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Heat transfer enhancementin a
parabolic trough collector using
finned tubular absorber

Ramesh K. Donga'™’, Suresh Kumar? & Gurunadh Velidi***

This study presents an investigation into enhancing heat transfer in parabolic trough collectors (PTCs).
The research focuses on improving convective heat transfer by incorporating longitudinal fins within
the tubular absorber of a PTC. The study examines a PTC (parabolic trough collector) system with

the following specifications: a 1.84 m focal length, a 5 m aperture width, and an absorber measuring
70 mm in outer diameter. The variable solar flux on the absorber is determined using SolTrace
software. The receiver was simulated using the finite volume method. The heat flux derived from
SolTrace simulations serves as a boundary condition. A comparative analysis is conducted between
the findings from a parametric investigation on a standard receiver and those equipped with finned
tubular absorbers. This comparison spans Reynolds numbers from 0.25 x 10° to 2.82 x 10°. Studies
have demonstrated that absorbers with fins substantially improve heat transfer. The tubular absorber
equipped with fins shows a significant rise of 40.1% in the Nusselt number. Its performance evaluation
criteria reach a peak of 1.28 when the Reynolds number is 2.82 x 10°.

Keywo rds Parabolic trough collector, Solar thermal power, Finned tubular receiver, MCRT method,
Computational fluid dynamics

List of symbols

A Absorber inner surface area (m?)

a Focal length (m)

Cp HTF specific heat (J/kg K)

dgti Glass cover inner diameter (mm)

dgto Glass cover outer diameter (mm)

drti Absorber inner diameter (mm)

drto Absorber outer diameter (mm)

dp, Hydraulic diameter (m)

f Average friction factor

fr Average friction factor for finned absorber

fus Average friction factor for un-finned absorber

h Heat transfer coefficient at the outer surface of glass cover (W/m? K)
h Average heat transfer coefficient at the inner surface of absorber (W/m? K)
L Receiver length (m)

m™m Mass flow rate of HTF (kg/s)

Nu Average Nusselt number

Nus Average Nusselt number for finned absorber

Nuys Average Nusselt number for un-finned absorber
AP, Pressure drop per unit length (Pa/m1)

Q. Heat absorbed by HTF (W)

Q Local heat flux on absorber (W/m?)
Re Reynolds number

T Ambient air temperature (K)

Thee Average HTF temperature (K)

Thrio Surface temperature of absorber (K)
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T; HTF inlet temperature (K)

T, HTF outlet temperature (K)

T, External radiation temperature (K)

Twan  Average absorber inner wall temperature (K)

T Average temperature of heat transfer fluid at a cross-section (K)
Ve Wind velocity

W Aperture width (m)

Greek symbols

o Absorber absorptivity

€0  Absorber coating emissivity

Nth Thermal efficiency

A Thermal conductivity of HTF (W/m K)
I Viscosity of HTF (Pa/s)

p Density of the HTF (kg/m?)

pm  Mirror reflectivity

Pg Glass cover reflectivity

Pr Absorber reflectivity

Tg Glass cover transmissivity
T Mirror transmissivity

Solar power generation at an industrial scale is achieved through technology utilizing parabolic trough collectors
(PTC)!3. Over the last several decades, numerous researchers have conducted a variety of numerical and
experimental investigations aimed at enhancing the performance of the PTC*. These investigations focused on
enhancing various aspects, including design, thermal efficiency of receivers, performance of selective coatings,
advancements in optical error measurement techniques, and the effectiveness of working fluids.

A significant challenge in PTC systems is enhancing the thermal energy transfer from the absorbing
component to the fluid responsible for heat transport’. Improving the rate at which heat is transferred to the
heat transfer fluid (HTF) boosts the thermal output of each receiver component, resulting in a decrease in the
overall number of receiver components needed. The utilization of fewer receiver components reduces both
setup and operational costs, thereby enhancing the overall cost-effectiveness of the PTC system. Increasing
the fluid’s contact area improves heat transmission in the absorber. Incorporating fins into the absorber is
considered an effective method for expanding the fluid contact surface and thereby improving heat transfer
efficiency. In PTCs, both passive and active heat transfer methods are utilized to enhance efficiency. Passive
methods, such as conduction and radiation, occur naturally within the receiver, wherein solar radiation heats
the working fluid. Nevertheless, active methodologies such as forced convection are frequently utilized, wherein
pumps circulate heat transfer fluids (HTFs) through the system to facilitate more efficient heat transport. This
combination facilitates effective heat collection and transfer for energy applications, thereby optimizing the
overall performance of the PTC system. While both passive and active techniques exist, the passive approach is
more commonly adopted. Active heat transfer methods, such as forced convection, increase costs due to energy
consumption and maintenance requirements but enhance efficiency in PTCs. Passive methods, such as fins
or geometric optimization, are more cost-effective initially but may provide limited efficiency improvements,
rendering a combination of both approaches a potentially economical solution. However, the integration of fins
within the absorber may result in increased pressure drop, potentially necessitating additional pumping power.
Thus, this approach represents a combination of both aforementioned strategies. As a result, it is crucial to
evaluate both the heat transfer characteristics and pressure loss in a finned receiver.

