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In the current study, a computational fluid dynamics model was developed using volume
averaged Navier-Stokes equations and porous thermal equilibrium model to investigate the
performance of the solar volumetric receiver against the change of a set of parameters such as:
main air inlet velocity, return air temperature, return air velocity and return air inlet orientation.
The model was validated against previous experimental results with maximum outlet
temperature deviation of 7.3%. A new geometry influenced by the HiTRec receiver design was
proposed in order to take into account the effect of return air on receiver’s performance, also
to modify the outlet zone of the receiver in order to minimize flow separation and reversed
flow.

The current study concluded that plants installed at locations of high wind speeds will result in
poor performance of the volumetric receiver, and also showed that the thermal efficiency
decreased by 14% when the inlet velocity increased from 0.2 to 1.2 m/s, moreover, using high
porosity absorbers is not necessarily an advantage due to the high thermal gradients that lead
to high thermal stresses, the possibility of occurrence of flow instability and distortion or failure
of the absorber.
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NOMENCLATURES

Variables
dp Average pore diameter (m)
g Gravitational acceleration, m/s2
Freak Irradiance peak, W/ m?
h Heat transfer coefficient (W/ m2 k)
I Intensity of the solar radiation (W/ m?)
Iy Initial intensity of the solar radiation (W/ m?)
Igo Superficial heat source (W/ m?)
] Diffusion flux, kg/s m2
K; Viscous permeability coefficient (m?)
K, Inertial permeability coefficient (m)
m Mass flow rate (kg/sec)
Nu Nusselt number
P Pressure (Pa)
Qrec Actual heat input to the receiver.
Re Reynolds number
% Velocity vector (m/s)
XY,z Cartesian coordinates (m)
Greek letters
a Specific area (m™1)
€ Porosity
u Dynamic viscosity (kg/m.s)
p Density (kg/m3)
4 Optical extinction coefficient (m~1)
T Shear stress tensor (N/m?)
n Thermal efficiency
Subscripts
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f Fluid
s Solid
tot Total
v Volume
Abbreviations
CFD Computational Fluid Dynamics
CSP Concentrated Solar Power
DLR Deutsches Zentrum fiir Luft- und Raumfahrt (German Aerospace centre)
HiTRec High Temperature Receiver
IEA International Energy Agency
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ABSTRACT

In the current study, a computational fluid dynamics model was developed using volume
averaged Navier-Stokes equations and porous thermal equilibrium model to investigate the
performance of the solar volumetric receiver against the change of a set of parameters. The
model was validated against experimental results with maximum outlet temperature deviation
of 7.3%.

A new geometry influenced by the HiTRec receiver design was proposed in order to take
into account the effect of return air on receiver performance, also to modify the outlet zone of
the receiver in order to minimize flow separation and reversed flow and to allow modular cup
design.

A total number of 21192 cells was used for the 2D mesh and a maximum y+ value of 3.5
at the first boundary cell, and the k-epsilon turbulence model with standard wall treatment was
employed.

Moreover, a Beer-Lambert distributed solar flux was used to simulate the effect of radiation
penetration inside the absorber body, 3 different porosity absorbers were studied 0.48, 0.64 and
0.78, with 3 distinct extinction coefficients for the Beer-Lambert distribution, the solar flux
and thermophysical properties were added to the model through C++ user defined function.

As a summary to the goals of the current study, the return air temperature plays a significant
role in modular design of volumetric solar receiver cups, as both a regenerative factor and a
coolant to the absorber cup structures.

When the return air acts as a coolant, it could prevent mechanical failure of the absorber
due to high thermal stresses as was shown in the earliest stages of receiver development, and
thus the velocity of the return air shall be optimized in order to obtain a suitable heat transfer
rate between the return air stream and the cup surface when the system is bounded to a specific
return air temperature, for this reason the current study investigated a wide range of return air
velocities and temperatures to find its effect on the overall thermal performance of the receiver.

Moreover, the effect of inlet air mass flow rate was studied with the intention of
investigating the different thermal profiles that could exist on the absorber body to minimize
thermal gradients and thus thermal stresses, and to find its effect at the same time on the thermal
efficiency and outlet temperature.

The current study found that increasing the porosity increases the thermal efficiency of the
receiver and the outlet temperature, a value of 1900 K maximum temperature was obtained at
the highest porosity absorber of 0.78, also a set of inlet velocities was studied to obtain absorber
thermal distribution, in order to minimize thermal gradients, it was found that at inlet velocity
of 1.2 m/s the temperature difference across the absorber was only 111 K.

It was also found that increasing the return air temperature while maintaining a constant
return air velocity decreases the thermal efficiency of the receiver due to the reduction of the
return air density. Moreover, two different return air orientations were studied in order to
investigate whether the absorber temperature distribution would differ or not, however, it was
found that the difference between the two cases was not significant.



1 INTRODUCTION

Since the industrial revolution in the 18" century, fossil fuels have accompanied mankind
towards a vast scientific and technological progress. However, with the current depletion rate
of fossil fuel and the environmental effects that rose from the carbon dioxide emissions, as the
2016 “International Energy Agency (IEA) CO, emission from fuel combustion” report stated
that CO, emissions increased from around zero to higher than 32 Gigatons CO, in 2014 [1],
hence, the transition to a dependence on renewable, sustainable and clean energy sources is a
crucial step for a better future.
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Source: Carbon Dioxide Information Analysis Center, Oak Ridge National
Laboratory, US Department of Energy, Oak Ridge, Tenn., United States.

Figure 1 - Carbon dioxide emission in gigaton since the industrial revolution [1]
According to the IEA annual report (Figure 2) more than 80% of world fuel share is based
on hydrocarbon fuels [2] (oil, natural gas and coal)
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Figure 2 - IEA world fuel share [2]

Solar energy has the potential of being an adequate energy source to fulfil current world’s
requirements of power, being clean and permanent, Earth receives a daily solar energy of
around 6.26 x 1029 Joules per hour [3], but due to the intermittent nature of solar power as a
result of cloud movements, seasonal change and being costly when compared to conventional
power plants [4], there is a great challenge for any energy system that utilizes solar energy.

Another drawback of solar energy is the low density of the irradiated flux on Earth surface,
resulting in a need for concentrating solar flux for large scale power production.

One of the intensively examined solar technologies in the past three decades is concentrated
solar power (CSP) systems.

An example of concentrated solar power systems is solar tower based power plants, where
concentration is achieved mainly by an array of heliostat mirrors having a common focal spot
(the solar tower) where the receiving system is mounted (Figure 3), the receiver then transfers
the solar flux to a working fluid of a thermal power cycle (Rankine or Gas turbine for example
— Figure 4).



