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The solar central receiver is the most crucial part of a solar tower power plant (CSP). In
this study, a computational fluid dynamics (CFD) framework was used for analysing four
circular designs (with same surface area and mass flow rate of heat transfer fluid) of the
central tower receiver. In this study, a computational fluid dynamics (CFD) framework was
developed for analyzing four circular (stain steel) designs of the central tower receiver,
namely, a circular constant tube diameter (CCD), a circular vertical constant tube diameter
solar receiver (CUTD), a circular variable tube diameter (CVTD) receiver and a leaf type
circular solar receiver (LTSR). This analysis studied the solar radiation heat transfer
efficiency, temperature distribution, and fluid outlet temperature; pressure and velocity
distributions for the designs using CFD. It was found that the LTSR design helped achieve
a higher rise in temperature of the heat transfer fluid (HTF) when the mass flow rate was
in the range of 0.1 to 0.2 liter per minute. The LSTR model of circular receiver was more
efficient in heat transfer circular receiver designs compared with other circular designs for

same surface area and strength of solar beam irradiations.

1. INTRODUCTION

For millions of years, solar energy has been a natural vital
force for all geomorphological changes on Earth [1].
Conventional energy sources (coal, oil, and natural gas) have
higher power densities. If conventional energy sources are
utilized, the toxic gases emitted into the atmosphere pollute the
environment [2]. In a CSP system, a specific arrangement of
mirrors (heliostats) reflects and concentrates solar radiation on
a receiver atop a tower. This concentrated solar beam is then
utilised as a heating source to heat a heat transfer fluid (HTF)
circulating in the piping of the central solar receiver. Solar
energy is a clean and alternative energy source [3] that needs
to be explored. Because it is a dilute source of energy, it may
not be directly utilised to generate power [4], but if this dilute
source is utilised as input to systems, a concentrated high-
energy solar beam could then be utilised for domestic,
industrial, or power generation [5].

2. LITERATURE REVIEW

Concentrated solar radiation is a high-temperature, high-
energy source [6]. This radiation is utilised as thermal energy
when it is directed at a receiver or concentrating device [7].
Several authors have looked into incorporating solar thermal
power into high-temperature production processes, using
Computational Fluid Dynamics (CFD) to analyze high-
temperature solar devices for improving prototype designs and
the high-temperature process' performance [8].

Intense sunlight irradiates the tubes of the receiver in a
concentrated solar thermal power plant, converting solar
power into heat. The heat flux density on the receiver surface
may be approximately 2.5 MW/m?. The heat flux density
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distribution on the receiver surface is determined by the
aiming method [9]. This heat flux is transferred from the
receiver tube walls to the heat transfer fluid (HTF), which is
circulated in the receiver (heat exchanger) system [10].

A greater HTF temperature is achieved with an increased
receiver concentrated solar beam temperature [11]. Solar
receivers are heat exchangers that transfer solar energy to heat
energy through the use of water. Then the fluid transfers the
thermal energy to steam that will then be passed through a
turbine to generate electricity [12]. The amount of solar
irradiance reflected by the heliostats on the receiver
determines the amount of heat input to the receiver [13]. An
analytical framework that could be employed for "n" no. of
mirrors is utilised for selecting a tiny central receiver system,
and an empirical investigation of temperature readings of
working fluid in a spiral receiver was performed for variable
heat flux and mass flow rate [14].
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Figure 1. CST layout with a receiver, heliostat, support
structure system, etc.
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The CFD results for a circular solar receiver are compared
with a conventional solar receiver for the pressure drop and
heat transfer coefficient [15]. They found that the central
portion gains more heat as compared to the peripheral tubes.
A CFD model was developed to calculate the temperature
profile in the wall of absorber tubes using steam as HTF [16].
They found that the thermal stress in the absorber tubes is
higher when the fluid is steam. Thus stainless steel tube needs
to be used for the receiver. An analytical model was presented
in the study [17] to evaluate the outlet temperature of the spiral
receiver. They reported a maximum temperature of about 92°C
with a mass flow rate of 0.0016 Kg/sec at the solar noon in
their experiments.