One passive technique for enhancing heat transfer involves improving the heat absorption of the heat transfer
fluid (HTF) by applying specialized coatings composed of materials with high absorptivity and low emissivity
on the outer surface of the absorber® Recent research has explored the use of nanofluids as a heat transfer fluid
to augment thermal transfer within the absorber. Talem et al. conducted an investigation into the performance
of parabolic trough solar collectors (PTSC) utilizing Dowtherm A oil-based nanofluids containing Pd, Au, and
NiO nanoparticles. The principal findings of the study reveal that the Au-based nanofluid achieved the highest
outlet temperature, with a maximum increase of approximately 8%’.

Panja et al. analyzed the thermal performance of PTSCs using porous inserts and nanofluids. Their results
demonstrate an enhancement in thermal efficiency, with an increase of 7.73% for Al,Os nanofluids and 8.59%
for CuO nanofluids. While nanofluids exhibit improved thermal performance, they are associated with several
limitations. The production of these materials is costly, and they face stability challenges due to the agglomeration
of nanoparticles, which can lead to sedimentation and reduced efficiency. Increased viscosity necessitates greater
pumping power, and the presence of nanoparticles may cause erosion and corrosion in system components.
Furthermore, the substantial preparation costs and the requirement for high-quality equipment render the
current use of nanofluids economically impractical®.

Furthermore, the rate of heat absorption by the HTF can be enhanced by either increasing the heat
transfer efficiency within the absorber or by minimizing heat loss from the absorber’. This study examines the
improvement of the heat absorption rate of the HTF through the optimization of heat transfer efficiency within
the absorber. A substantial body of existing research has concentrated on augmenting heat transfer within the
absorber!?. Various techniques have been proposed in the literature, including the use of nanofluids, alterations
to absorber tube geometries, and the implementation of diverse flow inserts to enhance heat transfer within the
absorber.

