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Cavity receivers are crucial components of solar dish concentrators, as their design
significantly influences thermal efficiency. This paper presents an optimized design for
conical cavity receivers incorporating helically baffled paths to enhance thermal
performance. Through computational fluid dynamics (CFD) simulations, three groups of
models were studied to maximize outlet temperature and minimize pressure drop. Group
A conducted a parametric study on key design variables, including conical length, baffle
pitch, and inclination. Group B introduced fined paths based on the optimal configuration
from Group A, while Group C further refined these designs with multi-staged helically
baffled paths. The optimized design achieved a peak outlet temperature of 301.97 K and a
minimal pressure drop of 145.835 Pa at a water flow rate of 2 L/min. These results
demonstrate the potential of helically baffled conical cavity receivers to significantly
improve the thermal efficiency of solar dish concentrators, offering a novel contribution to

the field of solar thermal energy systems.

1. INTRODUCTION

With growing global demand for sustainable and clean
energy sources, solar energy moves to the frontline of
promising solutions for meeting this demand while mitigating
adverse environmental impacts associated with traditional
energy sources [1, 2]. Solar energy has been used in many
technologies such as: heating water and air [3, 4], desalination
[5, 6], cooking food [7, 8], generating electricity [9, 10], etc.
Of all the several solar technologies, solar dish concentrators
best harness solar energy by concentrating it on a receiver,
thereby exponentially increasing the efficiency of any solar
power system [11, 12]. At the same time, despite considerable
progress in solar dish concentrator technology, some
challenges exist in minimizing thermal losses and increasing
the efficiency of heat absorption [13].

It implies that the performance of the receiver dictates, to a
great extent, overall performance and efficiency of a solar dish
concentrator. For this reason, traditional designs of receivers
frequently have poor efficiency due to non-optimal heat
transfer and larger thermal losses, resulting in overall poor
system performance. These challenges further raise the need
to explore new designs of receivers that can handle these
issues in a better way [14].

It focuses on the design of the receiver, with a novel
approach involving a conical cavity receiver with helical
baffles. It is introduced that helical baffles will increase the
heat transfer in a cavity by increasing the turbulence of the
flow, hence reducing thermal losses and improving the overall
thermal efficiency of the system. Such theoretical benefits
need to be checked by a proper thermal analysis for the design
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developed, leading to the main parameters that have an effect
on the performance of the receiver.

This research will primarily focus on the assessment of the
thermal performance of the helically baffled conical cavity
receiver, comparing its efficiency with conventional designs
of receivers, and identifying what factors mostly influence its
thermal behavior. These objectives are pursued through the
following structure of the study: first, the literature review
presents a solid background of existing designs for receivers
and explains the limitations; second, the methodology
describes the experimental setup and analysis techniques used
in this study; third, the results present the findings on thermal
analysis; and lastly, the discussion and conclusion sections that
follow interpret these results and outline their implications for
future research and practical applications in solar energy
technologies.

The gap in the current research lies in the lack of empirical
validation and optimization of conical cavity receivers with
helically baffled designs. While theoretical studies suggest
that helical baffles can enhance heat transfer and reduce
thermal losses, there is limited experimental evidence and
detailed thermal analysis on their performance compared to
conventional receiver designs. This research aims to address
these gaps by optimizing key design parameters and providing
a comprehensive thermal performance evaluation of helically
baffled conical cavity receivers.

It proposes and analyzes a novel receiver design with
potential to significantly improve the thermal performance of
solar dish systems, thereby contributing to the development of
more efficient solar concentrators.
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2. CONICAL CAVITIES RECEIVERS REVIEW

Lately, conical-cavity receivers have raised interest in solar
dish concentrator technology, due to some of their special
properties: improvement in thermal efficiency and
minimization of heat dissipation. The geometrical additions in
a conical cavity receiver, unlike a typical receiver design,
involve helically formed absorber tubes with disturbances flat
back plates and cone frustums that are aimed uniquely at the
improvement of heat transfer and making temperatures
distributed more uniformly.

2.1 Thermodynamical researches on conical -cavity
receivers

Pavlovic et al. [15] performed a very detailed simulation
study where the researchers compared the thermal efficiencies
of conical and spiral cavities in solar receivers. According to
their results, at an oil input temperature of 200°C, the highest
thermal efficiency achieved by the conical cavities was as high
as 78.7%, much higher than that of the spiral cavities with
56.0%. This was because the optical efficiency of the conical
cavity was greater by a difference of 1.15%.

Pavlovic et al. [16] evaluated the exergy and energy
efficiencies of conical cavity receivers for three working
fluids: water, air, and Therminol VP1. Their results showed
the highest possible exergy efficiency was obtained using the
Therminol VP1 fluid at 155°C inlet temperature, which was
8%. At low temperature ranges, the highest possible thermal
efficiency was attained with water, while at higher temperature
values, the best was obtained with Therminol VP1.

A study by Li et al. [14] has been done on the design of a
conical cavity receiver featuring a spiral tube with Therminol
VP1 as the working fluid. The results showed that a
temperature difference of 81 K between the inlet temperature

and the ambient temperature could produce a thermal
efficiency of 60%.

