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Abstract

The circular central solar receiver helps in the
generation of power output in a solar power plant. This
paper of research encompasses mathematical
development and modelling of a circular central solar
receiver with variable diameter header. This modelling
is utilized for analyzing the power output in a year. A
desired electrical output is generated by the modeling.
Methodologies were utilized for evaluating the desired
parameters involved in the modelling of the entire
system such as; size of the receiver, height of the tower
etc. In this modelling system, solar simulator is utilized
in the place of heliostat. The working fluid in the system
is water. The type of receiver involved in the modelling
is a circular central solar receiver. Simulation of the
thermal solar receiver system is done. The solar
irradiation heat flux of 3500 W/m? is applied at the
input.
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Introduction

Central solar receivers are regarded as a renewable
technology for collecting the solar radiation and converting
them into thermal energy of high temperature for the
production of electricity and for the purpose of chemical
processing. The Soviet researchers carried out an
experimental analysis of the central solar receiver system
in the year 1957, where an optical system encompassing
1293 mirrors were examined for producing steam at a
temperature of 400°C. The concept of central solar receiver
for the solar energy concentration and collection is
contemplated on the heliostat fields, which reflects the
incident radiation from the Sun into a solar receiver, which
is embedded the central solar tower’s top position. The
solar energy, which is collected in the total field, is
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transmitted optically. Usually the working fluid absorbs
80-95% of the gained solar energy. This absorbed energy
is pumped into the receiver and the solar tower. The
working fluid then gets down from the tower and then
reaches the industrial powerplant and thermoelectric power
plant, which requires heat energy. Concentrated solar
radiation is sent into the central solar receiver. A typical
central solar receiver system encompasses many heliostats
(tracking mirrors), which would be positioned in the solar
tower system and which would reflect the incident solar
radiation. These systems have high concentration levels
when compared with the linear systems. This concentrated
radiation is utilized as heat energy for producing steam and
converting steam into electrical energy in a powerplant or
to a thermal energy, which could be utilized for storing
molten salt. Central solar receiver systems are large scale
systems, which are typically constructed for powering a
steam cycle. The solar receiver’s central position provides
a universal benefit for the collection of entire energy in one
place and thus helps in transportation savings. The
disadvantage from the fixed position of the solar central
receiver is that collection of sunlight is limited; heliostats
are mounted at right angle to the beam such that the
collected energy is low hen compared with the parabolic
concentrator. The collector field’s size must be increased
for attaining maximum light concentration efficiency. The
other drawbacks of this system are; high capital costs,
environmental impacts and land utilization. Flat arid
regions and desserts are preferred for installation of central
solar receiver systems, where plenty of solar energy is got
with low land costs and endeavors.

The proposed system is a central solar receiver system,
encompassing a solar tower with a solar receiver, solar
simulators, which are embedded in the system in the place
of heliostats, power block and a thermal energy storage
system. The proposed paper revolves around the
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mathematical modeling of this central solar receiver
system having header with a variable diameter. The
modelling is performed with the utilization of some
specified parameters. The initial part of the paper
encompasses about the theoretical background of the
study; then about the related works on the central solar
receiver systems; mathematical modeling of the proposed
system with some specifications and finally about the
results of the mathematical modelling of the proposed
system.

Related Works

(Basil H. Ali, S.1. Gilani, and Hussain H. Al-Kayeim 2016)
carried out the mathematical modelling of a central solar
receiver, which is developed on the basis of evacuated solar
tubes. In their study, they designed a new receiver model,
which was contemplated on the proposed evacuated solar
tube and the investigation on the developed receiver’s
dynamic characteristics. For evaluating and optimizing the
dynamic characteristics of their system, investigation was
carried out on their heat conversion process of solar
radiation within the receiver and where the mass and
energy conversion equation are utilized for evaluating the
state of the receiver components and the working fluid
temperature with the analysis and calculation of the
thermal losses in the receiver. The results indicated that
with the proper arrangement of the tubes, with proper
configuration, the plant operates with the needed pumping
power. The study recommends for further analysis on
friction losses of the hydraulic fluid within the tubes.