Research has previously explored the use of fins to improve heat transfer rates in absorbers. Reddy, Kumar®
conducted a study examining the heat transfer properties of PTC receivers incorporating longitudinal porous
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fins. These fins were integrated along the entire inner circumference of the absorber. Their findings revealed
that the introduction of porous fins to the receiver led to a 17.5% increase in heat transfer, accompanied by a
2 kPa pressure drop. Reddy and Satyanarayana’® carried out a numerical simulation of a PTC receiver by using
trapezoidal porous inserts inside the absorber and about 13.8% improvement in the heat transfer with 1.7 kPa
pressure penalty has been reported. Mufioz and Abdnades!'! have utilized helically finned absorbers for the PTC
to improve internal heat transmission. It was stated that the total performance of a 20 MWe power plant might
be improved by up to 2%. To improve heat transfer, Cheng, He!2 implemented vortex generators in the absorber’s
lower section. The alteration resulted in a peak improvement of 1.14 in the assessment criteria. Amina, Miloud!?
studied the performance of the PTC by using longitudinal fins and nanofluids. Simulations have been carried out
for the Reynolds number ranging from 2.57 x 10* to 2.57 x 10° with an operating temperature of 573 K. Studies
have shown that the Nusselt number experienced an increase ranging from 1.3 to 1.8 times. Bellos, Tzivanidis'*
examined the thermal efficiency of the PTC by incorporating longitudinal fins within the absorber. Various fin
dimensions were evaluated using carbon dioxide, helium, and air as working fluids. The study concluded that a
10 mm fin demonstrated the highest exergetic efficiency. A study conducted by Bellos, Tzivanidis'> examined the
efficiency of the LS2 collector using various sizes of longitudinal fins within the absorber, with syltherm800 as the
working fluid. Their findings revealed that an absorber with dimensions of 2 mm thickness and 10 mm length
yielded the best results, leading to a 0.82% improvement in thermal efficiency. Bellos, Tzivanidis'>'¢ studied
the performance of the LS2 collector by analyzing the longitudinal fins of various lengths and thicknesses with
syltherm800 as the working fluid. It was determined that a fin with dimensions of 4 mm in length and 20 mm
in thickness increased thermal efficiency by 1.27%. Gong, Wang!” conducted a computational study to evaluate
the effectiveness of internal pin fin arrays in enhancing heat transfer within a PTC receiver. The findings of their
investigation demonstrated that the heat transfer performance factor exhibited an increase of 12%, while the
average Nusselt number showed an increase of 9%. Bellos, Tzivanidis'® carried out the numerical simulation of
the PTC receiver by employing various numbers of rectangular longitudinal fins inside the absorber. Around
0.51% improvement in thermal efficiency has been reported for the case of an absorber with three fins placed
at the lower portion of the absorber. The studies™!” indicate that while pin fins can improve heat transfer, they
also cause a substantial increase in pressure drop. Efficiency may be enhanced by placing fins at the absorber’s
maximum solar radiation points, as this could increase the effective area for heat transfer'8. To evaluate the
improvement in heat transfer and the associated decrease in pressure, a thorough thermal analysis must be
performed. Several studies have focused on enhancing heat transfer in solar collectors using passive techniques
such as wire-coils, twisted tapes, metal foams, and nanofluids. Abu-Hamdeh et al. (2020) investigated the impact
of internal rectangular ribs on curved absorber tubes in cylindrical solar collectors. Their numerical analysis
showed that ribbed configurations, especially on the upper side, significantly improved thermal performance—
enhancing heat absorption by up to 47.7% with an overall performance increase of 120%'. Farnam and
Khoshvaght-Aliabadi (2022) conducted a detailed numerical and experimental study on twisted absorber tubes
for solar collectors. By analyzing various twisted structures—including combinations of twisted tubes and
inserts—they found significant improvements in thermal performance, with Nusselt number enhancement up
to 3.72 times and energy efficiency reaching 90.4%2°.

Various studies have explored innovative methods to enhance the performance of PTC systems, such as
helical rotating shaft inserts, corrugated tube receivers with conical strip inserts, helical screw tape inserts,
and integrated helical coil heat exchangers. Allam et al.?! have conducted an experimental investigation into
the performance of a PTC utilizing a helical rotating shaft insert within the absorber. The researchers have
reported a significant improvement in the performance of the PTC, with a rotational shaft speed of 21 RPM and
a flow rate of 1 LPM resulting in a 37% enhancement in thermal efficiency. Ramalingam Venkatesaperumal.
R. et al.?2 have investigated the enhancement of PTC performance through increased heat transfer, utilizing a
corrugated tube receiver with conical strip inserts. In the study of corrugated tube receivers with conical strip
inserts, researchers reported a 177% enhancement in the Nusselt number, a 38% increase in the friction factor,
and a 9% improvement in thermal efficiency. Roohi, R. et al.”*. conducted a numerical study on the performance
enhancement of the PTC utilizing helical screw tape inserts. The research findings indicate that the Performance
Evaluation Criterion (PEC) exhibited an improvement of up to 105.9%. Said, S. et al.?* introduced an innovative
evacuated tube solar collector (ETSC) integrated with a helical coil heat exchanger to enhance the performance
of the PTC for domestic water heating. Through this novel design, the researchers achieved a higher thermal
efficiency of 72%. Limboonruang, T. et al.?®. investigated the enhancement of heat transfer and thermal efficiency
through the utilization of external fins. They reported a substantial improvement in the thermal performance of
the PTC with external fins. These approaches have demonstrated significant improvements in thermal efficiency
and heat transfer capabilities, marking promising advancements in solar thermal technology. Golzar et al. have
conducted an investigation into the performance of the PTSC, employing a novel geometric design characterized
by an elliptical absorber tube under the influence of a magnetic field. The findings suggest that the integration
of an elliptical cross-section in the PTSC substantially enhances thermal efficiency. The impact of the magnetic
field on the elliptical absorber tube is shown to improve hydrodynamic performance, achieving the highest
exergy efficiency across the tested Reynolds numbers and parameters?. Donga et al. evaluated the PTC using a
rhombus-shaped absorber tube, discovering a maximum increase of 1.4% in overall efficiency, 1.45% in exergy
efficiency, and 2.88% in thermal efficiency compared to the traditional circular absorber?”. Furthermore, Donga
et al. examined the performance of the PTC with cylindrical attachments of radii 5, 10, 15, and 20 mm, reporting
that the modified PTC with 20 mm cylindrical attachments exhibited increases in thermal efficiency and overall
efficiency of up to 1.18% and 1.05%, respectively, at an inlet temperature of 650 K%,