A typical layout of a CST is as in Figure 1, and the
temperature distribution of a concentrated solar beam on the
receiver is as shown in Figure 2 [2]. As shown in the layout of
a CST system in Figure 1, the solar dilute sun radiation is
reflected by the heliostat onto a circular receiver placed on a
tower. In Figure 2, the temperature profile of the concentrated
beam radiation on the receiver placed atop the tower suggests
that the temperature varies from a higher irradiance at the
centre to a lower irradiance on its periphery. In a typical CST
system, a sun ray tracking servomotor aligns the heliostats
such that they reflect the sun's light onto the central receiver.
Instead, this research aims to be a sun-tracking circular
receiver with a fixed heliostat field. This conserves energy,
which is needed for the servomotors of each heliostat. This
research gap motivated the authors to investigate and model a
circular receiver atop a tower and its numerical analysis. This
paper discusses the analytical model and CFD analysis and
findings of the three different circular solar receiver designs
using Ansys®2016.
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Figure 2. Temperature distribution of a solar beam
concentrated on the receiver surface

3. CIRCULAR RECEIVER MODELLING
3.1 Numerical modeling

The model of a circular constant tube diameter (CCR) solar
receiver is as shown in Figure 3. The receiver tube diameter
was 30 mm, with HTF entering from the periphery and leaving
from the centre of the CCR receiver. The HTF entry and exit
locations were chosen because the irradiated beam
temperature was higher at the centre than at the periphery
(refer to Figure 2). The design of a circular, vertical uniform
tube diameter (CUTD) solar receiver is as shown in Figure 4.
The tubes are vertically placed and each has a constant
diameter of 20 mm. The HTF entered the CUTD receiver from

the bottom entry point (point 1) and exited the CUTD receiver
from the top (point 2), respectively. A design of a circular
variable tube diameter solar receiver (CVTD) is shown in
Figure 5. The tubes are vertically placed with varying tube
diameters. The diameter of the central tube was larger and the
diameters of the tubes were reduced on each side from the
centre of the receiver (mirrored vertically). In this design, the
HTF enters the CVTD receiver from the bottom and leaves the
receiver from the top, as in CVTD.

Figure 6 shown a leaf type circular (LSTR) solar receiver.
The receiver was designed such that the HTF enters the
receiver from the bottom and leaves the receiver from the top,
as indicated by points 1 and 2 in Figure 6, respectively. The
tubes are inclined so that the advantage of siphon effect on the
HTF can be utilized to move the hot HTF into upper levels of
the receiver. The headers diameters were designed decreasing
from the entry to the exit. A hot fluid collecting chamber was
placed at the top of the LSTR as shown in Figure 6. All the
models (Figures 3 to 6) were design such that they had the
same surface area, so that they are exposed to an equal solar
beam radiation under this analysis. The parameters used
during the design of the four circular models of receivers are
in Table 1.

Figure 3. Circular constant tube diameter (CCR) solar
receiver. HTF enter at inlet (1) and leaves from outlet (2)

Figure 4. Circular constant diameter, vertical tube (CUTD)
solar receiver. HTF enter at inlet (1) and leaves from outlet
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Figure 5. Circular variable tube diameter (CVTD) solar
receiver. HTF enter at inlet (1) and leaves from outlet (2)



Figure 6. Circular leaf type (LSTR) solar receiver. HTF enter
at inlet (1) and leaves from outlet (2)

Table 1. Design parameters for circular receivers

No Parameters
1 area of the receiver (m?) 0.6
2 tube thickness (mm) 1
3 mass flow rate (LPM) 0.1t00.5
4 heat flux (w/m?) 1000 to 3000
5 material of receiver Stainless Steel

3.2 Governing equations

In the numerical analysis, all the modelled solar receivers
follow the following equations for continuity, momentum, and
energy. (1) to (3) are the continuity equation, momentum, and
energy equations, respectively.
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The domain definitions and boundary conditions for
numerical simulations are as shown in Table 2. The SIMPLE
algorithm was used with a finite-volume formulation to solve
for convergence in the simulation. A standard scheme was
used for the pressure term, and the first-order upwind scheme
was adopted for the governing equations. Ansys® 2016 was
used in the simulation of all the models with the same
boundary conditions, mass flow rate, and irradiance flux on
the surface of the receivers. The output from the software was
recorded and analysed. The other settings used in the software
during simulation are in Table 3.

