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Abstract

To install a tower solar power plant, the receiver is a key part for storing heat.
There are two categories of receivers: surface receivers and volumetric receiv-
ers. To produce pressurized air at very high temperatures, the volumetric re-
ceiver is indicated. Thus, it allows the air to be heated up to 1100°C [1] allow-
ing good efficiency to be achieved. We present here the dynamic modeling of
a volumetric solar receiver with pressurized air. The absorber used is designed
with ceramic material (terracotta) and a parallelepiped shape called a honey-
comb absorber. In our case, the circular cells have a diameter of 3mm and are
separated from each other by a distance of 3 mm. The symmetrical character
allows us to reduce the calculation domains to an elementary cell representa-
tive of their structure. We use the finite element method of the Comsol 5.3a
calculation code for the numerical resolution. Our results thus show that with
a pressure of 10 bars and an air inlet temperature of 398K°C for a mass air
flow rate of 0.3 kg/s, we obtain an air outlet temperature of around 1000 K,
which is sufficient to supply a combustion chamber and drive an alternator.
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1. Introduction

The economic, social and industrial development of developing countries requires
energy management. However, the promotion of renewable energies in general
and solar energy in particular, constitutes one of the appropriate solutions for an
accelerated development strategy for sustainable development. In the current con-

text of thermodynamic “solar” electricity production, two areas of development
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are arousing major interest: parabolic trough power plant technologies and tower
power plant technologies. Thermodynamic solar energy conversion systems using
tower solar power plants offer promising avenues of research. The solar receiver
placed at the top of the tower is a determining element for the efficient operation
of a tower solar power plant [1] [2]. However, there are two categories of receivers:
surface receivers and volumetric receivers. In addition, the receiver has the role of
concentrating solar radiation to transmit heat to a heat transfer fluid, such as air
under high pressure, which is the concept of a volumetric receiver. The air pres-
surized by the compressor is heated in the volumetric receiver to temperatures
around 1200 K [3]. The concept of volumetric receivers comes from a temperature
limitation of surface receivers. Thus, mastering the operation of volumetric re-
ceivers is essential for the installation of tower plants. The objective of this work
is the dynamic modeling of the operation of a volume solar receiver with pressur-

ized air for a tower power plant.

2. Materials and Methods

2.1. Description

In order to be able to analyze heat transfers, as well as to better interpret the re-
sults, this study is focused on the design of a tower solar power plant based on a
Brayton type cycle implemented in a gas turbine (TAG). This technology is known
as the HSGT (Hybrid Solar Gas Turbine) plant.

The tower solar power plant is made up of heliostats, a pressurized air volume
receiver and a gas turbine with a steam cycle booster which recovers the heat and
makes it possible to maintain the operation of the plant in cases of low sunlight

(cloudy passage, light veil, etc.) (Figure 1).
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Figure 1. Descriptive diagram of a tower solar power plant: pressurized air
receiver.

Air pressurized by compression is used as heat transfer fluid. In the solar re-
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ceiver, the air is brought to temperatures varying between 973 and 1200 K, or a
little more in the best case, before it is expanded in the turbine, thus producing

work to drive an alternator.

2.2. Absorber Technology

The efficiency of the receiver is linked to the quality of the absorber. A material
with good heat absorption power would propagate it in large quantities, thus en-
suring the permanent operation of the turbine.

The absorber studied in this present work is made of ceramic material. It is a
volumetric type receiver characterized by honeycomb-shaped orifices. These ori-
fices are parallel channels with a circular section. All the orifices form a ‘honey-
comb’ of 3 mm in diameter for a straight section. The regular distribution of the
orifices makes it possible to reduce the calculation domain on a set of four orifices
forming an elementary cell (EC). The entire absorber is made up of 25 x 25 ele-
mentary cells, or 625 elementary cells. All of the elementary cells are covered with

a layer of vermiculite insulation. Figure 2 shows the diagram of the absorber.

Elementary cell (EC)

Figure 2. Absorber diagram.