Two approaches for examining the heat transfer capabilities of PTC receivers have been elaborated
on in recent years’>*. One of the methods suggested was to consider the homogeneous heat flow over the
surface of the absorber while conducting the heat transfer analysis of the PTC receiver®**!. Because the heat
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Fig. 1. Sectional diagram of (a) PTC and (b) Receiver assembly.

Parameter | Value (mm) | Parameter | Value
w 5000 Tm 0

L 4000 o g 0.92
dgti 109 Om 0.93
dgto 115 Py 0.045
dri 66 Tg 0.935
drto 70 P, 0.08
a 1840

Table 1. The PTC system’s optical and geometric characteristics.

flux distribution over the absorber is non-uniform in real situations, the results of this research may not be
applicable to outside conditions. Another approach is to consider the varying heat flux on the absorber’s outer
surface™*? for conducting heat transfer analysis in the PTC receiver. Adopting this approach would necessitate
performing a separate optical examination of the PTC to determine the heat flux distribution over the absorber.
The thermal analysis makes use of the optical simulation-obtained heat flux as a boundary condition. Numerous
analytical and computational strategies for determining the heat flux distribution over the absorber have been
presented®*-%. Out of various available techniques, the Monte Carlo Ray Tracing (MCRT) method is widely
preferred due to its superior convenience and accuracy®3?*>~10. The heat transfer in the PTC receiver has
been examined by Cheng, He*** through the integration of MCRT and FVM. Their findings aligned with the
experimental outcomes of Dudley, Kolb*.demonstrating a mean relative deviation in the PTC efficiency of less
than +2%. Thereafter, numerous researchers have employed a comparable approach to investigate heat transfer
in PTC receivers?>36:37:39:42-45,

The aim of this research is to enhance the performance of the parabolic trough collector (PTC) by increasing
the heat absorption of the heat transfer fluid (HTF) through an improved heat transfer rate within the absorber,
achieved by incorporating fins. This study employs longitudinal fins with triangular and rectangular cross-
sections within the absorber of the PTC to augment heat transfer. The concentrated solar power is directed to
the receiver’s lower section, indicating that the strategic placement of fins in this area could potentially enhance
heat transfer, thereby increasing the heat absorption of the HTE. Consequently, in this study, fins are positioned
at the lower portion of the absorber. To examine this hypothesis, the study employs a numerical simulation
utilizing a combination of Monte Carlo Ray Tracing (MCRT) and finite volume method (FVM) techniques. The
LS 2 collector considered in the study of is considered for the analysis.

PTC geometry
The fundamental components of the PTC system, namely the cylindrical parabolic reflector and the receiver
assembly, are depicted in Fig. 1. The sun rays incident on the mirror are concentrated on a receiver situated at the
focal line of a parabolic reflector. In the receiver assembly, a metal tubular absorber is encased in a glass cover to
allow concentrated rays to reach the absorber. To reduce convective losses, the area between the tubular absorber
and the glass cover is evacuated. At the absorber, the energy of the incident concentrated ray is absorbed and
transferred to the HTF in the form of heat. The geometrical and optical parameters of the LS2 collector have
been considered for study as presented in Table 14!

This study examines three distinct absorber designs, labeled AT1, AT2, and ATS3, as illustrated in Fig. 2, a
and b, and c, respectively?®*”. AT1 represents a basic absorber without fins. AT2 features a single longitudinal
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Fig. 2. Sectional diagram illustrating the receivers: (a) AT1; (b) AT2; (c) AT3.

triangular fin positioned at the absorber’s inner bottom section. AT3, another finned design, incorporates two
longitudinal rectangular fins situated at the absorber’s areas of highest flux concentration®.

