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Abstract. This paper conducts a numerical investigation of the performance improvement of
a Parabolic Trough Collector (PTC) receiver using Computational Fluid Dynamics (CFD)
simulations performed in ANSYS Fluent. The study aims to evaluate novel receiver
configurations by comparing a conventional receiver (Case 1) with three innovative
configurations (Cases 2, 3, and 4), using liquid sodium as the heat transfer fluid (HTF). The
model’s accuracy is validated against experimental data and theoretical expressions from the
literature. Simulations are performed across various mass flow rates to assess key
parameters, including the Nusselt number, friction coefficient, thermal efficiency, and
circumferential temperature difference. The results indicate that Case 3 demonstrates the
highest thermal performance among the configurations. Specifically, the novel receiver
configurations consistently outperformed the conventional receiver. The Nusselt number
increased by 29.84%, 126.1%, and 10%; the friction factor rose by 178%, 305%, and 17%; the
thermal efficiency improved by 3.6%, 4%, and 3.4%; and the temperature difference decreased
by 4.05%, 13.2%, and 1.31% for Confs 2, 3, and 4, respectively. Additionally, liquid sodium
significantly enhanced the thermal performance of the PTC due to its superior thermal
properties. These findings underscore the effectiveness of the proposed receiver
configurations and the advantages of using liquid sodium as the HTF, offering a promising
approach to improving PTC efficiency.
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1. Introduction

Solar energy is a crucial strategy for addressing energy sector challenges, such as high
greenhouse gas emissions from fossil fuels and rising global power consumption [1]. Common
concentrated solar power (CSP) technologies include solar towers, solar dishes, linear Fresnel
reflectors, and PTC [2]. Among these, PTCs are the most developed, extensively studied, and
widely used in both hybrid and solar-only modes [3]. However, improving their heat transfer
performance is essential to make PTC technology more competitive with conventional fossil
energy sources. Previous studies have developed various techniques to improve the heat
transfer of PTCs, generally categorized into passive and active methods [4],[5]. These
improvements are achieved by increasing turbulence and delaying boundary layer formation,
expanding the heat transfer area, or generating secondary rotating flows to enhance the heat
transfer rate. Zou et al. [6] investigated a novel PTC receiver configuration to enhance heat
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transfer, by using syltherm800 as HTF, and simulations were performed using CFD tool. It was
noted that the highest increase in performance can be up to 30.1%. Chakrabortry et al. [7]
investigated numerically the thermal performance of the LS-2 PTC model, where helical
absorber tube was used with water as HTF. The observed enhancement in thermal efficiency
was by 4% to 10%. Zhu et al. [8] studied the wavy-tape insert on the absorber tube of PTC
using CFD simulation. The Nusselt number and friction factor were shown to improve by 3 and
4 times, respectively. Yilmaz et al. [9] used wire coil insert in the PTC receiver. Therminol VP1
was used as HTF, and numerical simulations were performed using ANSYS Fluent. It was
observed that the heat transfer performance and thermal efficiency enhanced by 183 % and
1.4% respectively. Kursum [10] proposed a configuration of receiver tube of LS-2 PTC, by
inserting internal longitudinal fins. Numerical simulations were conducted using ANSYS Fluent
and Syltherm800 was used as HTF. Results showed the Nusselt number was enhanced
between 25% to 78%. Recently studies using newly developed HTFs with improved
thermophysical characteristics are reported in the literature for enhancing the convective heat
transfer the PTC absorber tube. Bozorg et al. [11] used Al.Os/synthetic oil nanofluid in a PTC
receiver containing porous structure and the thermal efficiency was observed to be increased
by 8%. Kasaeian et al. [12] investigated experimentally a PTC receiver using MWCNT oil-
based nanofluid as HTF. Efficiency was enhanced by 7% compared to oil HTF. Ali et al. [13]
evaluated the PTC receiver performance enhancement. The receiver was equipped with a
turbulator and Cuo-SWCNT/Water-based hybrid nanofluid was used as HTF. Thermal
performance was observed to be improved by 3.85%. Krishna and kumar [14] assessed the
use of liquid metals as HTF for PTC by exploring the heat transfer capabilities of various HTFs.
They concluded that liquid sodium offers better enhancement of PTC performance compared
to other examined HTFs. Kumar et al. [15] studied the thermal gradient and heat losses of the
receiver for various collector aperture sizes and various HTFs, such as molten salt, liquid
sodium, and NaK78. It was found that liquid sodium offers a significant reduction in
temperature gradient as compared of other HTFs for all the aperture sizes of the collector,
where the maximum reduction obtained is 85%.