2.2 Experimental research on conical cavity receivers

Thirunavukkarasu et al. [17] conducted experimental
studies on the energy and exergy performance of conical
cavity receivers. Their results indicated that for a flow rate of
2.5 L/min, the maximum thermal efficiency reached was
approximately 66.75% and the efficiency in exergy was
10.35%. Key to these results was the position of the receiver
tube inside the cavity.

Chu et al. [ 18] performed an experiment on a pressurized air
receiver that was fitted with dual spiral tubes within a conical
chamber. They demonstrated a thermal efficiency of 53.16%
and a power of 3.96 kW at a flow rate of 0.0048 kg/sec. In
related work, for the same system but with an exterior spiral
tube configuration, they showed efficiencies of 56.21%
thermal and 5.45% exergy.

Venkatachalam and Cheralathan [19] studied the effects of
L/D on the conical cavity receiver's thermal performance.
Their findings reported an increase in temperature and thermal
performance of the receiver with a decrease in aspect ratio.
The optimum aspect ratio was 0.80, for which it returned a
minimum heat loss of 58 W/K.

2.3 Design and modeling on conical cavity receivers

Purpose: Bashir and Giovannelli [20] combined PCM in
designing another scheme to increase the performance of some
conical cavity receivers. An optimum distribution of
temperature of PCM and along a cavity wall temperature was
achieved by this 30 cm long conical cavity with 21 cm
diameter at its opening middle [21].

Table 1. A summary of the conical cavity receiver reviews

Ref. Study Type Brief Title Highlights
For the spiral and conical cavities, maximum optical
Pavlovic et al. [15] Simulation Cavities Operation efficiencies were approximately 84.06% and 85.21%,

respectively.
The best exergy and thermal efficiencies have been obtained

Pavlovic et al. [16]

Both Experimental
and Numerical

Cavity's Thermal
Efficiency

Conical Operation

by using a working fluid of Therminol VP-1, which was equal
to 8% and 34%, respectively.
At a flow rate of 0.5L/s and an ambient/inlet temperature

Ll Gl 1] Simulation Using a Spiral Tube differential of 81 K, 60% thermal efficiency was achieved.
Thirunavukkarasu et al Performance of At a flow rate of 2.5 L/min, the maximum thermal efficiency

[17] ’ Experimental Conical Frustum and energy were around 66.75% and 10.35%, respectively.

Cavity
The thermal efficiency and power production with two spiral
Chu et al. [18] Experimental Thermal Ex'am of the tubes and a 4 mm inner diameter tube have been 53.16% and
Cavity .
3.96KW, respectively.
Venkatachalam and Experimental Aspect Ratio's Impact ~ The overall heat loss factor decreased to 58 W/K by an aspect
Cheralathan [19] P on Efficiency ratio of 0.8.
Bashir and Giovannelli . Thermal Retention of SI_M.g was used as PCM, and because of its great heat
Numerical conductivity, PCM has been completely melted with a constant
[20] Energy R
temperature distribution.
Both Experimental Effective Cavity The cavity efficiency rose when flow rate was increased, and
Hernandez et al. [22] . . Performance .
and Simulation inlet temperature was lowered.
Parameters
Xiao et al. [23] Simulation Max1mum4 Recipient With 8 loops and a cavity angle of 1:50, the optimal optical
Efficiency efficiency was attained.
Zhang et al. [24] Both Numerical and Cavity Performance An ideal cavity inclination angle of 50 produced an overall
& ) Simulation Study efficiency of 63.6%.
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Khalil et al. [21] tried to prevent overheating of the cavity
receiver surface by introducing an Inconel spot-welded
variable shape. Hernandez et al. [22] used a dish concentrator
with a 90° rim angle with a conical cavity receiver. They found
out that by increasing the diameter of the inner side of the
cavity, the concentration value increased, and that increasing
the outer side of the cavity was the opposite.

There are also reports on simulation studies that inquired
into the optical efficiency of different conical cavity
geometries with varying numbers of tube loops and
inclination. For example, Xiao et al. [23] reported that
optimum results were obtained with eight loops tilted at an
inclination of 15°. It was observed from the results that while
increasing the number of loops, thermal and overall efficiency
increased; however, with further inclination, efficiency
declined.

These studies collectively highlight the potential of conical
cavity receivers to significantly enhance the thermal
performance of solar dish concentrators. However, the
ongoing challenges related to optimizing heat transfer and
minimizing thermal losses underscore the need for continued
research and innovation in this area. A few key details
regarding the conical cavity receivers are shown in Table 1.

3. THE PRESENT WORK

The literature review indicates a significant interest in
enhancing the design of conical cavity receivers for solar dish
concentrators, driven by the necessity for creating highly
efficient systems. The primary motivation for this research is
the persistent need to optimize thermal performance while
minimizing energy losses. In this context, the present study
introduces and examines a novel design for conical cavity
receivers, incorporating helically baffled structures. These
baffles are designed to increase thermal efficiency and reduce
pressure losses within the receiver.