SolTrace simulation

The study of heat transfer within the absorber tube necessitates an understanding of the concentrated variable
heat flux incident on its surface. This has been calculated using the SolTrace 2016.12.22 software*®. SolTrace uses
the MCRT method to carry out the numerical ray racing. For the PTC system, simulations were conducted using
the parameters outlined in Table 1. A Gaussian distribution with a 2.6 mrad cone angle was used to model the
sun*’. In all ray-tracing simulations, the tracking system of the PTC was assumed to be flawless, with a direct
normal irradiation (DNI) of 1000 W/mZ2Both the mirror’s specularity and slope errors were configured at 3
mrad®>*°. The SolTrace 2016.12.22 software is validated by comparing the peripheral local heat flux obtained
from the numerical ray tracing with peripheral heat flux obtained from the analytical technique of Jeter®*. The
numerical ray tracing results are well agreed with analytical results as presented in the authors’ recent article,
Donga, R. K. et al. 4647,

Thermal analysis

Heat flux distributions derived from ray-tracing simulations were utilized in the thermal analysis of the receiver.
The numerical simulations of the receiver provided data on the useful heat gain by the heat transfer fluid (HTF) and
the pressure drop during fluid flow. These results were crucial in determining both thermal and overall efficiency.
Furthermore, the simulations revealed temperature gradients within the absorber. The numerical simulations of
the parabolic trough collector (PTC) receiver assembly were conducted using the finite volume method (FVM)
implemented in Fluent 2019R3 software, which employs the Reynolds-averaged Navier-Stokes equation®’.The
time-averaged formulations for turbulent flow, expressed through these equations, encompass the principles of
mass, momentum, and energy conservation?®471. The specific mathematical expressions for these principles are
detailed in Egs. (1)-(3)*2. In all simulations, the Realizable k-¢ turbulence model with enhanced wall treatment
was utilized*?. This model was chosen for its superior capability in predicting turbulent flows. The enhanced wall
treatment improves near-wall resolution, thereby ensuring precise heat transfer predictions, which is crucial
for assessing the thermal performance of the absorber tube. For modeling radiative heat transfer, the discrete
ordinates (DO) radiation model was employed. This approach was used alongside the equations governing
mass, momentum, and energy conservation. To enhance the convergence speed of the numerical simulations
while maintaining high stability, the pressure and velocity were integrated using the coupled algorithm. The
energy and momentum equations were discretized using the second-order upwind scheme, whereas the pressure
discretization was conducted with the PRESTO scheme. For turbulent kinetic energy, turbulent dissipation, and
discrete ordinates, the first-order upwind scheme was applied. The convergence criteria for scaled residuals were
set to be less than 10 < sup>-6</sup > for all simulations conducted.

Continuity equation:

1o} _
Momentum equation:
0] __,_ _0p 0] du; | 0u; 2. dw) ——| B (T _T
amj(pu,uj)_ Bxi+3xj[ (8mj+8xi 36”5‘051) puiuj] pogiB (T=To) @
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Assumptions in the simulations

The thermal analysis considers the following assumptions: (I) the flow is steady, (II) all surfaces are diffusive and
gray, (III) homogeneous and isotropic material properties, (IV) incompressible fluid, (V) the turbulent kinetic
energy generated by buoyancy effects is neglected, (VII) the vacuum level between the glass cover and absorber
is very high, meaning that the conduction and convection are neglected and only radiation is considered in the
evacuated space, and (VIII) HTF is syltherm800 and temperature-dependent fluid properties are considered.
The viscosity (p), specific heat (cp.), density (p), and thermal conductivity (\) are given in Appendix>°.

Boundary conditions
The following boundary conditions have been considered in this study:

Inlet: The mass flow rate (0.5 to 5.5 kg/s) and temperature (300 to 650 K) are specified for the HTFE.

Outlet: A pressure outlet boundary condition is applied at the outlet.

Absorber’s interior surface: A no-slip boundary condition has been implemented.

Absorber’s exterior surface: A non-uniform peripheral solar flux, derived from SolTrace 2016.12.22, was
applied to the outer surface of the absorber tube.

The emissivity of the coated material Luz Cermat on the absorber was calculated using Eq. (4) as proposed
by Forristall (Forristall 2003).

€ro = —0.065971 + 0.000327T7-40 (4)

Outer surface of the glass tube: Radiation and convection boundary conditions have been applied to the outer
surface of the glass cover. The Stefan-Boltzmann law has been employed to determine the radiative heat transfer
occurring between the sky and the outer surface of the glass cover. The sky was represented as a vast dome, and
its effective temperature was calculated using Eq. (5)*%%.

