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Abstract

This comparative study evaluates the thermal performance of helix
and spiral-shaped receivers in a Parabolic Dish Collector (PDC)
system, a renewable energy technology that converts solar
radiation into heat by concentrating sunlight onto a receiver. The
geometry of the receiver significantly influences heat absorption
and system efficiency. Using Computational Fluid Dynamics
(CFD) simulations, this research compares temperature
distribution, fluid flow velocity, and thermal energy transfer
between the two receiver designs. Results indicate that the helix
receiver provides more uniform heat distribution and achieves
2.6% higher thermal efficiency than the spiral receiver. However,
the spiral receiver exhibits higher central flux and benefits from a
simpler design and lower production costs. These findings offer
insights into selecting optimal receiver geometries for improved
solar energy utilization, supporting the advancement of efficient
parabolic solar collector technology in renewable energy
applications.
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1 Introduction

In the last decade, the development of renewable energy has
been continuously optimized to reduce the use of fossil fuels. One
of the most popular renewable energy sources today is solar energy.
As a country located on the equator, Indonesia has a greater
opportunity to harness solar energy, both in quantity and quality,
compared to regions not crossed by the equator. Indonesia has a
solar energy potential of about 4.8 kwWh/m or equivalent to 112,000
GWp, and this solar energy will continue to be available over time
[1-2]. The use of solar energy in Indonesia is an appropriate choice
as an alternative energy source for industrial energy needs or to
meet daily energy demands, both in industry and households. One
technology that utilizes solar energy is Concentrated Solar Power
(CSP), commonly known as concentrated solar power plants. One
of the most popular CSP types is the Parabolic Dish Collector
(PDC). PDC is designed using mirrors or reflective materials in the
form of a large dish, intended to capture and reflect sunlight (or
other electromagnetic waves) towards a receiver installed at the
focal point [3-5].

The receiver is a component that contains a working fluid,
which can then be further utilized, such as to drive a steam turbine

for electricity generation. In its application, the PDC has a
drawback: when solar radiation is focused on the receiver, not all of
the sunlight is absorbed optimally by the receiver due to several
factors, such as material selection, focus point placement
configuration, and the geometry or dimensions of the receiver. This
research focuses on the impact of receiver dimensions on the
performance of the working fluid temperature generated using an
open-flow system. Several studies on the use of receiver dimensions
have been conducted by previous researchers, [6] studied the
influence of different cylindrical receiver dimensions by comparing
four types of cylindrical receivers with different diameters and
heights using the Computational Fluid Dynamic (CFD) simulation
method. In that study, the variation in cylindrical receiver
dimensions affected the fluid temperature distribution and heat flux
within the receiver. It was found that cylindrical receivers with
lower heights had higher thermal efficiency compared to taller
cylindrical receivers. Then, [7-9] researched and simulated a
cylindrical receiver with a spiral pipe inside. From that study, it was
concluded that the spiral pipe affects the fluid flow pressure,
temperature distribution, and fluid flow velocity. The researcher
[10-12] found that a receiver with cylindrical-conical geometry had
4% higher thermal efficiency compared to a rectangular geometry
receiver and 13% higher compared to a spherical receiver.

In addition to research on the impact of receiver dimensions,
studies have also been conducted on the addition of fins to the
receiver pipes. For instance, research [13-17] examined flat-
surfaced receivers and modified them with square tubular fins. It
was proven that the addition of square tubular fins to the receiver
could improve the performance and thermal efficiency of PDC by
71%. The addition of fins to the receiver enhances heat transfer to
the fluid by minimizing heat loss, and the research used a modified
spiral receiver with added fins. Apart from adding fins, the use of
cavities has also been explored. They studied a coupled conical
cavity receiver designed with a hollow cone shape, and this type of
receiver increased optical-thermal performance by 4% for heating
the fluid inside the receiver [17-19].