(Luca Cioccolanti, Roberto Tascioni and Alessia Arteconi
2018) conducted a mathematical modelling of the
performance evaluation and operation modes creative
small scale solar organic and rankine cycle plant. In the
study a solar organic rankine cycle plant is embedded with
a storage tank made of phase change material along with
heat pipes, which are reversible, are examined with a
simulation analysis. The modelling was performed
utilizing TNRSYS software. The examination of the
performance of the system was carried out with the given
control strategy. For a period of one year, various operating
modes in the system were examined. The plant gave full
efficiency based on the given design parameters. The
results of the simulation offered ways for frequent real
plant testing.

(Sandhya Jadhav and V. Venkatraj 2018) conducted a
mathematical modelling on the thermal losses of a solar
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central receiver in a thermal power plant. Simulation and
mathematical modelling of a solar central receiver power
plant embedded with a cavity receiver was done for
evaluating the cavity receiver’s thermal power losses.
Results of the evaluation are done with the experimental
results of the solar experiments. The efficiency of the
receivers in the transfer and absorption of the solar energy
into the working fluid was crucial in the central solar
receiver as the produced energy cost, capital cost and
performance of the plant had an impact by the efficiency of
the receiver. Power generation results were obtained with
hourly simulation. The study opts for gaining knowledge
on the power plant performance and construction of the
central solar receiver.

(Lachhab et.al 2019) carried out a mathematical modelling
and theoretical analysis of a solar cogeneration system
situated in Morocco. This mathematical modelling is based
on solar cogeneration’s new technology utilizing the
photovoltaic cell and parabolic trough concentrator. The
eminent objective of their study was to examine the
parabolic concentrator’s thermal performance. Matlab was
utilized for simulation of the modelling. Encouraging
results were obtained with the experimental analysis and
finally satisfactory performance of the solar collector was
obtained.

(Moukhtar et. al 2018) performed the regulation of electric
power and modelling of a power plant with a central tower
receiver, which is contemplated on the technique of
artificial neural network. The modelling of the system was
performed utilizing the artificial neural network technique.
The system encompassed one hidden layer, one output
parameter and two input parameters. The heat transfer
fluid’s mass flow rate was the output. The system’s
performance was analyzed experimentally and the results
were referred with the system advisor model. Compatible
results were observed between the outputs of the system
and the adopted ANN model. Less input data and
simplicity made it an appropriate model for the
examination of the study. The drawback of the ANN model
is that it works only with the information that is numerical
and is entirely contemplated on the ability of the users.

Mathematical Modelling of Circular Central Solar
Receiver

Mathematical modelling is performed for the solar central
receiver system. Codes were developed for the simulation
and development of the receiver. The solar energy is got by
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the solar central receiver by their reflection by the solar
simulators. Then the receiver’s thermal losses were
examined. The solar simulators were dimensioned for
receiving high temperature having high flux densities. The
calculation of the below mentioned parameters are eminent
aspects of the modelling of the proposed system.

Equivalent Capacity

For evaluating the amount of solar energy incident on the
central circular solar receiver system (Q rec), the system’s
thermal energy capacity and rated capacity are needed. The
solar receiver’s equivalent capacity is the sum of the above
capacities. The equivalent capacity is calculated as follows;

Equivalent capacity = (h+x)/h * rated capacity
Here, h-> hours of thermal energy storage capacity.

The solar simulator system’s efficiency is calculated as
follows;

1 otal = SUM OfF efficiencies of the components of the
system

Determination of reflecting area of the solar simulator

For calculating the reflecting area of the solar
simulator, (A rer) the needed solar energy must be reflected
by the solar simulator field to the central solar receiver. The
reflecting area of the solar simulator is calculated as
follows;

AS:QTEC/ DNI

Where Q r is the solar energy incident on the receiver
and DNI is the incident solar radiation per unit aperture
area (3500 W/m?) for this system

Thermal energy of the receiver

The thermal solar energy incident on the receiver
Q rec is the product of solar radiation incident per unit
aperture area, area of the solar simulator and efficiency of
the solar simulator, which is mathematically indicated as,

Qrec:DNI *As*ns

Where, As-> area of the solar simulator and 1 s->
efficiency of the solar simulator

Mean temperature of the solar simulator
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The mean temperature of the solar simulator field
is calculated as the sum of half of inlet and outlet
temperatures of the working fluid, which is water in the
proposed system. This could be mathematically indicated
as;

T mean — (T in,w + T out, W)/2 = (80+30)/2 = 550(:

Where, T mean iS the mean temperature of the solar simulator
field; T in,w is the inlet temperature of the working fluid and
T out, w i the outlet temperature of the working fluid.