Table 2. Boundary conditions settings

Boundary
Mass flow-Inlet
pressure-Outlet
zero Pascal
300 K

Inlet
Outlet
Initial pressure (gauge)
Inlet Temperature

3.3 Analysis procedure

Each of the circular receiver models was set for
convergence. The domain definitions and boundary conditions
for numerical simulations with the SIMPLE algorithm were
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used with a finite-volume formulation to solve for
convergence in the simulation. A standard scheme was used
for the pressure term, and the second-order upwind scheme
was adopted for the governing equations. A grid independence
test was conducted by varying the mesh size for the models.
The output from the software was recorded and analyzed.

Table 3. Settings for ANSYS simulation

Parameter Setting
Working fluid Water
Pipe material Stainless Steel (SS)
Model used Energy
Pressure Velocity Coupling Scheme SIMPLE
Spatial Gradient Green Gauss Cell Based
Initialization Standard
Computed for All zones

3.4 Mathematical modelling

The central receiver absorbs the sun's energy concentrated
on it and transmits the heat absorbed to the working fluid
(HTF). Tubes with excellent thermal conductivity and
durability are used for high effectiveness and thermal
efficiency. The availability of heat flux is high in the central
inner region and low in the outer region (refer to Figure 2).
The heat flow zone with the highest heat flux is in the centre
of the receiver, whereas the heat flux zone with the lowest heat
flux is on the outside. As a result, utilising a circular design for
the receiver and lead tube was investigated over the
conventional straight tube design. Therefore, the mathematical
modelling of a receiver is explained as below.

The receiver tube's length of the available focus area is
represented as,

Dy + D,
%« — %

> “4)

A

Eq. (4) was multiplied by 7 to obtain L in the circular case.
For the accessible mirror area, the theoretical heat rate on
the circular receiver can be given as,

Q = IgyppAn (%)
The beam radiation are obtained using:
Ig=1;—1Ip (6)

The energy balance for a receiver can be written as follows:

QtzQa+Qc+Qy (7)

For the SS receiver, the density considered was 9078 kg/m?.
The C, assumed was 481 J/kg-K with thermal conductivity of
487 W/m-K. The absorbency fraction that was used in the
anlysis software was 0.8, so the reflectivity was 0.2. That is,
of the total in Eq. (7), (absorptivity) was 80% due to the
material copper and (reflectivity) was 20%. Heat transfer
coefficient due to convective losses.

h=57+38V (8)

The temperature of the working fluid at the outlet was
determined using:
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If Q is the solar flux input/solar irradiation, then the heat
absorbed by HTF was obtained (the product of the mass flow
rate of HTF in kg/s, the specific heat capacity of water in
J/kg K, and temperature gain). The efficiency (1) was the ratio
of heat absorbed by HTF to the solar flux input.

4. RESULTS AND DISCUSSIONS

The effectiveness of the all modelled circular solar receivers
was evaluated using temperature, pressure, and velocity

Figure 9. Variation of HTF velocity in the CCR

measures. The CFD output for temperature, pressure, and
velocity for the modelled circulate constant tube diameter
(CCR) solar receiver is presented in Figures 7 to 9 respectively.
It was observed from Figure 7 that the HTF temperature had a
peak value at the exit zone of the header for the CCR model.
A lower HTF temperature zone was observed at the entry of
the CCR model. The central zone of the CCR showed a higher
temperature level for the HTF. The pressure variation (refer to
Figure 8) of the HTF for the CCR suggests that there is a lower
pressure at the eye of the CCR model (as seen by the blue
shade) while there is a comparatively higher pressure
developed in the peripheral tubes of the CCR. This
phenomenon occurs continuously, so the blue colour area is
always at a reduced temperature distribution. The velocity in
the CCR tubes is approximately constant for any given mass
flow rate of the HTF.