The study explores a wide range of configurations and sizes
for helically baffled conical cavity receivers to identify the
optimal shape and configuration. The optimization process
focuses on maximizing thermal efficiency and minimizing
pressure drops, with all designs evaluated using these two
objective functions. To our knowledge, this study represents
one of the most comprehensive comparative analyses of
conical cavity receivers, integrating optical, thermal, and
exergy considerations under various operating conditions.
Previous literature has often limited the optimization of cavity
receivers to optical performance alone, which does not always
translate to the highest thermal efficiency or maximum useful
heat production.

This research employs advanced Computational Fluid
Dynamics (CFD) simulations to conduct a detailed parametric
analysis of the proposed receiver designs. Additionally, the
study includes experimental validation to confirm the accuracy
of the CFD results and ensure their applicability in real-world
scenarios.

3.1 CFD modeling

This section describes the methodology used in this
research—Computational Fluid Dynamics. CFD was found
very convenient for this research project because it is
adaptable to a wide range of geometries and boundary
conditions, important in developing and enhancing the design
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of cavity receivers. Recent improvements in numerical

modeling have improved the credibility and accuracy of CFD;

hence, making the technique valuable in conducting detailed
parametric analyses in advance of physical testing. This has
the possibility of great time reductions and cost savings in the
development of new designs for receivers.

The CFD methodology employed in this study includes the
following steps:

1. Model Creation and Setup: The receiver models were
created using SolidWorks and imported into Ansys for
CFD simulation. The models included two main domains:
the receiver body and the fluid domain. The outer surface
of the fluid domain was fully insulated, while the internal
surface of the copper metal receiver was exposed to a
uniform heat flux.

Boundary Conditions: The boundary conditions were
carefully selected to replicate realistic operating
conditions. These included a heat flux of 3000 W/m?,
reflecting the highest solar irradiation levels typically
observed in the Iraqi region. The inlet water temperature
was set at 24°C, and the water flow rates were varied
between 2, 3, and 4 L/min to assess the impact of flow rate
on thermal performance and pressure drop.

Mesh Generation: A high-quality mesh was generated
for each model, ensuring sufficient resolution in areas
with high gradients in temperature and velocity. The mesh
independence was tested to ensure that the results were
not influenced by the mesh size, allowing for accurate and
reliable simulation outcomes.

Validation: The CFD results were validated against
experimental data to confirm their accuracy. This
validation process is crucial for ensuring that the CFD
predictions are reflective of real-world performance and
can be reliably used to guide the design and optimization
of conical cavity receivers.

Parametric Analysis: The simulations were used to
conduct a detailed parametric analysis, exploring the
impact of various design parameters such as conical
length, baffle pitch, baffle height, conical inclination, and
upper conical diameter on thermal performance and
pressure drop. This analysis provided insights into the
optimal design configurations that maximize thermal
efficiency while minimizing pressure losses.

Overall, the CFD methodology employed in this study
provided a robust framework for optimizing the design of
helically baffled conical cavity receivers, with the results
offering valuable insights for enhancing the thermal efficiency
of solar dish concentrators. The combination of advanced
numerical modeling and experimental validation ensures that
the findings are both accurate and applicable in practical solar
energy systems.

3.2 Computational domains

The computation domain represents the geometries that
specify the shape and size of the computation interest region.
The models were created by using SolidWorks software and
then imported to Ansys. There is two modeled domines,
receiver body and the fluid. The outer surface of the fluid
domain is completely insulated, Whereas the internal side of
the cupper metal is exposed to heat flux. All surfaces are
assumed to be smooth. The physical and computational
domains are shown in Figure 1.



Physical Domain

CFD Domain

Figure 1. A solar dish system, the physical and CFD
domains

3.3 The examined cavity receivers

In this work, three different conical cavity receiver’s groups
are investigated. Every group consists of a several shape
configurations to nominate the optimal design using the
thermal efficiency maximization criterion and then the
optimum cases are compared. The examined designs groups of
the cavity receivers have the following shapes configurations:
Group A (helically baffled path), Group B (helically baffled
fined path), Group C (multi stages helically baffled fined
path). Figure 2 illustrates the helically baffled path, where
Figures 3 and 4 show the heliacally baffled fined path. Were,
Figure 5 shows the multistage helically baffled fined path.
Group A (the helically baffled path) tested the conical cavity
receiver variables such as the optimal length of the conical, the
optimal baffle pitch distance and height, the optimal conical
inclination, or the upper conic diameter). Were the aperture of
the conical receiver is fixed with 270 mm.

Depending on the Fixed Aperture of the Conical D=270
mm, the other variables made as a relation with it, the length
started with L=0.5D, L=1D, L=1.5D. Whereas the upper
helical diameter (d) ranged from d=0.1D, d=0.2D, d=0.3D.
The d changes typically change the inclination angle if the
conic. The helically baffle pitch (P) is an important variable
which effect on the thermal efficiency and pressure drop. the
Baffle pitch was tested with the sizes (10 mm, 15 mm, 20 mm)
Table 2 specifies the Group (A) variable.

