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Abstract. The objective of this study was to investigate the conjugate heat transfer in a longi-
tudinally finned parabolic trough solar thermal receiver tube, taking into account the non-uni-
form heat flux distribution along the tube circumference. Both smooth and longitudinally finned
stainless steel receiver tubes, with Syltherm 800 oil as the heat transfer fluid, were numerically
simulated using Ansys Fluent 2023R2 with periodic boundary conditions for Reynolds numbers
ranging from 20,000 to 60,000. Two fin configurations were investigated in the study: two fins
- of little practical interest but very useful to gain physical insight into the problem - and six fin
receiver tubes. In addition, sub-cases within the two- and six-fin configurations were analyzed
by varying the position and height of the fins. It was found that fins on the bottom side, ex-
posed to a higher heat flux, mainly enhanced conduction, while fins on the top side mainly
enhanced convection by directing higher velocity values toward the bottom side. To reduce hot
spots and improve thermal efficiency, fins should be located in higher heat flux areas, and
shorter fins on the bottom side and longer fins on the top side are recommended. Finally, the
performance evaluation criteria were assessed using both the inner Nusselt number, based on
the convective heat transfer coefficient as commonly reported in the literature, and an overall
Nusselt number, based on the total heat transfer resistance of the receiver. For the most fa-
vorable two-fin and six-fin cases, the maximum temperature in the receiver decreased by a
maximum of 16.7 K and 30 K, respectively.

Keywords: Parabolic Trough Receiver, Longitudinal Fins, Non-Uniform Heat Flux, Conjugate
Heat Transfer

1. Introduction

Parabolic trough technology is one of the most widely used among other concentrating solar
thermal technologies for both heating and power generation. This technology consists of a
parabolic line focus collector, a receiver tube positioned at the focal line of the parabola, and
a heat transfer fluid (HTF) flowing inside the receiver to absorb solar thermal energy [1].

The receiver, also called the absorber or heat collection element (HCE), is the main com-
ponent of this technology. The receiver is a stainless-steel tube encased in a glass cover, and
the annulus space is a vacuum-tight enclosure to reduce heat loss. The receiver is the most
critical part of the system and can be susceptible to damage. As an example, receiver failure
data is reported in [2]. Most failures are due to loss of vacuum, coating failures, and breakage
of glass. This is often related to the non-uniform heat flux distribution, which leads to a tem-
perature gradient around the receiver’s circumference which may become very large at low
HTF flow conditions, causing the tube to bend or deflect, potentially resulting in glass break-
age. Most bending is within the elastic limit; however, higher temperature gradients may cause
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plastic deformation in the receiver tube [3]. These failures will decrease the thermal efficiency
of the receiver tube. In addition, the degradation of thermal oils used as HTF generates hydro-
gen gas, which slowly permeates through the receiver wall into the annulus space, causing
thermal losses four times higher than in a proper vacuum enclosure [4-5].

To increase the reliability and lifespan of receivers, reducing the temperature gradient in
the receiver circumference is the best option to overcome the above-listed problems. Various
techniques have been studied to reduce the temperature gradient in the receiver, including
inserts (fin [6], twisted tape [7], wire coil [8], ring [9], etc.), and porous media [10]. The main
objective of these techniques is to reduce the receiver temperature, which leads to a reduction
of thermal losses and an increase in thermal efficiency. A comprehensive literature review was
conducted by Allam et al. [11].