In Figure 3, the flow of the hot fluid is in the direction of x.
e represent the distance between two orifices.
To avoid thermal losses, in our modeling we cover the four faces of an elemen-

tary cell with 5 mm of vermiculite.
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Figure 3. Diagram of an elementary cell (EC); (a) perspective and

(b) front view.

The flow of hot fluid takes place along the x-axis. The parameters of the ele-
mentary cell used as reference are given by:
e Thelength Z =500 mm along the xaxis
¢ Distance between holes =3 mm

e Diameter of holes d=3 mm

2.2.1. Simple Absorber Model

The physical parameters characterizing the absorber are those defined by GOMEZ
GARCIA Fabrisio Leopoldo in their thesis work [4]. This is the air inlet temperature
in the absorber, the outlet temperature of the absorber, and the temperature inside

the absorber characterized by a logarithmic average temperature (Figure 4).

(a) Tm |Og

(b)
T, X T,
——— O

. Pconcentrated
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module Tmodule

air exchanged

solar incident

Figure 4. Representation of the physical parameters of the absorber: (a) Temperature and
(b) power [5].

To observe a temperature distribution within the exchanger, we use as input
parameters, for modeling, a heat flux of 35 kW per m? The mass flow rate of air
through the orifices of the elementary cell is 0.3 kg/s. The temperature entering

the absorber corresponds to that leaving the compressor which is 398 K.
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2.2.2.Presentation of the Physical Model in the Comsol Software Interface
Physical description of the system
Our system was studied using the COMSOL Multiphysics software (version
5.3a) by the finite element method (Figure 5).

Monolith structure
of the absorber
module

Alyeolar canals of
circular section

with diameter d =
3mm

Figure 5. Diagram of the core of the absorber module with COM-
SOL software.

The performance of such a receiver (with pressurized air) is strongly dependent
on the distribution of air at the inlet, and the collection of air at the outlet of the
absorber. For good air distribution in the cells and minimal pressure loss, we opt
for the use of a conventional distributor associated with a conventional collector.
This system makes it possible to standardize the distribution of air in the elemen-
tary cells and to maintain the constant air flow and pressure imposed by the com-

pressor (Figure 6).
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Figure 6. Diagram of the volumetric receiver.
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The receiver is supplied with air from the front panel. The compressed air from
the compressor is directed to the distributor which supplies the elementary cells

of the absorber module. The hot air collected at the outlets of the elementary cells

DOI: 10.4236/eng.2025.174017 280 Engineering


https://doi.org/10.4236/eng.2025.174017

K. Kabore et al.

is routed to the combustion chamber and then to the turbine.

2.3. Definition of Some Concepts

2.3.1. Radiation Penetration Coefficient

The radiation penetration coefficient is a determining parameter for the analysis
of the propagation of the luminous flux within the alveolar absorbers. According
to the Beer-Lambert law applied in the structures of cellular absorbers, the pene-
tration coefficient &, isafunction of the axial position x of the elementary cell
and the representative dimension of the free section through which the heat trans-

fer fluid flows.

® —X
a, = - 1
o eXp{l -kj W)

c

X, |, and k represent the axial position (m), channel size (m) and extension

length, respectively.

2.3.2. Solar Power Reflected by Heliostats
The solar power provided by the heliostat field is expressed by the following for-
mula:

P, =S, xn, xDNI (2)

S,, : Surface area of the heliostats (m?);

7, : Heliostat field efficiency.

2.3.3. Concentrated Solar Power
It corresponds to the solar power reflected by the heliostats passing through the
glass plate at the opening of the receiver cavity and concentrated inside the cavity.
In theory it is expressed by:

P

concentrated

=7x3,xP, (3)

7 : Transmission coefficient of the window (glass plate);
P

concentrated

: The concentrated solar flux (W).

2.3.4. Solar Power Absorbed by the Module
In theory, the solar power absorbed by the absorber module is the product of the
concentrated solar power and the absorbing surface.

Pab =ax Pconcentrated (4)

a : Absorption coefficient of the absorber module.