From the above literature review it can be seen that combining turbulators and newly
developed HTFs offers a unique opportunity to enhance PTC performance. Although several
new HTFs have been developed, limited research has investigated the use of liquid metals in
PTCs, particularly liquid sodium, which is widely used in the nuclear industry for its excellent
thermal properties [16]. This study proposes innovative receiver configurations using liquid
sodium as the HTF to enhance PTC thermal performance. The configurations are numerically
analysed by coupling the finite volume method (FVM) with the Monte Carlo ray tracing (MCRT)
method. The effects of mass flow rates and inlet velocity on parameters such as the Nusselt
number, friction coefficient, thermal efficiency, and circumferential temperature difference are
examined. This approach has the potential to increase power generation, improve heat
production, and enhance thermal storage capacity, making PTC more competitive. The study
is organized into five sections. Section two covers the materials and methods, section three
defines the parameters, section four discusses the results, and section five presents the
conclusion.

2. Material and methods

2.1 Geometrical modeling and HTF

This section presents three novel absorber tube configurations designed strategically
modifying the conventional LS-2 PTC absorber (Figure 1.a). The modifications include the
incorporation of internal obstacles, extending surfaces aimed at enhancing the thermal
performance within the absorber. The conceptual development of these designs is grounded
in established heat transfer enhancement techniques such as flow disruption, vortex
generation, and increased surface area contact.
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Case 2: Absorber with Y-shaped fin inserts

In this configuration (Figure 1.b), the internal fins are arranged in a Y-shape, creating diverging
flow paths. These fins are strategically shaped to induce multiple recirculation zones and
encourage complex secondary flow patterns. The splitting of flow caused by the Y-structure
intensifies local turbulence and improves the interaction of fluid with the heated wall surface.

Case 3: Absorber with perforated fins and central rod

Figure 1.c presents a hybrid approach where perforated fins are combined with a central rod.
The perforations in the fins function as micro-jets, injecting high-velocity streams into the flow
field. These jets introduce additional momentum and actively disturb the thermal boundary
layer, resulting in enhanced convective heat transfer. Simultaneously, the central rod
enhances the flow disturbance in the core region, and the perforations also help reduce the
pressure drop by allowing partial flow bypass through the fin openings.

Case 4: Absorber with Triangular Fins

The configuration in Figure 1.d employs triangular-shaped fins arranged longitudinally. The
sharp edges of the triangular fins are designed to induce localised vortices as fluid flows past
them. These vortices periodically disrupt the thermal boundary layer, facilitating better mixing
and heat transfer. This configuration combines simplicity in fabrication with effective thermal
performance gains. The fins act as vortex generators and are well-suited for retrofitting in
existing absorber systems.

c) d)

Figure 1. Models of receivers: a) reference receiver (Case 1), b) Case 2, c¢) Case 3, d) Case 4

The parameters and optical properties of the LS-2 receiver are listed in Table 1. The
receiver tube and fins are made of 316L stainless, and the HTF used is Liquid sodium. The
selection was based on our previous work [17], comparing it with Syltherm 800. That study
showed that liquid sodium provides significantly better thermal performance due to its higher
thermal conductivity and lower viscosity, which enhance heat transfer and reduce
circumferential temperature gradients. However, its high chemical reactivity introduces notable
safety and handling challenges. Thus, while liquid sodium offers clear receiver-level
performance benefits, its use in large PTC fields must be balanced against these operational
risks [17]. The thermo-physical properties of liquid sodium are presented in Table 2.
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Table 1. Characteristics of LS-2 PTC [18].

Parameter Value
Aperture width (m) 5
Focal length (m) 1.84
Module length (m) 7.8
Diameter of inner receiver (m) 0.066
Diameter of Outer receiver (m) 0.07
Absorptance 0.96
Reflectivity of the reflector 0.93

Table 2. Thermo-physical properties of Liquid sodium [19].

Property Correlation
p (kg/m?) _ ( __ T ) __ Tt os
p=219+27532(1 25037 +511.58 (1 2503.7)
Cp (J/kgK) 1658.2 — 0.84790 X Tf + 4.4541 x 10™* x T2 — 2.9926 x 10° X Tf_2
k (W/mK) 124.67 — 0.11381 X Ty + 5.5226 x 1075 x T;?> — 1.1842 X 1078 X T
In(p) (kg/m.s) —6.4406 — 0.39581In(T) + 556.835/T

2.2 Numerical modeling

In this study, the Reynold averaged Navier-Stokes equations shown in Equations 1 to 3, are
used to govern the heat transfer and fluid flow.