The present study focuses on the behavior of longitudinal fins inside a parabolic trough
receiver tube. Internally longitudinal finned parabolic receiver tubes have been extensively
studied in the literature. Bellos et al. [12], numerically investigated the use of eight internal
longitudinal rectangular fins with different thicknesses and heights. Increasing fin parameters
leads to an increase in thermal performance but also increases pressure losses. Fins 10 mm
in height and 2 mm thick are suggested as optimal, resulting in a 0.82% gain in thermal effi-
ciency and a 13 K decrease in temperature gradient compared to a smooth receiver tube.
Kursun B. [13] examined longitudinal fins with flat and sinusoidal lateral surfaces; Nusselt num-
ber, thermal enhancement factor, and circumferential temperature difference were evaluated
numerically. The use of sinusoidal fins decreases the maximum temperature by 48 K for a fluid
inlet temperature of 500 K. As shown by Bellos and Tzivanidis [14], longitudinal fins with a
reflector shield are the best choice for further enhancing thermal performance. Although a re-
flector shield reduces optical efficiency, the combination of internal fins and a reflector shield
increases thermal efficiency. This technique is suitable for higher operating temperature con-
ditions and allows for a 2.41 % increase in thermal efficiency and a 23K decrease in circum-
ferential temperature. Adel et al. [15] found that fin height has a more pronounced influence
than thickness. In their numerical analysis, five fins were inserted inside the bottom side of the
receiver; fin height and thickness vary from 0 to 20 mm and from 0 to 8 mm, respectively. The
results revealed that thermal efficiency improved by 8.45%. Liu et al. [16] showed that a larger
velocity gradient improves convective heat transfer between HTF and receiver. At this aim, an
inner tube is placed on the upper side to reduce heat losses, while straight fins are strategically
placed on the lower side of the receiver with two HTFs (oil and water). An inner tube filled with
low-temperature HTF (water) help reduce the temperature and outward heat flux on the top
side of the receiver, while fins help reduce them on the bottom side. The Nusselt number in-
creased by 2.28, and the maximum temperature decreased by up to 93.9 K.

In the existing literature, internal longitudinal fins within receiver tubes have been found to
enhance thermal performance but have also resulted in increased pressure drop. Researchers
have investigated different modifications to the finned receiver tube, with most studies focused
on fundamental characteristics like fin height and width [12], [15]. However, the heat transfer
mechanisms of longitudinal fins within the receiver have been little investigated, and there are
no extensive studies on how the position of the fins affects the temperature gradient of the
receiver surface due to the non-uniform distribution of the heat flux. Bellos et al. [17] conducted
a study on the optimal number of fins within the receiver tubes. Different numbers of fins at
different locations were studied. Using a multi-objective technique, they found that the receiver
with three fins in the lower half was the optimal case, resulting in a 0.51% thermal efficiency
gain. In general, it was concluded that using fins in the upper section does not significantly
improve performance.

In this paper, the heat transfer mechanisms of fins on both top and bottom sides are ana-
lyzed. The location of the fins is optimized based on the maximum temperature and the cir-
cumferential temperature gradient. The characteristics of the velocity field, which can contrib-
ute to the enhancement of convective heat transfer, are also discussed. This investigation
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builds upon the authors' previous work [18], in which the effects of a different number of fins
(4 and 8) were analysed, and only the inner Nusselt number was taken into account.

2. System Description

This paper focuses on the receiver tubes of the LS-3 parabolic trough technology [19]. The
main aim of this study is to investigate longitudinal fins' physical behavior in parabolic trough
receiver tubes and to assess their effect on thermal performance. Three main configurations
were numerically simulated, each representing different receiver geometries. The first consists
of a smooth receiver without fins, as the reference case. The second and third feature receivers
with two and six inner longitudinal fins and are named as 2F and 6F, respectively. Furthermore,
the second and third configurations are subdivided into sub-cases that differ in the position and
height of the fins, as shown in Figure 1a. The heat flux distribution on the receiver wall is shown
in Figure 1b [10].
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Figure 1. a) Cross section of the receiver tubes and b) heat flux distribution (q") on the re-
ceiver wall

Table 1. Geometrical parameters of the receiver

Smooth 2F 2F 6F 6F 6F 6F
tube Case1 Case2 | Case1l Case2 | Case3 | Case4d
D/D, (mm) [19] 60/70 60/70 60/70 60/70 60/70 60/70 60/70

N 0 2 2 6 6 6 6
H (mm) - 10 10 10 10 515 | 5-15
t (mm) - 3 3 3 3 3 3

Table 2. Thermal properties of the receiver material and HTF fluid [13]