Based on previous studies, it has been proven that the design of
receivers significantly affects the performance of PDC systems.
However, despite various studies conducted on the influence of
receiver geometry, there is still a lack of understanding regarding
the comparison between helix and spiral shapes under different
mass flow rate conditions. In this study, the thermal performance of
helix and spiral receivers is simulated using the CFD approach with
Ansys Fluent. The simulation involves varying mass flow rates of
0.01 kgf/s, 0.02 kg/s, and 0.03 kg/s.

This simulation study is structured comprehensively and
summarized in four sections. Section 1 provides the background
and the necessity of designing solar receivers that offer optimal
performance. Section 2 discusses the simulation methodology used
in the research. Section 3 details the analysis of the working fluid
temperature performance, which is significantly enhanced in this
study. Section 4 summarizes the key conclusions obtained from this
study and provides recommendations for further research.

2 Research methods

The simulation method for analyzing the performance of
receivers in PDC is conducted using CFD software (Ansys Fluent
version 24). The models in this study use two types of receivers:
helix and spiral, intending to analyze the most optimal thermal
performance based on working fluid temperature with varying mass
flow rates. This study also examines the use of molten salt as a
working fluid in relation to the thermal performance of the receiver.
The configuration of the PDC system is set according to
environmental conditions, where the irradiation received by the
PDC is 1000 W/mg2, the ambient temperature is assumed to be 26°C,
and the sun's position is perpendicular at 90° to the PDC. In this
case, wind speed is neglected. For more details, see Fig. 1.
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Fig. 1. The configuration Parabolic dish concentrator with a
receiver.

2.1 Geometry modeling

The first step is to create a geometric model of the PDC system,
including the parabolic dish and the receiver. This geometry can be
created using CAD (Computer-Aided Design) software. The design
of the reflector used in the PDC system consists of six sheets, each
of which contains reflector facets. These facets are arranged in such
a way as to cover the parabolic surface. The material of the facets
is @ 2 mm thick mirror, with a reflectivity level of R=0.9. The
geometric shape of the parabolic dish can be seen in Fig. 2.
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Fig. 2. The dimensions of the PDC and the arrangement of the mirrors

In Fig. 3(a), the dimensions of the spiral receiver are shown,
while Fig. 3(b) depicts the helix receiver. Both receivers have an
inner pipe diameter of 10 mm and an outer diameter of 12 mm. To
compare the two receiver geometries, a pipe length of 2000 mm is
used for both. Additionally, the receiver material is copper, which
has high thermal absorption properties.

Fig. 3. The direction of fluid flow entering the receiver: (a) spiral (b)
helix.

2.2 Mesh modeling

In this study, the illustrates the mesh application on a spiral-
shaped and helix receiver using a polyhexcore mesh type. The left
side shows the overall structure of the helix receiver, while the right
side zooms into the receiver pipe wall area to highlight the details
of the mesh used. In the pipe wall region, boundary layer meshing
is applied to accurately capture the effects of fluid flow and heat
transfer near the surface. The polyhexcore mesh type is selected for
its capability to handle complex geometries like the helix, ensuring
flexibility and computational efficiency. Local refinement around
the pipe wall enhances accuracy in critical regions without
significantly increasing the overall number of mesh cells (Fig. 4).

(b)

Fig. 4. Polyhexcore Mesh Type for Receiver Geometry; (a) spiral
and (b) helix
2.3 Computational modeling

The conjugate heat transfer in the PDC receiver encompasses
both solid and fluid regions. The fluid, which is water, carries heat
within the receiver pipe and then exits the system. The behavior of
the fluid is governed by the fundamental principles of mass
conservation, momentum conservation, and energy conservation.
These principles can be expressed as a set of mathematical
expressions known as the Navier-Stokes Eqgs [1-3].