Continuity (1) momentum (2) and energy (3) equations;

dp | A(pUy) _
ot ox, =0 (1)
opu 0 () (i AUy e\ _oe
at+ax,-(“(ax,- axi> pU‘UJ)_ dx; (2)
9pCpT | 0 ) = 29
at +ax,-(pCPUJT)_ Aax,- (3)

Where p is the fluid density (kg/m?3), t is the time (s),U; is the velocity component in the x;
direction (m/s), p is the pressure (Pa), u is the dynamic viscosity (Pa-s), TU’] is the Reynolds
stress tensor components (m?/s?), T is the temperature (K), C,, is the specific heat capacity at
constant pressure (J/kg-K), and 4 the thermal conductivity (W/m-K).

The governing equations are discretized and solved using, FVM and CFD implemented in
ANSYS Fluent software. In this method, the computational domains of receivers are
discretized into hexahedral elements. To perform the turbulence calculations, the Realizable
k-epsilon model is used. To guarantee the convergence of the solution, the residual value for
energy equation was less than 1078, while for other equations were less than 10°.
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The boundary conditions were set as:

Inlet: mass flow inlet, inlet temperature.

Pressure outlet boundary condition with zero-gauge pressure.

At the inner wall: A no-slip condition.

No uniform heat flux on the receiver’s exterior wall: The profile of heat flux is determined
using the Monte Carlo Ray Tracing method.

The numerical model used in this study was validated using theoretical correlations from
Gnielinski [20] and Petukhov [21], the model was also validated using Dudley’s experiment
[22]. The results for the numerical model were found to be in good agreement with correlation
and experimental results. For more details information about the no-uniform heat flux modeling
and the model validation, please refer to the author’s previous study [23].

3. Parameters definitions

Parameters that will be used to evaluate the heat transfer performance of the PTC are defined
in this section.

The Nusselt number is defined as,

— Dy
Nu = p (4)

Where, h, k and Dy are the heat transfer coefficient, the HTF thermal conductivity, and the
hydraulic diameter respectively.

The heat transfer coefficient is given as,

h=——2 (5)

" (@DHL).(Tr=Tm)

where, Qu, Tr and energy rate, receiver mean temperature, and HTF mean temperature
respectively.

Qy =m. Cp- (Tout — Tin) (6)

Where, m, c,, Tow, and Tin are HTF mass flow rate, HTF specific heat capacity, outlet
temperature, and inlet temperature respectively.

The friction factor is defined as,

__ (AP/D). Dy
s (7)

Where, AP, p, V, and [ are the pressure drop, density of HTF, inlet velocity, and length of the
receiver, respectively.

_ pV.Dy
Re = — (8)
4m
V= p.m.DF )

The circumferential temperature difference is defined as,

AT = Tnax — Tmin (10)

Where Tmax and Tmin are the maximum and minimum temperatures around the receiver



Chaanaoui and Byiringiro | SolarPACES Conf Proc 3 (2024) "SolarPACES 2024, 30th International Conference
on Concentrating Solar Power, Thermal, and Chemical Energy Systems"

4. Results and discussion

This study evaluated the heat transfer performance of different configurations by analyzing the
Nusselt number, friction factor, and temperature distribution. This section presents the findings
for each parameter.

4.1 Analysis of heat transfer.

The effect of altering the internal wall geometry of the receiver on heat transfer is shown in
Figure 2. The heat transfer is evaluated using the Nusselt number, a dimensionless quantity
representing the ratio of convective to conductive heat transfer across the boundary layer,
calculated based on equation 4. An increase in flow rate leads to a higher Nusselt number,
consistent with previous studies [6],[7],[10]. This occurs because, as the flow rate increases,
the velocity of HTF through the receiver tube also rises. Higher velocity enhances turbulence,
disrupting the thermal boundary layer. A thinner boundary layer improves convective heat
transfer, resulting in a higher Nusselt number. The maximum increases in the Nusselt number
are 29.847% for Case 2, 126.14% for Case 3, and 10.248% for Case 4. Configuration 3
outperformed other configurations. The fins create multiple channels for the flow, leading to
intense mixing and a significant reduction in boundary layer thickness. The central core further
constricts the flow, increasing velocity and turbulence. This results in the highest Nusselt
number compared with other configurations (cases 2 and 4).