Table 2. Group (A) the helically baffled path parameters

Receiver Aperture Diameter D 270 mm
Receiver Upper Diameter d 27, 54, 81 mm
Conical Length L 135,270, 405mm
Baffle Pitch p 10, 15,20 mm

Table 3. Group (B) helically baffled fined path parameters

Receiver Aperture Diameter D 270 mm
Receiver Upper Diameter d 81 mm
Conical Length L 405 mm
Baffle Pitch p 25,40, 60 mm
Fin Size f 3,6,9mm

The Group (B) (the helically baffle fined path) tested a new
concept of the conical cavity receiver, this concept was
achieved by changing the way of the fluid flow, in the
conventional conical cavity receivers the fluid flows in closed
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helically path through a circular tube in the helically baffle
fined path the flow of fluid is from the bottom to the top
through an annular fluid inlet, the fined baffles mix and
circulate the fluid, causing an increasing in thermal efficiency
and reducing in pressure losses as illustrated in path Figure 4.

Group (B) depended on the results of Group (A) to fix some
variables in group A to reduce the tested cases, where the
inclination angle (the upper diameter d) and the conical length
is fixed in Group (B). Also, like the other groups, the aperture
diameter is also constant. Table 3 illustrates the Group (B)
parameters.

upper dimeter (d)

Conic length L pitch size

aperture diameter (D)

Figure 2. The helically baffled conical cavity receiver

Baffle Pitch

Finned Baffle

water path

Figure 3. The helically baffled fined path conical cavity
receiver

Figure 4. The helically baffled fined path conical cavity
receiver flow stream direction



Due to the promised results from Group (B), Group (C)
(multi stages helically baffled fined path) comes as a feature
to enhance in thermal efficiency of Group (B). Figure 5 shows
the multi stages helically baffled fined path. As illustrated in
Table 4, the multi stages helical baffled fined path used a two
helical baffled fin with different size. One of them is 3 mm and
the other is 6 mm. this will enhance the fluid mixing inside the
receiver leading to an enhancement in the thermal efficiency.

Figure 5. Multi stages helically baffled fined path

Table 4. Group (C) helically baffled fined path parameters

Receiver Aperture Diameter D 270 mm
Receiver Upper Diameter d 81 mm
Conical Length L 405 mm
Baffle Pitch p 30, 60, 90 mm
Multiple Fins Size f 3 and 6 mm together

3.4 Basic considerations and boundary conditions

The proper boundary conditions are selected to study the
problem precisely. According to the area of the solar dish
aperture area 3 m?, the selected heat flux is 3000 W/m?, those
will match the highest solar irradiation in Iraqi region. Below,
the boundary conditions list and it is illustrated in Figure 6.

—  The internal surface exposed a heat flux of 3000 W/m?.

- External surface is totally insulated.

—  The inlet water temperature is 24°C in all cases.

- The Outlet water pressure is 0 pa.

—  Zero incident angle because the solar dish follows the sun
in two directions.

- The mass flow rate (m) is selected at 2,3,4 I/m.

Internal Surfaces
“Heat Flux BC"

Figure 6. Boundary conditions for CFD simulations

In all investigated cases, Water is used as a working fluid.
Below are the physical assumptions considered to solve heat
and fluid flow features are:

e  Working fluid (Water) is a Newtonian fluid in which
viscous stresses are linearly proportioning to the local
strain rate.

e  Water is an incompressible continuous substance. Thus,
the fluid particle and the details of the structure of the
molecules are ignored.

e No phase change occurs during the study.

e  Water properties varied with the temperature only.

e Heat losses on the cavity surfaces are subtracted from the
concentrated absorbed flux.

e No heat generation within the solid domain.

e Chemical reaction and compression work are negligible.

e  Gravity force is embedded.

3.5 Governing equations and turbulence modeling

Since the working fluid is assumed to be Newtonian, the
Navier-Stokes equation can describe the fluid flow. Hence, the
heat transfer and fluid flow under discussion are governed by
the Navier-Stokes equation and the energy transport equation.
The primary equations that govern the system are typically
continuity, Navier-Stokes (momentum), and energy equations,
all expressed in differential form. The equation of continuity,
which is derived from the laws of mass conservation, is
commonly useful when considering the assumptions of
incompressible fluid flow [25, 26].

V-Vv=0 (D

The Navier-Stokes equation is a fundamental representation
of fluid flow, derived from momentum theory and presented
as follows [25].

V
Por = ~Vp +pg + V- u(VV) (2)

Energy equation obtained from energy conservation
principles. While fluid crossing the boundary, it will carry its
internal thermal, kinetic, and potential energy. The potential
energy is neglected for the sake of brevity. The energy
equation under these conditions takes the following form [25,
217].

pCy (g—: +V- VT) =V (k.VT) 3)

The thermal conductivity is mentioned as (k) and (cp) is the
heat capacity at constant pressure. However, the general
goveming Egs. (1) to (3) apply to the laminar regime. In
turbulent flow, a rise of fluctuating temperature and velocities
in the governing equations should have appeared. Therefore,
predictions of turbulent characteristics can be based on the
time-average properties of turbulence. To achieve this, it is
needed to employ the Reynolds Averaged Navier-Stokes
(RANS) equations.