Allowable heat flux

The allowable heat flux is calculated as the
product of maximum heat flux and average peak to heat
flux ratio.

In addition to the above-mentioned parameters, the thermal
energy losses of the receiver such as; heat losses,
coefficient of heat transfer, heat losses during emission,
reflection and conduction by the solar simulator and the
cost of conversion are calculated.

Total radiative Power

Classical radiative transfer theory and laws of
geometrical optics are utilized by the solar concentrating
systems’ radiative transfer models that are macroscopic.
These are contemplated on the basis of radiative transfer
equation (RTE). A solar central receiver (SCR) system
model was utilized for calculating the radiative transfer
concept and the pertinent optics. The incident solar
radiation and spectral intensity from § direction on dA
arbitrary surface element with position7 and normal 71 is
indicated as follows,

| solar,)\O\‘,?, t, §) = dQ solar (}\4,_7-':, t, §)/ |§.’T\l|. di. dA. dQ.

Where dQ soiar (A, 7, t, §) and dQ sir (A, 7, t, §) are the
interceptive radiative power and solar radioactive energy.
This interceptive solar radiative power is intercepted along
the change in area dA, in the dA wavelength interval and
will be A wavelength. The incident solar radiation on the
surface element dA of the solar simulator having a
direction of reflection $¥ and the normal 7 are the eminent
parameters here. The essential fundamental property in the
geometric optics that defines the reflection process within
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the thermodynamic condition of equilibrium is referred to
as spectral bidirectional reflection function; which is
indicated as p,”” (7, §F, §1, A). The mathematical indication
of this function is given as follows;

p” (7, §F, 81, 0) =dL, (7, §7, 81, M)/ L. (7, A, s1). IS8 Al
dQi

The reflected intensity’s angular spread and less spectral
attenuation are a reflecting surface’s eminent spectral
characteristics, which helps in maximizing the total
radiative power, which is intercepted by a receiver area of
Arec-

Qrec () =111 re (3,07 ) 157 d\ dA. dQ
3.1 Metrics of performance

The performance parameters of solar thermal
concentrating  systems could be classified as
thermodynamic and optical systems. The metrics of optical
performance are the solar concentration ratio and the
optical efficiency. The parameters of thermodynamic
results are the thermal efficiency of the receiver,
thermodynamic conversion efficiency, which is ideal and
the absorption efficiency.

a. Optical efficiency

k) &
<] =
P Solar Radiation

Solar Simulators

Block diagram used for the mathematical modelling of the
circular central solar receiver
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The ratio of the radiative power of the
solar receiver to the area of aperture A rec with the
maximum energy gained by the solar simulator is
termed as optical efficiency, which is given by,

nt=J  Q'rec.dt/AmG.At

The total optical efficiency encompasses the atmospheric
losses of attenuation, reflection, spillage, blocking, shading
and cosine losses.

b. Concentration ratio

The concentration ratio is defined as the ratio
of the aperture area of the concentrator to the aperture
area of the receiver, which is given by,

Ca:Ac/Arec

Where, A ¢ is the aperture area of the concentrator, C , is
the concentration ratio and A r is the aperture area of the
receiver. The energetic concentration ratio or the average
area flux is given by,

Ci= Q’ rec/ G. Arec
Where, G is the normal direct irradiance.

The following shows the block diagram of the proposed
system, where the mathematical modelling is to be applied.

Circular Central Receiver Tower

Figure 1

The efficiency of the receiver is assumed as equal to the
entire rated capacity of the solar central receiver system.
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1. Results and Discussion

The design parameters for the mathematical
modelling of the proposed circular central solar receiver
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system are given in the following table. In this system,
solar simulators are utilized instead of heliostats
encompassed in an ordinary central solar receiver system.