4.2 Analysis of flow resistance.

The resistance to flow due to friction is represented by the friction factor, calculated using
Equation 8. Figure 3 shows the variation of the friction factor with mass flow rate. As the flow
rate increases, the friction factor decreases. This behavior is attributed to the higher kinetic
energy of the HTF, which reduces the influence of viscous forces and facilitates smoother flow.
Increased flow rate results in thinner boundary layers along the receiver tube's inner surface,
decreasing viscous drag and leading to reduced frictional losses. This finding aligns with fluid
dynamics principles, where higher flow velocity reduces frictional resistance [10]. The
maximum increase in friction factor is 160.73%, 249.3%, and 17.8%, for Cases 2, 3, and 4,
respectively. Case 3 exhibits the highest friction factor, followed by Cases 2 and 4. This is due
to its most obstructive and turbulence-inducing design, featuring a central core and multiple
fins that increase surface area and create complex flow paths. The fluid encounters significant
resistance as it navigates through this structure, leading to a higher friction factor. Case 2, with
three fins extending from the inner wall of the tube, also generates turbulence and disrupts the
flow, but to a lesser extent than Case 3. Compared to Syltherm800 used in the author’s
previous studies [22] for the conventional receiver (Case 1), Liquid-sodium shows reductions
in friction factor by 66.72%, 475.09%, 86.55%, and 66.9% for Cases 1, 2, 3, and 4,
respectively. This is because liquid sodium has a lower viscosity, which reduces resistance to
flow. The decreased viscosity lessens energy losses from pressure drops, allowing smoother
fluid movement within the system. Although the friction factor decreases at higher mass flow
rates, the accompanying increase in flow velocity leads to a larger pressure drop according to
Equation (8). Consequently, the pumping power requirement increases with mass flow rate,
which must be considered when evaluating the overall thermal-hydraulic performance of the
PTC.
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Figure 3. Nusselt variation with mass flow rates

4.3 Analysis of temperature distribution.

Figure 4 shows the HTF temperature distribution in the receiver cross-section at z = 3.8 m
(middle of the receiver. At an inlet velocity of 0.6 m/s, the temperature difference (calculated
based on Equation 10) is 38.5 K, 37 K, 34 K, and 38 K; at 1 m/s itis 29 K, 28 K, 25 K, and 28.4
K for cases 1, 2, 3, and 4 respectively. It is seen that the use of turbulators results in lower
temperatures near the tube and a more uniform temperature distribution. Case 1 has an
improper temperature distribution throughout the receiver’s flow region, while the modified
configurations (Cases 2, 3, and 4) produce better temperature distributions. This improvement
is more pronounced at higher inlet velocities due to the turbulators creating rotational vortexes
that enhance fluid flow mixing between the heated walls and the core flow zone. Furthermore,
none of the configurations' temperature distributions are symmetrical about the tube's central
axis due to the non-uniform heat flux on the receiver. From the discussion above it can be
noted that increasing the heat transfer reduces the circumferential temperature difference of
the absorber, which in turn reduces the thermal stresses on the receiver tube.
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Figure 4. Contours of temperature distribution through the absorber wall

4.4 Summary of results

The performance improvements of cases 2, 3, and 4 compared to case 1 (the conventional
receiver) are summarized in Table 2. Case 3 outperformed the other cases across all
parameters, attributed to openings that allow more flow mixing.

Table 3. Performance enhancement from different cases.

Case Nusselt Friction Thermal Temperature
number (%) factor (%) efficiency (%) difference (%)
Case 2 29.847 160.73 3.6 4.05
Case 3 126.14 249.3 4 13.2
Case 4 10.248 17.8 3.4 1.31

5. Conclusion

In this study, the heat transfer performance of PTC receivers was investigated numerically to
evaluate new receiver configurations (Cases 2,3, and 4). The Nusselt number, friction factor,
thermal efficiency, and temperature distribution for different mass flow rates were analyzed.
The proposed configurations improved thermal efficiency and heat transfer, reducing the
temperature difference and increasing the friction factor. The maximum increases in thermal
efficiency, Nusselt number, friction factor, and reduction in temperature difference were 4%,
126.14%, 249.3%, and 13.2% respectively, for Case 3. Overall, the combination of innovative
receiver configurations and liquid sodium shows great potential for enhancing the thermal
performance of PTC receiver tubes.
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