In RANS averaging, the instantaneous solution variables
¢@(V,p,T) in the Navier Stokes equations are decomposed into
mean ¢@(iL,p,T) and fluctuating components ¢(V,5,T) ,
mathematically written as:

P=¢9+9 “4)
Then time averaging operations should be applied to Eq. (4)

to produce a term as (¢ + ¢ = @), where (¢ = 0). Thus, by
applying these to the momentum equation, the time-averaged




Navier-Stokes equation can be written in the form [25, 28]:

Dt~ ox, | ox

Du; ap 0 du;

EY (ﬂa_xl - pu’lu’]) +5; (%)
where, (S;) represents the gravitational term and (—puy; ) is
known as the Reynolds stresses, which are defined partially by
the Boussinesq approach [25, 28]:

_ aui aui 2
—ulu] =V E + a—XL - §k6l] (6)

where, (v,) is the turbulent kinematic viscosity, (k) the
turbulent kinetic energy and (6l- j) is called Kronecker delta,
which is a function of two variables, usually just positive
integers. The function has a value of (1) if the variables are
equal and (0) otherwise. In the same way, as in Eq. (5), the
time-averaged energy equation is [25].

O umy = 2 (ke T ) s 7
0x; U  0x; \pc, 0x; Y i )

where,

o7 = v, 0T g
wh= o 0%; ®)

(o) is the turbulent Prandtl number. It's clear that these last
governing equations have additional unknown variables such
as turbulent viscosity. Many turbulent models are created to
determine these variables as known quantities. The common
models are Standard, RNG, and Realizable k-¢ models and
Standard and SST k-¢ models. In our modeling we use k-¢
models, thus depended on a similar works which shows that
the k-¢ models give results that are more similar to the
experimental results.

3.6 Mesh configuration

The Tetrahedron mesh is selected in our simulation. A mesh
independency procedure is followed and the results are given
in Table 5. The final mesh consists of around 5.8 million
elements. Special attention has been given to the fluid cells,
ensuring a denser mesh distribution within the fluid regions
and the partial cells to optimize accuracy. This procedure is
performed for the for helically baffled conical cavity and for
inlet temperature equal to 24°C. Figure 7 shows the generated
mesh, and Figure 8 shows the mesh generated from some cases.

Table 5. Mesh independence procedure for helically baffled conical cavity and 7;, = 24°C

Number of Elements 1,171,746 2,129,014 3,643,568 4,850,645 5,802,901 6,581,728
Tout (°C) 27.6 27.8 27.9 28 28.1 28
MNih 66.8% 67% 67% 67.1% 67.2% 67.1%
fr 0.71 0.14 0.08 0.05 0.04 0.04

SR

RO
RN

Figure 7. Generated mesh

Figure 8. The generated mesh in the helically baffled cavity
receiver

3.7 Mathematical formulation

This section presents the fundamental equations used for
assessing the performance of the solar collector. The incident
solar energy on the collector's aperture (Qs) is determined by
multiplying the aperture area of the dish (4,) by the direct
solar beam radiation (Gp).

Qs =4, Gy )
The useful heat production (Q,) is calculated as below:
Qu=m: Cp- (Tout - Tin) (10)

The thermal efficiency (1, ) is calculated as below:

Qu
=— 11
Nth 0 (11)

N



The heat transfer coefficient (h) is measured as in this
equation:

Qu
h = 12
Acoil ) (Trec - Tfm) ( )

The mean fluid temperature (Tfm) is calculated as:

Tin + Tout
Tfm=% (13)

Nusselt number has always been an important parameter in
evaluating the performance of most thermal applications [29,
30]. The Nusselt number (Nu) is calculated by using the
following equation:

_ h- Dcoil,in

N
v k

(14)

The Reynolds number parameter is important for describing
the flow behavior both for this application and other related
applications such as heat exchangers [31, 32]. The Reynolds
number (Re) for the tubular coil is calculated as:

_pvDy
U

Re (15)

The EEC was determined to assess the capacity to absorb
solar energy and was linked to the works of Moshab and

S

a. The inte

rnal finned bafed th -

Aldulaimi [33], Ma et al. [34], and Webb [35]. This formula
was employed to compare the helically baffled finned cavity
receiver model with the base model (circular receiver) under
identical operating conditions and with the same power usage
for pumping. A higher thermal improvement index (EEC)
corresponds to a greater thermal performance. The EEC is a
common standard used to assess the different configurations
of heat exchangers.

EEC = - (16)

where, Q, and AP, represent the Q and AP of the base model
(circular receiver).

4. EXPERIMENTAL WORKS
4.1 Receiver model manufacturing

From the CFD results we found that, best results obtained
from the helically baffled finned path. Where the optimal
specification was with the 3 mm finned baffle. For CFD
validation purposes the optimal receiver was manufactured
and experimentally tested during peak time. The model is
manufactured totally from pure cupper with 0.6 mm thickness.
Figure 9 illustrates the manufactured helically baffled finned
conical cavity receiver. Also, a circular solar receiver designed
by CFD and manufactured to work as a reference to our tests.
Figure 10 shows the circular receiver.

b. The external shape of the cavity receiver

Figure 9. The manufactured helically baffled finned conical cavity receiver

Rl LA Qa00(m)

Figure 10. The reference circular solar receiver



4.2 Solar dish concentrator SDC manufacturing

The main reflective frame is composed of 24 ribs, each
crafted from 6 mm steel plates, which were cut into parabolic
curves and then covered with a highly reflective sheet. These
ribs are attached to five ring strips, also made of 6 mm steel
plates, to form the complete structure. The solar dish
concentrator (SDC) is mounted on an iron support leg with a
height of 110 cm. The collector is capable of rotating around
two axes using linear actuators: one along the north-south axis
and the other along the west-east axis. This allows the
collector’s aperture to be continuously oriented from sunrise
to sunset throughout the year. Figure 11 illustrates the SDC
structure, while Table 6 details its characteristics.