Receiver (Stainless steel) | HTF (Syltherm 800)
o (kg/m®) 8030 747.2
Cp (J/kg K) 502.5 1962
A (W/m K) 24.9 0.0961
U (Pas) 0.00084

To speed up computations, a limited portion of the receiver of length L equal to D, was
investigated by imposing periodic inlet-outlet boundary conditions. In order to analyze only the
effect of fin position and size without any other effects, the temperature dependence of the
HTF properties was not considered in this study. The geometrical parameters of the receiver
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are shown in Table 1, where D/D, is the inner/outer diameter of the tube, N is the number of
fins, H is the height, and t is the thickness of the fin. The fin thickness was kept constant in all
simulations due to its limited effect [15]. The thermal properties of the receiver tube material
and the HTF fluid are given in Table 2.

3. Numerical investigation

The numerical investigation of the steady, fully developed, turbulent flow was carried out using
the finite volume method CFD tool Ansys Fluent 2023R2 [20]. Simulations were performed for
Reynolds numbers ranging from 20,000 to 60,000, i.e. in the fully turbulent regime. A coupled
solver was employed to enhance convergence. The second-order upwind scheme was
adopted for the discretization of the governing equations and the SST k-w model was used
[10]. For the periodic boundary condition [8], a constant mass flow rate (0.871-2.61 kg/s, cor-
responding to the investigated Reynolds number range) and a constant upstream bulk tem-
perature (Ti» = 500 K) were assigned. The non-uniform heat flux distribution on the receiver
outer wall was imposed using a user-defined expression. Radiative/convective heat losses
were neglected in this study, to approximate the very high heat transfer resistance of the vac-
uum enclosure. Numerical analyses were carried out until the residual values for all solutions
were less than 1e-10.

4. Processing of numerical data

In this study, the effects of inner longitudinal fins on pressure drop and heat transfer were
investigated. HTF bulk temperature T, receiver wall temperature, and pressure gradient AP /L
are the results of the numerical analyses.

The Reynolds number Re = pv;,, D;/u was defined, as commonly done in the literature [13-
16] using the receiver's inner diameter D; as the reference length. p is the fluid density, v;, is
the fluid inlet axial velocity, and u is the dynamic viscosity.

The friction factor f was calculated as

(4P/L)D;
S = vz )

The inner convective heat transfer coefficient was calculated, according to the prevailing
approach in the literature [12-17], as

By = —2 )

T A(TiTp)

where Q is the total heat flux, 4; is the area of the inner actual surface, T}, is the fluid average
bulk temperature, and T; is the average temperature on the inner actual surface of the receiver.
In this study, to evaluate the overall performance of the receiver and not just of its inner surface,
the overall heat transfer coefficient h, was also computed as

he = — 2 (3)

N Ao (To _Tb)

where 4, is the outer surface area, and T, is the average temperature on the outer surface of
the receiver.

The inner Nusselt number Nu; is defined as

Nu; = h;D;/2 (4)

While the overall Nusselt number Nu, is defined as
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Nu, = hoDo/}L (5)

where 1 is the thermal conductivity of the fluid.

Different solutions were compared by a performance evaluation criterion PEC for equal
pumping power [21], calculated with both inner and overall Nusselt numbers, respectively:

PEC; = (Nu;/Nu;0)/(f/fo) /3 (6)
PEC, = (Nu,/Nu, o)/ (f/fo)*/? (7)

where Nu;, and Nu, o represent the inner and overall Nusselt number of smooth tubes, re-
spectively, while f and f, represent the friction factors for the finned tubes and smooth tubes,
respectively.

5. Grid independence test and model validation

For the whole computational domain, a hexahedral conformal mesh was generated. Using the
Ansys meshing tool, five distinct meshes were created for the case with six identical fins
(6FCase?2) to choose a suitable mesh. Each mesh had 30% more elements compared to the
previous one. The maximum temperature, pressure gradient, and mean outer and inner actual
surface temperatures of the receiver were computed at the highest Reynolds number. If the
above parameters had a maximum fluctuation of less than 2%, the solution was considered
mesh-independent. The final mesh used for the simulations consists of 164,300 elements and
is shown in Figure 2b.