SI. No. Parameters Dimensions

1. Diameter of the bottom header inlet 50 mm and 15mm
and outlet

2. Diameter of the upper header inlet 15mm and 50mm
and outlet

3. Area of the receiver 0.6 m?

4, Number of tubes 15

5. Diameter of central tube 50mm

6. Tube thickness 1mm

7. Mass flow rate 0.1 LPM

8. Heat flux 3500 W/m?

9. Metal halide lamps (solar simulator) 3-4

10. Material of receiver and frame Copper receiver

Table 1: Design parameters of the modelling of the system

The incident solar radiation was measured and recorded
during a day, which has a clear sunshine. The measurement
was made until mid-afternoon and reduces slowly post
noon. During that time, the highest solar incident radiation
was 3500W/m? at 12 am with the highest temperature. An
increase in energy and temperature was observed with an
increase in solar radiation. Heat loss increases within
elevation in the speed of the wind, the water flow rate is
less such that heat is transferred to water and rapidly
increases and is converted to steam with a rise in transfer

of heat. The rise in temperature results in speed of heat
transfer with an elevating efficiency of the receiver. The
thermal solar energy quantity, which was shifted from the
solar concentrator to the solar central receiver provides full
efficiency in operation. This efficiency minimizes with
lowering of time. A drop in temperature was observed
during loss in energy. Thus, temperature energy losses are
directly proportional. The following shows the results of
wind speed versus heat losses during the analysis of the
system.

wind speed versus heat losses

The operation’s suitability is indicated in the following
graph, which is the graph between the temperature and
instantaneous efficiency.
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Instantaneous efficiency versus temperature

The variable diameter designed with the design parameters
encompassing the diameters of the inlet and outlet of the
header in the circular central solar receiver is shown below.
The incident solar irradiance falls on the solar simulators;
this beam is reflected by the simulators to the receivers,
which is intercepted at a certain angle with the solar

simulators. The receiver is circular with a variable diameter
header, where there is a upper header and a lower header
in the receiver. The mathematical modelling is performed
with the above specified parameters and the simulation
result is obtained for the circular central solar receiver.
Matlab is utilized for obtaining the simulation results

Simulation result of a circular central solar receiver system

A circumferential aperture is possessed by the receiver for
matching the surrounding field. Here, the acceptance
angles are wide. The results of modelling of the solar
central receiver indicate that the thermal efficiency of the
receiver varies with the surface temperature and are
sensitive in nature. The receiver’s thermal state remains
stable chemically and the temperature of the solar central
receiver is controlled by the working fluid. The
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temperatures in the surface of the absorbing area and the
thermal losses in the solar panel area remain stable in
accordance with the heat flux. Losses are observed in areas,
where the solar incident energy is not absorbed. These
losses vary with the level of heat flux. The examined rate
of flow of water and the solar power absorbed are checked
with global values and the measured data was examined
mathematically.
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2. Conclusion

Thus, in this study, we have performed the
mathematical modelling of the circular central solar
receiver system possessing a header in the top and bottom
having a variable diameter. The specific configuration of
the system was modeled with the eminent components such
as solar simulators, simulators’ field, circular central solar
receiver and concentrator. Mathematical modelling of the
central solar receiver system is an accurate and efficient
method for the optimization and design of the system
without any associated costs related to the fabrication of
the prototype systems. Many tools are available for the
solar engineers for minimizing the construction time of the
central solar receiver system. The thermal storage system
assists the solar central receiver to operate during cloudy
weather conditions. The efficiency of operation of the
system is high during summer months. The results of the
mathematical modelling of the system are compared with
Matlab simulations and encouraging results were obtained.
Furthermore, some of the system’s configuration needs
new development, extension or advanced tools for
allowing high simulation flexibility and accuracy, suitably
in optical problems. Thus, capital costs of the system could
be minimized by a better optical design. The modelling is
encouraged to encompass a control system for altering the
mass flow rate of the heat transfer fluid or the number of
solar simulators, which contemplates on the solar incident
energy during period of time so that the working fluid do
not rise above the maximum temperature of working.
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