Continuity:
dp
s < (pD) = 1
e T Ve =0 @
Moment:
a - — =
a(pv)=—vp+v'(‘f)+ﬂg 2
Energy:
a o
57 (PE) + V- (G(oE + P)) = V- (Z h,-],-) 3)
J

In this context, p represents the density, p is the static pressure,
T is the stress tensor, v denotes velocity, E stands for energy, h is
the enthalpy of the species, and J refers to the diffusion flux. The
governing equations are discretized through the standard finite
volume methad, resulting in a system of algebraic equations that are
solved iteratively using CFD software. Meanwhile, the turbulent
kinetic energy is given by Eq. 4:

a(k)+a(k)—a ok + G 4
ar P F g, (Phu) = G\ Gutters |+ G = pe 4)
Where Gy denotes the generation of turbulent kinetic energy caused

by the gradient of the mean velocity. ok and o, are the inverse of the
Prandtl numbers for k and &.
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2.4 Simulation process

The CFD process is simulated using Ansys 2024 R1. Before
performing the CFD simulation, the irradiation received by the
receiver is first calculated using Tonatiuh Solar Ray Tracing
software. In this research case, a solar ray tracing value of 1000
W/m? is used, which is directed towards the parabolic dish. This
irradiation will be reflected and concentrated on the receiver,
increasing the irradiation value that reaches the receiver. To observe
the effects of photon light rays on the receiver, simulations using
Tonatiuh Solar Ray Tracing software are necessary . Tonatiuh is an
open-source Monte-Carlo Ray™ Tracer (MCRT) software [22] for
the optical simulation of solar concentrating systems. In this work,
a PDC and a target surface (receiver) placed at its focus will be
simulated, like PDC research by Ferero [23].

During the running setup phase in the solar ray tracing software,
a scheme of solar light or heat irradiation to the PDC will be
obtained, which is then reflected and directed towards the receiver.
Fig. 5 shows the scheme for a spiral solar rays receiver, with heat
from solar irradiation depicted by yellow lines or photon light rays.
This running setup phase will produce output data in the form of
irradiation values for each photon light ray effect, which can be
calculated and processed to determine the total irradiation on the
receiver.

(b)
Fig. 5. Solar rays receiver scheme: (a) spiral (b) helix

Table 1. Boundary conditions simulation (Fig. 6).

Boundary conditions in the simulation are necessary to avoid
deviations in input parameters and to narrow the focus of the
problem, ensuring that the research is more directed and facilitating
the discussion, thus achieving the research objectives. In this
simulation, a constant radiation value of 1000 W/m2 is absorbed in
PDC, along with variations in fluid types (water (H20) and
variations in mass flow rates 0.01 kg/s, 0.02 kg/s, and 0.03 kg/s.

2.5 Mesh Independence Test (MIT)

In this study, five different mesh sizes were used, resulting in
varying numbers of meshes. However, despite the differences in
mesh quantity and size, the quality of the mesh for all five variations
was maintained. These mesh sizes are categorized into large,
medium, and small, with the smallest size resulting in the highest
number of meshes. The PDC receiver was simulated with each of
these mesh sizes using Ansys Fluent. After conducting the
simulations, five datasets were obtained to evaluate mesh quality.
The results are presented in the Table 2.

Table 2. Compares the outlet temperature of the fluid for the spiral and
helix receivers against the mesh type

Mesh Type  Geometry Receiver Number of Elements Tou °C
Coarse mesh Spiral 144,417 236.2
Helix 119,750 251.3

. Spiral 454,700 235.1
Medium Mesh Helix 291,131 250,1
Spiral 503,819 233.9

Refined Mesh Helix 687,040 2488
Very Refined Spiral 1,111,039 233.9
Mesh Helix 1,607,634 248.8

Boundary conditions Value
CFD Model k-g Turbulence Model
Solar irradiance 1000 W/m?