T, = 0.0552T+°. (5)

The ambient temperature and heat transfer coefficient derived from Eq. (6), as presented by Mullick and
Nanda®>?were employed in the calculation of heat loss from the glass cover’s exterior surface through convective
heat transfer.
h— Vg.ssdg—t%.zu )

For all simulations in this research, the surrounding temperature was maintained at 298 K, while the air velocity
was fixed at 2 m/s.

To conduct the FVM analysis, a structured mesh has been created for the geometry, as illustrated in Fig. 3.
Near the wall, a finer mesh was constructed to capture the strong temperature and velocity gradients. The scaled
residual limit was set to 107 as the convergence criterion for all governing equations.

Mesh independent test and validation

A mesh independence analysis was conducted to determine the optimal mesh size, as outlined by*®*". The analysis
identified that the optimal number of cells for AT1, AT2, and AT3 were 857,472, 1,003,574, and 2,386,271,
respectively. The simulation results were validated against experimental findings by Dudley and Kolb*!. The
computational and experimental results exhibit excellent correlation, as demonstrated in Table 2.

The following parameters have been evaluated from the thermal analysis. Equation (7) was utilized to
compute the average Nusselt number. In this equation, h denotes the average heat transfer coeflicient, which
is determined using Eq. (8). The thermal energy absorbed by the HTE, represented by Qa, is calculated using
Eq. (9), where T; represents the average HTF temperature at the inlet and 75, represents the average HTF
temperature at the outlet. The average inlet and outlet temperatures are determined using the mass-weighted
average function in the Fluent2019R3 software.

hdp
Nu=—= (7)
YT
- Q.
h= —————— 8
A (Twatr — Thes) ®
Qa - me(fo - T’L) (9)
The friction factor (f) is calculated using Eq. (10). In this formula, the pressure loss per unit length is denoted
by AP,
A Pdy
f=T, (10)
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Fig. 3. PTC receiver’s geometric configurations: (a) boundary conditions; (b) AT1; (c) AT2; (d) AT3 (e) Grid
near the wall.( Mesh generated using ICEM CFD (ANSYS Workbench 2019 R3, licensed at UPES).

DNI Flow rate | V/ T, T, T, (°C) T, (°C)

(Wm™2) | (Lmin™!) | (ms™!) | (°C) | (°C) | (Experimental) | (present study) | % error
937.9 55.5 1 28.8 | 297.8 | 316.9 321.72 1.52
968.2 47.8 3.7 22.4 | 151 173.3 177.6 2.48
880.6 55.6 29 27.5 | 299 317.2 324.02 2.15
933.7 47.7 2.6 21.2 | 102.2 | 124 128.08 3.29

Table 2. Validation of numerical method.

To assess the improvement in PTC heat transfer efficiency, performance evaluation criteria (PEC) can be

employed for the PTC receiver at a specified pumping power! 7.
(Fs/ fus)

The formula for calculating the PEC is outlined in Eq. (11). In this equation, f ;and Nu , represent the average
friction factor and average Nusselt number for the absorber without fins, respectively. Similarly, f; and Nu,
indicate the average friction factor and average Nusselt number for the absorber with fins, respectively. When
the PEC values exceed one, it signifies that the overall heat transfer performance of the PTC receiver is enhanced
by the addition of fins to the absorber, given a constant pumping power.

Equation (12) was utilized to compute the PTC’s thermal efficiency?®.

Qa

Tt = WX L x DNI (12)

Results and discussion

The PTC simulation outcomes for the three absorbers are displayed and compared. In the current analysis, 3
mrad of slope error was assumed, which was experimentally determined in study. Table 1 presents the parameters
of the PTC examined in this investigation. Figure 4 depicts the circumferential heat flux on the absorber. The
absorber’s lower section experiences higher heat flux due to focused solar radiation, while the upper portion
experiences less intense heat flux directly from the sun. The variable heat flux generates substantial temperature
gradients within the absorber. These increased temperature gradients induce thermal strains, and thus distort
the absorber.
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Fig. 4. Heat flux distribution across tubular absorber surface.
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Fig. 5. Temperature contours for (a) AT1, (b) AT2, and (c) AT3.( post-processed in CFD-Post (ANSYS
Workbench 2019 R3, licensed at UPES).