Table 6. The SDC characteristics

Feature Value Feature Value
Aperture 3.04 m? Material of the tubes Copper
area, Aa
Concentrator
outer 2m Rim angle, ¥, 45.24
diameter
Concentrator
inner 0.36 m Working fluit Water
diameter
Collector 208 mm  Concentration ratio, C, 38
depth, Cq > e
Focaljl[ength, 1200 mm  Direct solar radiation, ls  910.47

helically baffled

Temperature
Reader-1 D

----- Thermocouple set
----- Solar flux prob
----- Electric wire
Water pipeline ="

Wind speed
&
Ambient
Temperature
Reader
linear actuators
for sun tracking Te:;m;re

L
Flow meter |
Max. 18 LPM s

Bypass

Piping line

|-y

Figure 12. A schematic of the experimental system of SDC

4.3 Experimental setup and test procedure

A sketch of the experimental system and a photograph of
the SDC are shown in Figure 12.

The studies began in May and were conducted daily from 7
AM to 6 PM. First, the water circulation pump was turned on,
and the water flow rate was carefully regulated using a bypass
mechanism.  This  configuration = guaranteed  ideal
circumstances for the solar tracking system, which was fueled
by the generated electricity. The data gathering process was
conducted with great attention to detail, utilizing a data logger
and strategically placed sensors on the solar receiver to
accurately capture values. Figure 13 shows the experimental
SDC system.
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Figure 13. The experimental system of SDC



5. RESULTS AND DISCUSSION

This section investigates the effects of shape variations in
the helically baffled conical cavity receiver on thermal
performance and pressure losses. The analysis focuses on how
the receiver height, inclination angle, baffle pitch size, and
baffle configuration impact these performance metrics.
Additionally, the influence of different water flow rates on
these variables is evaluated using various computational
models of the cavity receiver.

The determining criterion for selecting the optimal shape
was to achieve the maximum temperature difference with the
least pressure losses. The optimal shape identified through
computational analysis was subsequently validated through
experimental testing.

5.1 Group (A) (helically baffled path) results

The first group of models tested involved the helically
baffled path, focusing on optimizing the key parameters of the
helically baffled conical cavity receiver. The primary
objective was to determine the optimal conical length, baffle
pitch size, and inclination angle (upper conical diameter). A
total of 27 models were tested, each differing in one or more
of these parameters.

First set of models (1-9): The first set of models (Models
1-9) tested conical lengths equal to half of the aperture
diameter (L = 0.5D). The upper conical diameter (d) and baffle
pitch varied across these models. The parameters of these
models are detailed in Table 7.

The results showed that models with a larger upper diameter
(81 mm) performed slightly better in terms of temperature,
with the highest recorded temperature being 299.154 K at a 2
L/min water flow rate. The inlet water temperature was
consistently 297.15 K for all models. Model 9, which had the
largest pitch size (20 mm), also exhibited the lowest pressure
loss compared to the other models. Figure 14 illustrates the
outlet temperature for Models 1-9, while Figure 15 shows the
corresponding pressure losses.

Second set of models (10-18): The second set of models
(Models 10-18) tested conical lengths equal to the aperture
diameter (L D), while the other variables remained
consistent with those in the first set. The dimensions for these
models are provided in Table 8.

The results showed that Models 18 and 15 achieved the
highest water outlet temperatures, with the maximum
temperature recorded being 299.859 K at a 2 L/min water flow
rate. Similarly to the first set, models with a pitch size of 20
mm exhibited lower pressure losses. Figure 16 and Figure 17
display the outlet temperatures and pressure losses for Models
10-18, respectively.

Table 7. Dimensions of models 1-9

Parameter Model1l Model2 Model3 Model4 Model5 Model6 Model7 Model8 Model 9
Aperture size (D) 270mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm
Conical length (L=0.5D) 135mm 135mm 135mm 135mm 135mm 135mm 135mm 135mm 135 mm
Upper diameter (d) 27 mm 54 mm 81 mm 27 mm 54 mm 81 mm 27 mm 54 mm 81 mm
Pitch size 10 mm 10 mm 10 mm 15 mm 15 mm 15 mm 20 mm 20 mm 20 mm
Table 8. Dimensions of models 10-18
Parameter Model 10 Model 11  Model 12 Model 13 Model 14 Model 15 Model 16 Model 17 Model 18
Aperture size (D) 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm
Conical length (L=D) 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm
Upper diameter (d) 27 mm 54 mm 81 mm 27 mm 54 mm 81 mm 27 mm 54 mm 81 mm
Pitch size 10 mm 10 mm 10 mm 15 mm 15 mm 15 mm 20 mm 20 mm 20 mm
Model 1
*— Model 2
@ —e— Model 3
& »— Model 4
° Model 5
—e— Model 6
299.0 —e— Model 7
Model 8
Model 9
1:,: 298.8 0\
g \
t \
g 298.6 e i
298.4 "