Ambient temperature 30°C
Type fluid flow Water (H20)

Mass flow rates 0.01, 0.02, 0.03 kg/s
Receiver geometry Helix and spiral
Receiver surface emissivity 0.8

Wind speed around Negligible

Solver settings Steady-state simulation

Energy Eq. activated
Solar ray trace

Pressure-velocity coupling: COUPLE
sofware

Receiver geometry design

Convergence

Fig. 6. The stages of the solar receiver simulation process

Solve

(helix and spiral)

Boundary conditions

£

Mesh

independence Test

With five different mesh sizes, five varying mesh counts were
obtained for each simulation. The data used for mesh verification
were based on the simulation results of the outlet fluid temperature
for both the spiral and helix receivers. As shown in Fig. 7, a mesh
count of 503,819 yielded an outlet temperature of 233.92°C for the
spiral receiver. Increasing the mesh count to 755,328 and up to
1,111,039 cells still resulted in the same temperature of 233.92°C.
This indicates that using 503,819 cells provides results equivalent
to those with 1,111,039 cells but with significantly less
computational effort. Therefore, the optimal mesh size of 503,819
cells was chosen to simplify the iteration process while obtaining
the outlet temperature results for the spiral receiver. This conclusion
is specific to the temperature calculations of the spiral receiver in
this study.
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Fig. 7. Comparison graph of the outlet temperature of helical and
spiral receivers with water fluid versus flow rate.
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3 Results and Discussion

This study is conducted to determine the outlet temperature
(Touwt) of the fluid in the receiver, and the pressure drop of the fluid
in the receiver, This study also involves variations in mass flow
rates with respect to the outlet temperature of the fluid in the
receiver, as well as variations in the geometry of the receiver with
helical and spiral shapes to obtain a sufficiently optimal receiver
design for achieving the desired fluid outlet temperature in the PDC.

3.1 The Effect of receiver geometry type on the outlet
temperature of water fluid

In this study, two types of receivers, spiral and helical, were
chosen for comparison to determine which receiver is most optimal
for use in a PDC. The optimal receiver for a PDC is one that can
increase the outlet temperature of the fluid, thereby enhancing the
performance of the PDC. This study uses water as the working fluid,
and variations in the fluid will be discussed in the following
sections.

In the case of water fluid, as shown in Fig. 7, both the spiral and
helical PDC receivers exhibit decreased performance in terms of
outlet temperature as the flow rate increases. For a flow rate of 0.03
kg/s, the average decrease in temperature between the helical and
spiral receivers from a flow rate of 0.02 kg/s is only 12.78°C. The
most significant decrease occurs in the mass flow rate from 0.01
kg/s to 0.02 kg/s, where the temperature drop is twice as much
compared to the drop from a mass flow rate of 0.02 kg/s to 0.03
kg/s. This is due to the fact that as the flow rate decreases, the fluid
flow inside the receiver becomes slower, resulting in longer heat
transfer contact between the receiver pipe and the fluid, which
optimizes fluid heating.

The fluid is most optimal at the lowest flow rate of 0.01 kg/s
because the fluid moves the slowest at this rate and has the longest
contact time with the receiver pipe. When the flow rate is increased
to 0.02 kg/s, the fluid moves faster, leading to shorter heating
contact time with the receiver pipe and a significant decrease in
temperature. However, between the two PDC receivers, the helical
receiver consistently has a superior outlet temperature compared to
the spiral receiver at every flow rate. Ata flow rate of 0.01 kg/s, the
temperature difference (AT) of the outlet fluid is 2.75°C, with the
helical receiver being more advantageous. The use of the helical
receiver results in a 2.64% increase in outlet fluid temperature
compared to the spiral receiver.

There is no significant difference in the outlet temperature (AT)
of the fluid between the helical and spiral receiver geometries when
using water fluid. However, if examined in detail, the AT of the
outlet fluid in both helical and spiral receivers decreases as the flow
rate increases. For instance, at a flow rate of 0.01 kg/s, the AT is
2.75°C; at a flow rate of 0.02 kg/s, the AT is 0.48°C; and at a flow
rate of 0.03 kg/s, the AT is 0.19°C. This decrease in AT is due to the
uneven exit of the fluid at the outlet of the spiral receiver pipe,
where the fluid only exits from some parts of the outlet pipe. As the
flow rate increases, the fluid in the spiral receiver exits more evenly.
This is due to the spiral receiver's geometry, which has many curves
or bends; this phenomenon will be explained in more detail with the
fluid outlet contour of the spiral receiver in the following section.
In contrast, the helical receiver allows the fluid to exit more
uniformly at the pipe outlet. The uneven exit of fluid at the spiral
receiver outlet affects the outlet temperature of the fluid, which is
why the helical receiver has a superior outlet temperature compared
to the spiral receiver.