Figure 8. Variation of HTF pressure in the CCR
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Figure 10. Variation of HTF Temperature difference

versus flow rate for CCR

Figure 11. Variation of HTF temperature in the CUTD
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Figure 12. Variation of HTF pressure in the CUTD
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Figure 13. Variation of HTF velocity in the CUTD Figure 14. Variation of HTF Temperature difference
versus flow rate for CUTD

Figure 16. Variation of HTF pressure in the CVTD
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Figure 17. Variation of HTF velocity in the CVTD Figure 18. Variation of HTF Temperature difference
versus flow rate for CVTD
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Figure 19. Variation of HTF temperature in the LTSR Figure 20. Variation of HTF pressure in the LTSR
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Figure 21. Variation of HTF velocity in the LTSR
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Figure 23. Variation of HTF temperature difference (T,
— Ti) versus HTF flow rate in LPM in receivers at 3000

W/m? solar intensity
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Figure 22. Variation of HTF Temperature difference
versus flow rate for LTSR
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Figure 24. Variation of HTF temperature difference
(To — T;) versus HTF flow rate in LPM in receivers at
2000 W/m? solar intensity
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Figure 25. Variation of HTF temperature difference (T, — Ti) versus HTF flow rate in LPM in receivers at 1000
W/m? solar intensity

The above discussion suggests that as the HTF moves from
the lower irradiation zone (refer to Figure 2) from the
periphery to the eye of the CCR, the HTF absorbs heat and
moves to the eye of the CCR. The HTF density variation
causes an incremental increase in the velocity of HTF and a
smaller incremental decrease in the pressure of HTF in the
CCR as the HTF moves from its periphery to its eye under the
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heat flux from solar irradiance. Figure 10 shows the plot of the
temperature rise in the HTF versus the mass flow rate of HTF
(water) in the CCR. It was found that for a lower mass flow
rate of HTF in the CCR receiver, the temperature difference
gained was higher as the HTF had more time to remain in the

tubes of the CCR for a given incident irradiation heat flux in
the analysis.



The results of the analysis for the circular vertical uniform
tube diameter (CUTD) receiver model are presented in Figures
11 to 15. The tubes have a uniform tube diameter and are made
of stainless steel. The HTF enters the CUTD receiver from the
bottom header and exists in the CUTD from the top header.
The vertical tubes receive solar irradiation of 1000 to 3000
W/m? in the analysis under the boundary conditions set as per
Table 2 and Table 3. From Figure 11, we observe that the gain
in temperature of the HTF was away from the centre of the
CUTD. The HTF took the shortest route (minimum resistance)
after its entry point to move to the exit header.

The HTF velocity plot in Figure 13 for the CUTD receiver

indicates a higher velocity in the first few vertical CUTD pipes.

Consequently, there is lower pressure in the first few vertical
CUTD pipes. This indicates that the volume of HTF in the
further pipes of the CUTD receiver was smaller. Thus, in
Figure 11, only the smaller quantity of HTF shows orange,
indicating a higher temperature rise in further pipes of CUTD.
Figure 15 shows the plot of the temperature rise of HTF
against the mass flow rate in the CUTD receiver. It was
observed from the graphs that a higher temperature difference
(To — T;) of the HTF was achieved for lower LPM of HTF
through the CUTF receiver for reasons explained in the
analysis of the CCR analysis.

The results of analysis for circular variable tube diameter
(CVTD) receiver model are presented in Figures 13 to 16. The
vertical tubes have variable tube diameter and are made of
stainless-steel. The central vertical tube is of larger diameter
and the diameters of tubes on the left and right of the center
vary in decreasing order. The CVTD model has the same
surface area of approximately 0.6 m? as other models. The
HTF enter the CVTD receiver from the bottom header and
exists the CVTD from the top header. The CVTD tubes receive
the solar irradiations of 1000 to 3000 W/m? in the analysis
under the boundary conditions set as per Table 2 and Table 3.