2.‘00 2.25 2.230 2:75

3})0 3.25 3.50 3.‘75 4.60

Water Flow Rate (L/min)

Figure 14. Outlet temperature vs water flow rate (helically baffled path models 1-9)
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Figure 15. Pressure drop vs water flow rate (helically baffled path models 1-9)

Model 10
Maodel 11
Model 12
Model 13
Maodel 14
Madel 15
Model 16
Model 17
Model 18

SRERREEE

2 L/min 3 Limin 4 Limin
Water Flow Rate (L/min}

Figure 16. Outlet temperature vs water flow rate (helically baffled path models 10-18)
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Figure 17. Pressure drop vs water flow rate (helically baffled path models 10-18)
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Third set of models (19-27): The third set of models pressure losses were associated with models having a pitch

(Models 19-27) tested larger conical sizes, with conical size of 10 mm Figure 19.

lengths equal to 1.5 times the aperture diameter (L = 1.5D). Based on the results from the first 27 models, the optimal

The results from these models are summarized in Table 9. configuration was identified as having a conical length of 1.5D,
The CFD results from this set indicated that the highest with an upper diameter of 0.3D and a pitch size greater than

outlet water temperature was achieved when the upper 20 mm to minimize pressure losses.

diameter was set to 81 mm Figure 18. However, the highest-

Table 9. Dimensions of models 19-27

Parameter Model 19 Model 20 Model 21 Model 22 Model 23 Model 24 Model 25 Model 26 Model 27
Aperture size (D) 270 mm 270mm  270mm 270mm 270mm 270mm 270 mm 270 mm 270 mm
Conlcall lg,]rsgith L= 405 mm 405mm 405mm 405mm 405mm 405mm 405mm 405mm 405 mm
Upper diameter (d) 27 mm 54 mm 81 mm 27 mm 54 mm 8lmm 27 mm 54 mm 81 mm
Pitch size 10 mm 10 mm 10 mm 15 mm 15 mm 15 mm 20 mm 20 mm 20 mm
Model 19
299.5 +— Model 20
~e— Model 21
+- Model 22
° *~ Model 23
—o— Model 24
- +~ Model 25
299.4 Model 26
Model 27
3
© 2993 .
g e - 5
£ g
o )
22992 S — .
3 .
299.1 : . \\\ ' T
299.0
2 Umin 3 Umin 4 L/min
Water Flow Rate (L/min)
Figure 18. Outlet temperature vs water flow rate (helically baffled path models 19-27)
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Figure 19. Pressure drop vs water flow rate (helically baffled path models 19-27)
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5.2 Group (B) (helically baffled finned path) results

Following the identification of the optimal configuration in
Group A, a new set of models featuring helically baffled
finned paths was tested. The parameters for these models are
detailed in Table 10.

The results from the helically baffled finned path models
indicated a clear superiority over the previous helically baffled
designs. The finned path configuration resulted in higher water
outlet temperatures with lower pressure drops. Specifically,
the maximum outlet water temperature achieved was 301.969
K at a water flow rate of 2 L/min, with a pressure drop of

145.835 Pa. This was recorded for the 3 mm finned path with
a pitch size of 25 mm (Fin Model 1).

Interestingly, while the 6 mm finned path showed a similar
outlet water temperature, it also exhibited a slightly higher
pressure drop, indicating a trade-off between thermal
performance and pressure loss. These results suggest that
while increasing fin size can improve thermal efficiency, it
may also increase pressure losses. The parameters and results
are detailed in Figure 20 and Figure 21, which show the outlet
temperature and pressure drop for the various finned path
models.

Table 10. Dimensions of the helically baffled finned path models

Parameter Fin Fin Fin Fin Fin Fin Fin Fin Fin
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9
Aperture size (D) 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm 270 mm
Comcai lgg%th (L= 40smm  405mm  405mm  405mm  405mm  405mm  405mm  405mm  405mm
Upper%lzr]r;e;ter(d= 81 mm 81 mm 81 mm 81 mm 81 mm 81 mm 81 mm 81 mm 81 mm
Pitch size 25 mm 25 mm 25 mm 40 mm 40 mm 40 mm 60 mm 60 mm 60 mm
Fin size 3 mm 6 mm 9 mm 3 mm 6 mm 9 mm 3 mm 6 mm 9 mm
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Figure 20. Outlet temperature vs water flow rate (helically baffled finned path models)
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Figure 21. Pressure drop vs water flow rate (helically baffled finned path models)
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5.3 Group (C) (multi-stage helically baffled finned path)
results

Given the promising results from Group (B), a new set of
models featuring multi-stage helically baffled finned paths
was tested. This design combined different fin sizes to enhance
fluid mixing within the receiver, potentially leading to
improved thermal performance. The dimensions for the multi-
stage finned path models are provided in Table 11.