3.2 Fluid Temperature Contour in Helical and Spiral
Receivers.

The contour is used in this simulation because it can represent
the desired values of an object. Contours can show temperature,
pressure, and even velocity values. In this study, several contours
are displayed, such as fluid flow temperature contours and fluid
flow behavior contours.

Temperature

- 99.850

(@)
79.100
58.350
37.600
. 16.850 (b)
[C]

Fig. 8. The fluid temperature contour of water with a flow rate of
0.01 kg/s on the receiver: (a) Spiral (b) Helix

The contour with red color indicates higher temperature values,
while lower temperatures are depicted with gradient contours
ranging from blue to green. These colors provide a visual
representation of the temperature distribution in the fluid, making it
easier to identify areas with high or low temperatures. Figure 8
illustrates the temperature distribution of the fluid across the entire
section of the helix and spiral receivers, using water as the working
fluid at the lowest mass flow rate of 0.01 kg/s.

In the spiral receiver, the red contour at the outlet indicates that
the fluid outlet temperature has reached 100.1°C. This temperature
is significant because it is at the maximum of the liquid phase of
water under standard atmospheric pressure conditions. Achieving
this temperature shows that the spiral receiver is capable of
efficiently absorbing and transferring heat energy from the receiver
surface to the working fluid. This process also indicates that the
spiral geometry provides a uniform heat distribution across the
fluid, although there are slight variations represented by the color
gradient in the outlet area. On the other hand, in the helix receiver
(if mentioned in the subsequent section), the temperature
distribution may vary depending on the more complex geometry
and more turbulent fluid flow. However, the primary focus of this
analysis is the spiral receiver's ability to utilize low flow rates and
generate high temperatures close to the water's saturation point,
without causing an undesirable phase transition from liquid to vapor
under certain conditions.

This temperature distribution reflects the overall thermal
efficiency of the system, where achieving temperatures close to
100°C can be optimized for thermal energy applications, such as
steam production for turbines or other industrial processes

3.3 Contours of Fluid Flow Behavior at the Receiver Outlet

The fluid flow contours in this study are displayed to closely
observe the behavior of fluid flow at the outlet of the receiver pipe,
which can influence the fluid outlet temperature. Fluid flow
behavior refers to the way the fluid moves and interacts with its
surroundings. Fluid flow can be highly complex, and its behavior
depends on various factors such as viscosity, flow velocity, the
shape of the container, and forces acting on the fluid.

In this research, the primary factor causing differences in flow
behavior is the shape of the fluid container, or the geometry of the
receiver, whether helix or spiral. The impact of varying receiver
geometry on fluid flow behavior must also be considered, as the
flow behavior at the receiver, particularly at the outlet of both the
helix and spiral receivers, will certainly affect the fluid outlet
temperature from the receiver.

Fig. 9 shows the phenomenon observed in the spiral and helix
receivers can be explained by the differences in the geometry of
these two types of receivers. The spiral receiver has many bends or
sharp turns, which prevent the fluid from exiting uniformly at the
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outlet. These sharp turns disrupt the fluid flow and create
turbulence, leading to uneven temperature distribution at the outlet.
This affects the system's efficiency, as the temperature difference
between the faster and slower fluid flows will influence the overall
heat transfer. On the other hand, the helix receiver has a smoother
geometry and more stable fluid flow, allowing for more even
temperature distribution at the outlet, even with varying flow rates.