From Figure 15, we observe that the gain in temperature of
the HTF was away from the center of the CVTD. The HTF
took the shortest route (minimum resistance) after its center
point to move to the exit header. The HTF velocity plot in
Figure 17 for CVTD receiver indicates a higher velocity in the
first few vertical CVTD tubes and medium velocity up to the
central tubes of CVTD. The velocity of HTF in further tubes
reduces. This suggests that the mass flow rate in the further
tubes beyond the center of the CVTD is lower, thus a higher
heated area is seen in Figure 15 for a given irradiation incident
solar flux. Figure 18 is the plot of temperature rise of HTF
against mass flow rate in the CVTD receiver for three different
irradiation flux. It was observed from the graphs that a higher
temperature difference (T, — Ti) of the HTF was achieved for
lower LPM of HTF though the CVTF receiver for reasons
explain in the analysis of CUTD analysis.

Figure 19 is a plot of the temperature difference (T, — T;) of
the HTF versus mass flow rate in litres per minute (LPM)
using the LTSR model in the simulation. From Figure 19, it
was found that, because of the shape of the LTSR model, for a
lower mass flow rate of HTF, the temperature difference (T, —
Ti) is higher than the temperature difference (T, — Ti) in the
CCR and CUTD models. This suggests that the heat absorbed
from the beam of solar radiation incident on the LTSR was
utilised as HTF in a more effective and efficient way. The
temperature gained by the HTF is higher as the HTF raises
from the entry point (Point 1) to the exit point (Point 2) of the
LTSR model. The pressure and velocity plots in Figures 20
and 21 are uniform, suggesting a uniform gain in temperature
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of the HTF across the LTSR model. The temperature gained
(To — Ti) by various circular models of receivers versus the
intensity of irradiations in the analysis is shown in Figures 22
to 25. For the three intensities considered in the analysis, the
LTSR model has shown higher effectiveness in heat gained at
lower mass flow rates of 3000 and 2000 w/m? flux. The LTSR
model shows a lower effectiveness in heat gained at lower
mass flow rates for 1000 w/m? flux because the flow resistance
is greater, so the low mass flow rate does not add higher
temperatures to the HTF. This is reflected again as the
distribution of HTF in LTSR from its entry point to exit has
generated equal pressure and the syphonic effect of the HTF
as it is heated to rise to the exit point. The pressure and velocity
plots in Figures 20 and 21 respectively also support this
argument, as seen by the uniformity of its mapped output.

5. CONCLUSIONS

Four different central circular solar receivers of stainless
steel having same surface area under varying mass flow rate
with three different solar incident beams were analysed
numerically. The temperature, velocity, and pressure
distributions of the heat transfer fluid (water) for the four
circular solar receiver modelled geometries were analysed
using Ansys®2016. The solar beam temperature at the center
of the beam which was higher was utlized to the maximum by
the leaf type circular solar receiver model. It was found that
the heat gained (or absorbed) by the heat transfer fluid in the
leaf type circular solar receiver model was higher as compared
to all other circular receiver models considered in the analysis.
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NOMENCLATURE

Do outside diameter of the tube

Di inside diameter of the tube

L length of the tube

n number of turns

Q theoretical heat rate

Yb tilt factor

p reflectivity of mirror

Anm mirror area (m?)

Is solar beam radiation (w/m?)

Is global radiation (w/m?)

Io diffuse radiation (w/m?)

Q: heat absorbed by receiver (W)

Qa heat absorbed by working fluid (W)
Qc convective losses (W)

Q, radiation loses (W)

h heat transfer coefficient (w/m?2 K)

Ao the receiver absorber area (m?)

Ta the Ambient temperature of air (K)

€ the emissivity of tube material

Tw mean temperature of tube surface (K)
To the outlet temperature of working fluid (K)
T; the Inlet temperature of working fluid (K)
m mass flow rate (Kg/sec)

Cp specific heat (kJ/Kg k)

Abbreviation

CSsP Solar tower power plant

CFD Computational fluid dynamics

CCD Circular constant tube diameter

CUTD Circular vertical constant tube diameter solar
receiver

CVTD Circular variable tube diameter

LTSR Receiver and a leaf type circular solar receiver

HTF Heat transfer fluid
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