The results from the multi-stage finned path models
revealed that combining different fin sizes can indeed enhance
the thermal performance. The best results were obtained with
a pitch size of 60 mm, achieving a water outlet temperature of
301.748 K and a pressure drop of 169.555 Pa at a 2 L/min
water flow rate. However, the model with a pitch size of 30
mm showed very close results, with an outlet temperature of
301.685 K and a pressure drop of 160.305 Pa at the same flow
rate. These results are illustrated in Figure 22 and Figure 23.

Table 11. Dimensions of the multi-stage helically baffled finned path models

Parameter Multi-Stage Model 1 Multi-Stage Model 2 Multi-Stage Model 3
Aperture size (D) 270 mm 270 mm 270 mm
Conical length (L = 1.5D) 405 mm 405 mm 405 mm
Upper diameter (d = 0.3D) 81 mm 81 mm 81 mm
Pitch size 30 mm 60 mm 90 mm
Fin size 3 mm and 6 mm combined 3 mm and 6 mm combined 3 mm and 6 mm combined
Multi-Stage Model 1
~e— Multi-Stage Model 2
3017} —e— Multi-Stage Model 3
o 3016}
°
5
s
8 3015}
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Figure 22. Outlet temperature vs water flow rate (multi-stage helically baffled finned path models)
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Figure 23. Pressure drop vs water flow rate (multi-stage helically baffled finned path models)
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5.4 Experimental results

As previously mentioned, the optimal configuration
identified from the CFD analysis was the helically baffled
finned path with a 3 mm fin size and a 25 mm pitch size (Fin
Model 1). This model was manufactured and tested
experimentally to validate the CFD results.

The experimental results showed a strong correlation with

the CFD predictions. Figure 24 illustrates the thermal
efficiency of the helically baffled finned conical cavity
receiver throughout the day, while Figure 25 shows the
relationship between temperature difference and solar
irradiation. For comparison, a reference model with a circular
receiver was also tested, and the results are displayed in Figure
26.

thermal efficiency vs daily time
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0%

6:00:00 AM 8:09:36 AM 10:19:12 AM

12:28:48

PM 2:38:24 PM 4:48:00 PM 6:57:36 PM

Daily Time

Figure 24. Helically baffled finned conical cavity receiver thermal efficiency vs daily time
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Figure 27. CFD and experimental results in helically baffled finned conical cavity receiver
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Figure 28. Solar irradiation in test daily time

To further validate the CFD results, a comparison was made
between the CFD simulations and the experimental data. The
validation was conducted by testing different water flow rates
under nearly the same heat input (700 W). Additionally, the
impact of varying solar input was also tested. The results are
shown in Figure 27 and Figure 28.

This yields a good match between CFD predictions and
experimental results and again testifies to the soundness of the
design of the helically baffled finned path in countering
common heat loss mechanisms like convective and radiative
losses, which are difficult to manage in solar dish
concentrators. This design gives further improvements in heat
transfer performance that will not only elevate the overall
thermal efficiency but also the long-term reliability and
durability of the system by continuing to maintain optimal
temperature gradients even for variable conditions in input
solar.

In addition, the successful validation of these models opens
up new avenues for better optimization of solar energy systems.
Further studies might then target scaling up the helically
baffled finned path design to larger applications or integrating
it with other sources of renewable energy. The realization of
optimized designs can translate solar dish concentrators into a
more viable and penetrating industrial and residential energy
source, which will be a crucial step in the global transition to
cleaner sources of energy.
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6. CONCLUSIONS

This study focused on determining the optimum design of a
helically baffled conical cavity receiver used in a solar dish
concentrator. The research divided the designs into three
categories: Group A (helically baffled path), Group B
(helically baffled finned path), and Group C (multi-stage
helically baffled finned path). A total of 39 models were
evaluated across the groups, and the findings were validated
using CFD simulations and experimental testing. The key
conclusions are as follows:

e  Group A: The optimal design was achieved with a conical
length 1.5 times the aperture diameter and an upper
diameter of 0.3D. Model 27 in this group yielded the
highest outlet water temperature of 300.304 K with a 2
L/min water flow rate and an inlet temperature of 297.15
K.

Pressure Drop in Group A: The lowest pressure drop
was observed in Model 9, with a value of 1024.21 Pa
under the same flow rate.

Group B: Models 1 and 4 demonstrated the best thermal
performance, with Model 1 producing an outlet water
temperature of 301.969 K and a pressure drop of 145 Pa
at a flow rate of 2 L/min. Model 4 produced a similar
outlet temperature of 301.938 K under the same
conditions.



Group C: This group achieved the highest outlet
temperature of 301.748 K, with a pressure drop of
169.555 Pa under the same inlet temperature and flow rate.
Overall Performance: The helically baffled finned path
design (Group B) demonstrated superior thermal
performance with minimal pressure drop compared to the
other designs.

Experimental Validation: The results from CFD
simulations closely matched the experimental findings
from the fabricated Model 1 of Group B, confirming the
accuracy of the simulation predictions.

In conclusion, the helically baffled conical cavity receiver
design showed excellent thermal performance, particularly in
the helically baffled finned path configuration. These results
suggest significant potential for further optimization and
enhancements in future research.
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