved energy
transfer between the fluid and the heat-exchanging surfaces.
The combined effects of enhanced thermal conductivity, in-
tensified Brownian motion, and micro-convection result in
the observed increase in the Nusselt number, demonstrat-
ing the superior heat transfer capabilities of Al,Oz-water
nanofluids. These findings underline the importance of op-
timizing the nanoparticle volume fraction in nanofluids to
achieve maximum thermal efficiency in solar systems and
other heat exchange applications. By tailoring the nanoparti-
cle concentration and studying its effects on fluid properties,
engineers and researchers can develop advanced nanoflu-
ids that significantly enhance the performance of thermal
systems, paving the way for more efficient and sustainable
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energy technologies.

Figure 15 illustrates the relationship between the rela-
tive friction factor and Reynolds number for Al,O3z-water
nanofluid at various volume fractions of Al,O3; nanoparti-
cles. The results highlight the significant impact of adding
nanoparticles to pure water on the fluid’s viscosity and over-
all friction factor. In pure water, the viscosity is relatively
low, resulting in a lower friction factor. However, the in-
troduction of Al,O3 nanoparticles increases the viscosity
of the fluid, leading to a relative friction factor greater than
one. This indicates that the nanofluid exhibits a higher
resistance to flow compared to pure water, which can be
attributed to the enhanced interaction between nanoparti-
cles and the base fluid. As shown in figure 15, the rela-
tive friction factor increases steadily with higher volume
fractions of nanoparticles in the fluid. This trend reflects
the combined effects of increased density and viscosity of
the nanofluid. The comparatively higher density of the
nanofluid, resulting from the presence of dispersed nanopar-
ticles, contributes significantly to the rise in friction factor.
Additionally, the enhanced viscosity due to nanoparticle
interactions plays a crucial role in increasing flow resistance
within the tube. The higher volume fraction of nanoparticles
also leads to intensified particle-fluid interactions, which
in turn causes more dissipation of energy within the flow.
This dissipation further contributes to the increased fric-
tion factor observed in nanofluids with greater nanoparticle
concentrations. Overall, these findings emphasize the impor-
tance of understanding the trade-offs associated with using
nanofluids in engineering applications. While the addition
of nanoparticles improves the thermal conductivity and heat
transfer characteristics of the fluid, the accompanying in-
crease in viscosity and friction factor must be considered
to ensure efficient system performance. By carefully opti-
mizing the volume fraction of nanoparticles, engineers and
researchers can balance the benefits of enhanced thermal
performance with the challenges of increased flow resis-
tance, achieving more effective and sustainable designs for
heat exchange and energy systems.
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Figure 15. Variation of relative friction factor for Al,O3 nanofluid across
different volume fractions.
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4. Conclusion

In this study, the performance of heat transfer and turbulent
fluid flow within tubular receivers using nanofluid was com-
prehensively analyzed, providing important insights into the
influence of various design parameters. The key findings of
this research are summarized below:

- The results demonstrated that both the overall Nus-
selt number and the friction coefficient of the tube
increased with an increment in the fin height. This in-
dicates that taller fins enhance heat transfer efficiency
while also increasing flow resistance, emphasizing the
need to balance these competing effects for optimal
system design.

- The computational analysis revealed that the three-
dimensional simulations for tubes with a porous fin
height of 12 mm required substantially more time 2
and 4 times greater compared to tubes with porous fin
heights of 8§ mm and 4 mm, respectively. This increase
in computational time is attributed to the generation
of opposite pressure along the flow direction and the
occurrence of flow separation phenomena, which in-
troduce additional complexity to the simulations.

- Results shows that the relative friction factor for Al,O3-
water nanofluid increases with both Reynolds number
and higher nanoparticle volume fractions. This behav-
ior is due to the enhanced viscosity and density of the
nanofluid, which improve fluid interaction and energy
dissipation, though they also introduce greater flow
resistance that must be optimized for efficient system
performance.

- Itis observed demonstrates that adding Al,O3 nanopar-
ticles to water significantly increases the relative fric-
tion factor due to enhanced viscosity and density, com-
pared to pure water. As the volume fraction of nanopar-
ticles rises, the friction factor steadily grows, reflect-
ing intensified particle-fluid interactions and energy
dissipation, which highlight the trade-offs between
improved thermal performance and increased flow re-
sistance in engineering applications.
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