The validation of the Nusselt number and friction factor for the smooth receiver tube, using
the Gnielinski [22] and Blasius correlations [23], respectively, is presented in Figure 2a. Over-
all, there was relatively little difference between the simulation and theoretical results, with
average differences of 0.1% for the friction factor and 1.6% for the Nusselt number.
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Figure 2. a) Comparison of friction factor & Nusselt number with correlations for smooth
tubes and b) detail of the final mesh on a cross-section of the computational domain

6. Results and Discussion

The seven receiver geometries in Figure 1a were numerically analyzed for Reynolds numbers
in the range of 20,000-60,000. Qualitative results, i.e., temperature contours, temperature pro-
files on the receivers’ outer surface, and quantitative results, i.e., maximum temperatures,
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Nusselt numbers, friction factors, and performance evaluation criteria, are presented in the
following subsections.

6.1 Velocity and temperature fields

Temperature distributions and axial velocity profiles at the mid-section of the computational
domain are displayed in Figure 3 for each investigated geometry and for the intermediate value
of Re=40,000, corresponding to a mass flow rate of 1.74 kg/s. The white contours are axial
velocity values equal to 0.65, 0.75 and, 0.85 m/s, respectively, while the position of the white
cross marks the point of maximum velocity.
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Figure 3. Temperature contours on the middle section of the computational domain for Re =
40,000

From the two fin cases, it is clear that fins on the bottom side reduce the temperature
gradient in the receiver circumference, while fins on the top side increase the velocity gradient
toward the bottom (hotter) side. In other words, fins on the bottom side greatly enhance heat
conduction in the solid and thus convection to the colder fluid. Conversely, fins on the top side
have little thermal effect because their temperature is very close to that of the surrounding
fluid, but they do promote convective heat transfer by pushing the bulk of the fluid toward the
hottest side. By combining these two effects, the overall heat transfer can be further enhanced,
as demonstrated by the 6 fin configurations.

From the axial velocity profiles, it is observed that for smooth and symmetrically positioned
fins (6FCase1 & 6FCase2), the core region has a very regular and smooth profile compared
to other cases. Interfin space and fin height affect the local velocity near the wall; larger interfin
space and shorter fin height on the bottom side and larger fin height on the top side increase
the local velocity near the wall of the hot side, as shown for case 6FCase 4 in Figure 3g.

Fin placement plays a very important role in smoothing the temperature gradient in the
receiver tube. To reduce the temperature gradient, fins must be positioned in areas of higher
heat flux, as shown in Figure 3f. Additionally, shorter fins on the bottom side and longer fins
on the top side not only decrease the temperature gradient in the receiver tube but also in the
heat transfer fluid, as shown in Figure 3g.
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The temperature contours in Figure 3 are consistent with the temperature distribution on
the outer surface of the receiver tube for smooth, two-fin, and six-fin cases shown in Figures
4a and 4b. As can be seen, for the two-fin case, fins on the bottom side provide a lower maxi-
mum temperature, as well as case 4 for the six-fin case, where the optimal combination of fin
position and height on top and bottom sides is adopted.

Figure 5 illustrates the maximum temperature of the receiver tube as a function of the
Reynolds number. As the Reynolds number increases, the maximum temperature decreases.
Cases with optimal fin locations (2FCase2 and 6FCase3) exhibit lower maximum tempera-
tures. Furthermore, in cases with optimal fin locations, longer fins on the upper side and shorter
fins on the lower side result in a greater decrease in the maximum temperature.
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Figure 4. Receiver outer wall circumferential temperature distribution for Re = 40,000 for a)
two fin and b) six fin cases
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Figure 5. Variation of the maximum temperature (Tmax) with Re for a) two-fin and b) six-fin
cases