Figure 5 compares the temperature gradients in the three absorbers for the HTF volumetric flow rate of
31.05 m%/h and entry temperature of 600 K. The flow rate of 31.05 m3/h examined in this study approximates
the value of 30.8 m*/h utilized in the investigations of Mwesigye, Huan*? and the value of 31.8 m3/h employed
in the study of Forristall®*. As illustrated in Fig. 4, the absorbers’ temperature gradients resemble the heat flux
profile pattern. In all three scenarios, the bottom portion of the absorber demonstrates higher temperatures
than the top portion. This thermal gradient is caused by the non-uniform distribution of heat flux across the
absorber’s surface. Figure 5a—c illustrates that the temperature gradients in AT1, AT2, and AT3 are nearly
identical. The integration of fins, as depicted in Fig. 5b, ¢, leads to improved heat transfer and a more uniform
temperature distribution compared to the smooth tube shown in Fig. 5a. The configuration with two fins
(Fig. 5¢) exhibits superior performance relative to the one-fin configuration (Fig. 5b), as indicated by the more
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uniform temperature distribution across the absorber tube. In all instances, the absorbers exhibit a maximum
temperature differential of 28 K between their highest and lowest points, which is within the acceptable range
for the reliable operation of the PTC receiver®’. The AT3 design incorporates longitudinal fins located at the
absorber’s peak heat flux area, thereby enhancing the rate of heat transfer®*.

Figure 6 demonstrates the relationship between the Re and both the average Nu and average friction factor at
a 600 K inlet temperature. The graph demonstrates that for all three absorbers, the average Nusselt numbers are
lower when Reynolds numbers are smaller. Additionally, the Nusselt number shows an upward trend as the Re
increases. The finned absorbers (AT2 and AT3) demonstrate higher average Nusselt number values compared
to the un-finned absorber, revealing improved heat transfer efficiency. Among the finned absorbers, AT3, which
features two longitudinal fins, exhibits greater average Nusselt number values than AT2. This suggests that the
absorber AT3 transfers a larger amount of heat to the fluid, attributed to the presence of two longitudinal fins
positioned at the absorber’s maximum flux points. Compared to AT1, the Nusselt number shows a maximum
enhancement of 18.3% for AT2 and 40.1% for AT3. At a Reynolds number of 2.82 x 10°, the maximum value of
the Nusselt number is attained for all three absorbers. As shown in Fig. 6, the average friction factors are highest
for the three absorbers with the lowest Reynolds numbers, and they decrease as the Re increases. The research
conducted by Cheng, He!7%3° demonstrates a comparable trend in friction factor. The finned absorbers (AT2
and AT3) exhibit marginally increased friction factor values compared to the un-finned absorber (AT1), which
can be attributed to the greater pressure loss experienced in the finned configurations. There is no noticeable
variation between the absorber with two fins and the absorber with one fin in terms of the average friction factor.

Figure 7a illustrates the relationship between PEC and Re for the three absorbers. The results indicate
that the PEC values for AT2 and AT3 exceed one, while the un-finned absorber demonstrates a PEC value of
one. This suggests an improvement in the overall heat transfer efficiency for both types of finned absorbers.
Compared to AT2, AT3 exhibits greater PEC values. For an absorber equipped with two fins, the PEC shows

Scientific Reports |

(2025) 15:24142 | https://doi.org/10.1038/s41598-025-07825-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

no notable changes across different Reynolds numbers. For AT2, the PEC reaches its peak value of 1.19 when
the Reynolds number is 0.25x 10°. In contrast, AT3 exhibits a maximum PEC of 1.28 at a Reynolds number
of 2.83x10°. The results suggest that placing two longitudinal fins at the absorber’s maximum flux point is
more effective than using a single longitudinal fin. Given that the density of the Heat Transfer Fluid (HTF)
is temperature-dependent, temperature variations within the absorber region lead to the formation of density
gradients. These gradients generate buoyancy-driven forces, which subsequently induce the movement of the
HTF in the y-direction (typically vertical or transverse to the primary flow). This movement enhances fluid
mixing and promotes more effective convective heat transfer. Consequently, the finned absorber tubes exhibit
improved thermal performance, as the increased flow in the y-direction facilitates enhanced heat absorption and
distribution along the tube surfaces. Figure 7b demonstrates the influence of HTF inlet temperature on thermal
efficiency.