Fig. 9. The vector of fluid flow velocity at the outlet of the spiral
receiver at specific flow rates: (a) 0.01 kg/s, (b) 0.02 kg/s (c) 0.03
kgls

As the flow rate increases, the fluid in the spiral receiver tends
to exit more uniformly, though it is still less efficient than the flow
in the helix receiver. The increase in flow rate causes a decrease in
the temperature difference (AT) at the fluid outlet in both types of
receivers, although this decrease is more optimal in the helix
receiver, which maintains a more consistent flow. The spiral
geometry, with its sharp turns, remains the main obstacle,
preventing the fluid flow from achieving maximum efficiency.
Therefore, the helix receiver demonstrates better performance in
terms of flow distribution and outlet fluid temperature, making it a
superior choice for applications that require high efficiency.

Overall, the helix receiver has a significant advantage in terms
of efficiency and uniform temperature distribution compared to the
spiral receiver. Although the spiral receiver can show improvement
in fluid flow distribution with an increased flow rate, its more
complex geometry with many sharp turns remains the main obstacle
to achieving optimal performance. With a more stable geometry and
more consistent fluid flow, the helix receiver can maintain better
performance in terms of temperature distribution and overall system
efficiency.

The detailed capture of the fluid outlet surface is also shown to
observe its temperature distribution. Fig. 10 shows the temperature
contours of water at the outlet of the helix and spiral receivers,
respectively, each with its characteristics due to the behavior of
fluid flow at the pipe outlet. In the spiral receiver, some parts of the
fluid contour still show a low temperature of 26°C. This is due to
the uneven fluid exit at the outlet of the spiral receiver, caused by
the spiral receiver's geometry. Therefore, selecting the appropriate
receiver geometry in a PDC is crucial, as the geometry acts as the
container shape for the working fluid, influencing the fluid flow
behavior within the receiver. This, in turn, impacts the receiver's
performance; the higher the fluid outlet temperature from the
receiver, the better the receiver's performance.

(a) (@
(b)

Temperature
Contour 1

3
34.207 (b)
I 29.868

Fig. 10. The temperature contour of water at the outlet receiver (a)
Spiral and (b) Helix

3.4 Analysis of Reynold Number and Nusselt Number

The comparison of the Reynolds number to the Nusselt number
helps illustrate the efficiency of heat transfer as the flow
characteristics change. Reynolds number (Re) is a dimensionless
parameter that facilitates the prediction of flow behavior.

On the other hand, Nusselt number (Nu) can be defined as the
ratio of convective heat transfer to conductive heat transfer within
the fluid under the same conditions. Fig. 11 illustrates that an
increase in Reynolds number in both the helix and spiral receivers
leads to a higher Nusselt number. For water as the fluid, the highest
Reynolds number is found in the helix receiver at 5,272.69, while
the highest Nusselt number is also in the helix receiver at 22.29.
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Fig. 11. The graph compares Reynolds Number (Re) and Nusselt
Number (Nu) for the helix and spiral receivers.

The increase in Nusselt number with the increase in Reynolds
number indicates that convective heat transfer becomes more
dominant compared to conductive heat transfer. Therefore, it can be
explained that increasing the Reynolds number to reach the
turbulent flow stage significantly enhances the Nusselt number,
meaning that convective heat transfer becomes much more
dominant compared to conduction.

The increase in Reynolds number in both the helix and spiral
receivers leads to a higher Nusselt number, indicating that
convective heat transfer becomes more dominant compared to
conduction. The helix receiver shows better performance with the
highest Reynolds and Nusselt humbers, suggesting that the more
stable turbulent flow in the helix receiver significantly enhances
heat transfer efficiency.
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4 Conclusion

The fluid outlet temperature serves as a key performance
indicator for receiver efficiency. The helix receiver outperforms the
spiral receiver, producing a 2.64% higher fluid outlet temperature
at the lowest flow rate (0.01 kg/s). Both receiver geometries exhibit
a decline in outlet temperature as flow rate increases, indicating that
fluid flow rate significantly impacts thermal performance. While
the helix receiver enhances heat distribution and efficiency, the
spiral receiver offers advantages in design simplicity and cost-
effectiveness. These findings contribute to optimizing receiver
geometry selection for parabolic dish collector applications,
promoting advancements in solar thermal energy systems.
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