6.2 Performance parameters

The performance of the receiver geometries was investigated at different Reynolds numbers
ranging from 20.000 to 60.000, corresponding to HTF mass flow rates in the range 0.871-2.61
kg/s. The results are shown in Figure 6 in terms of friction factor and Nusselt number. The
addition of fins, as well as increasing the Reynold number, increases both the friction factor
and the Nusselt number. For example, as can be seen in Figure 6b, the friction factor for
6FCase 4 increased by 1.87 times compared to the smooth tube. Regarding the Nusselt num-
ber, Nu, is plotted in Figures 6¢ and 6d, and Nu; in Figures 6e and 6f.
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Figure 6. Variation of f, Nu,, and Nu; with Re for two-fin and six-fin cases

As can be seen, Nu; is larger than Nu,, and for the two-fin cases Nu; is larger for 2FCase2
(fins on the cold side) than for 2FCase1 (fins on the hot side). This is because in 2Fcase2, as
already mentioned, the fin temperature is very close to that of the fluid and, as a consequence,
the average temperature on the inner actual surface of the receiver T; in equation 2 becomes
smaller, giving a higher Nusselt numebr. However, since we are interested in the overall per-
formance of the receiver, the thermal losses are related to the external temperature and there-
fore we should refer to the overall Nusselt number Nu,. For low Reynolds numbers, Nu, is
slightly larger for 2FCase1 than for 2FCase2, because the effect of conduction in the fins plays
a more significant role. For higher Reynolds numbers we see the opposite, as convection ef-
fects become more relevant.
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The performance evaluation criteria based on the overall Nusselt number (PEC,) is shown
in Figures 7a and 7b, and the performance evaluation criteria based on the inner Nusselt num-
ber (PEC;) is shown in Figures 7c and 7d. As expected, case 6FCase4 provides the best per-
formance. As can be clearly seen, the two approaches can lead to different performance eval-
uations, as is particularly evident in the case of the two fins, which is of little practical interest
but very useful for getting a physical insight into the problem. From Figure 7c, it seems that the
solution with fins on the cold side (2FCase2) performs much better than the one with fins on
the hot side (2FCase1). This is in contrast to Figure 4a, as we are interested in the performance
of the whole receiver and not just in its internal convection coefficient. It can be concluded that
if the fins are not placed symmetrically inside the receiver and due to the non-uniform heat flux
distribution, the performance evaluation of solar receivers should be assessed based on their
outer surface temperature, i.e. with reference to an overall Nusselt number Nu,.
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Figure 7. Variation of PEC, and PEC; with Re for two-fin and six-fin cases

7. Conclusions

In this study, the conjugate heat transfer in a longitudinally finned parabolic trough solar ther-
mal receiver was numerically analyzed. The purpose was to reduce the intensity of hotspots,
thereby minimizing the probability of failure, and to investigate the different heat transfer mech-
anisms enhanced by fins on the heated and unheated sides of the receiver. The two-fins, of
little practical interest but very useful to gain physical insight into the problem, and the six-fins
receiver tubes were analyzed, together with the smooth channel as a reference case. In order
to account for the non-uniform heat flux distribution and the non-symmetrical arrangement of
the fins, the thermal performance was evaluated in terms of both an inner - according to the
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prevailing approach in the literature - and an overall Nusselt number. The following main con-
clusions are summarised.

= Fins exhibit different behaviors on the bottom side compared to the top side. Fins on the
bottom side decrease the receiver circumferential temperature gradient, while fins on the
top side increase the HTF velocity gradient towards the bottom (hotter) side.

= Toreduce circumferential temperature gradient, fins must be positioned in areas of higher
heat flux.

= For smooth and symmetrically positioned fins, the core region exhibits a very smooth
axial local velocity profile. Larger interfin space, shorter fin height on the bottom side and
larger fin height on the top side increase local velocity near the wall.

= For the most effective fin size and positioning (2FCase1 and 6FCase4), the highest cir-
cumferential temperature gradient decreased by 16.7 K and 30 K for the two-fin and the
six-fin case, respectively.

» PEC, decreases with an increase in Re, but PEC;, approximately remains constant.

= For overall performance evaluation, finned receiver tubes should be assessed based on
their outer surface temperature.
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