The results demonstrate that thermal efficiency exhibits an inverse relationship with inlet temperature,
reaching its maximum at lower inlet temperatures and decreasing as inlet temperature increases. This
phenomenon occurs due to the reduced heat loss from the absorber at lower inlet temperatures and the inverse
relationship at higher temperatures. Figure 7b demonstrates that the PTC equipped with finned absorbers (AT2
and AT3) achieves greater thermal efficiency compared to the configuration using an un-finned absorber (AT1).
The thermal efficiency exhibits a higher value for the absorber AT3 in comparison to AT2. The study shows
that enhanced heat transfer is attained in the AT3 absorber through the incorporation of two lengthwise fins
positioned at the areas of peak flux on the absorber. AT2 and AT3 may boost the PTC’s thermal efficiency by
0.9% and 1.45%, respectively, as compared to AT1.

Conclusions

The study investigates the enhancement of heat transfer in parabolic trough collectors (PTCs) by incorporating
longitudinal fins within the tubular absorber. Numerical simulations were performed on different absorber
designs to improve heat transfer in the PTC receiver. The setup includes a receiver without any fins, one with a
single fin, and another with two fins. The performance improvement of the LS2 collector has been investigated.
A comprehensive investigation of heat transfer, encompassing radiation, is conducted. Given the variable heat
flux on the absorber. Using the MCRT and FVM techniques, simulations were conducted for Reynolds numbers
ranging from 0.25x 10° to 2.82x 10°.

For the three absorbers, the variation in friction factor and Nusselt number with Re is shown. PEC variation
with Re is also shown. The PEC serves as an indicator of overall enhancement in heat transfer efficiency. It
incorporates both the Nusselt number and friction factor to provide a comprehensive assessment of heat
transport improvement. The incorporation of finned absorbers significantly enhances the overall heat transfer
efficiency of the PTC. In comparison to the conventional smooth absorber, the Nusselt number exhibits a
maximum enhancement of 18.3% for the absorber equipped with one fin and 40.1% for the absorber equipped
with two fins. At a Reynolds number of 2.82 x 10°, the maximum value of the Nusselt number is attained for all
three absorbers. The absorber with two fins demonstrates a higher PEC value compared to the one with a single
fin. The absorber equipped with two fins and the absorber equipped with one fin demonstrate maximum PEC
values of 1.28 and 1.19, respectively.

The friction factor, a critical parameter for quantifying flow resistance, was evaluated, revealing that finned
absorbers marginally increased pressure losses in comparison to the finless configuration. Nevertheless, this
increase was counterbalanced by the corresponding enhancement in heat transfer efficiency, as demonstrated
by the PEC values.

This investigation examines two distinct fin configurations in the tubular absorber of a parabolic trough
collector (PTC) receiver. The investigation reveals that the placement of fins at the two points of maximum solar
flux substantially enhances heat transfer in comparison to the utilization of a single fin at the base of the absorber.
This configuration enhances the absorber’s capacity to distribute thermal energy more efficiently, resulting in
improved system performance. Nevertheless, the research underscores the necessity for additional investigation
to ascertain the optimal dimensions of these longitudinal fins. Critical parameters such as fin length, thickness,
and height necessitate thorough investigation to optimize heat transfer while minimizing material costs and
pressure losses.

Data availability
The data supporting the findings of this study are provided within the manuscript. Any additional data required
will be made available upon reasonable request from the corresponding authors.

Appendix
The properties of the heat transfer fluid syltherm800 are temperature dependent. The viscosity (y), specific heat
(cp.), density (p), and thermal conductivity (A) are given in the Egs. (13) to (16).
p = 1.105702 x 10° —4.15349 x 10T — 6.06165 x 10~'T* (kgm™?) (13)
for 283.15 < T < 673.15 K

= 8.486612 x 1072 — 5.541277 x 10~ * + 1.388285 x 107 °T">
—1.56600 x 107°T* 4 6.671331 x 10~ "*T* (Pa s)

for 283.15 < T < 673.15 K
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A =1.90021 x 107" — 1.875266 x 10~ *T —5.753496 x 10~'°T% (Wm ™' K ') (15)

for283.15 < T'< 673.15 K

cp = 1.107798 x 10° + 1.708T (Jkg™' K ') (16)

for373.156 < T'< 673.15 K
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