2.3.5. Thermal Efficiency of the Receiver

The thermal efficiency of the receiver is defined as the ratio between the solar flux
transmitted to the air by the absorber and the incident solar flux reflected by the
heliostats [6].

Pair
T (5)
PSO
Pair =m 'Cpair (Tf _Te) (6)
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T, = Outlet temperature;

T, = Inlet temperature.

2.4. Physical Modeling of the System

From a fundamental physics point of view, we consider here an incompressible,
laminar flow in a steady state. Overall, we assume that the flow takes place in a
porous medium composed of Si-C and air, with an average porosity equal to 30%.

The conservation equations are then written:

2.4.1. Fluid Mass Conservation Equation

V(pV)=0 (7a)
In the case of an incompressible fluid the continuity equation is reduced to the
form:
a + al + v =0 (7b)
OX 0z

2.4.2. Momentum Conservation Equation
According to zit comes:

p(V-V)w=V(p+uvw)) (8a)
ow  ow  ow op o*w d*'w  &*w
PlU—+V—F+W— |=——+ Ul —5+—+— (8b)
OX oy oz oz ox* oy oz

2.4.3. Energy Conservation Equation in the Fluid

pCV -VT =V (AVT) (92)
oT oT _aT o'T 0T 07T
U—+V—FtW—=a| —5 +—5+— (9b)
OX oy oz ox® oy° oz

With p:density; w =airspeed; A4 =thermal conductivity; . : dynamic vis-
cosity; a:thermal diffusivity (m-s™2).

2.4.4. Transfer by Radiation in the Rigid Matrix
In the rigid matrix of the absorber, the heat equation is written taking into account

the radiation (absorption and emission).

VTabs = qs (10a)

q,=¢E-oT* (10b)

2.4.5. Boundary Conditions

e Attheinlet, fluid, z= 0, power at the inlet = P, concentrated = 35 kW,
T.= 398 K; P= 10 atm; Flow rate = 0.3 kg/s;
P =10 atm, kept constant.

¢ At the outlet, we have the jet condition in free atmosphere: P= P, atmospheric
pressure (Figure 7).

e On the walls: Losses by convection

DOI: 10.4236/eng.2025.174017

282 Engineering


https://doi.org/10.4236/eng.2025.174017

K. Kabore et al.

¢pext = hpext ! Sext (Tp _Tamb) (11)
Pt 3 Sext s cOnvective heat loss to the exterior and external surface;

T,5 Tam s average wall temperature and ambient temperature.

3. Results and Discussion
3.1. Evolution of the Temperature in the Rigid Matrix

The following hypotheses were considered in this theoretical study:
- The exterior walls are perfectly insulated,;
- The distribution of the luminous flux is homogeneous in the entrance plane;
- The thickness of the walls is negligible compared to their length.

Solving the system of Equations (7, 8, 9,) integrating the boundary conditions
allows the temperature, speed and pressure fields to be calculated. The latter does
not vary practically, since it is practically imposed. Figure 7 reflects the software

approach of the temperature evolution as a function of the concentrated flow.

Surface: Temperature (K) o

K
A 1.05%x10°
x102

10

A OO0 O N 00 ©

¥ 308

Figure 7. Calculation of the evolution of the temperature
in the material, within an elementary cell.

The temperature of the absorber module gradually increases throughout the
alveolar channels. Its maximum value recorded at the end of driving and during
a day is 1160 K for a concentrated power of 35 kW/m? (Figure 8).

3.2. Spatial Evolution of Fluid Speeds

Figure 9 studies a section of the air speed as a function of the height of the ele-
mentary cell.

3.3. Evolution of Air Temperature

The air temperature gradually increases along the absorber and reaches its maxi-
mum at 900 K with the increasing evolution of the incident solar flux at the same
time as that of the solid increases. Figure 10 and Figure 11 show the evolution of

the air temperature according to the increasing evolution of the solar flux and for
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flow rates varying from 0.1 to 0.5 kg/s.

Evolution of the temperature in the pipe as a function of the axial position o
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Figure 8. Evolution of the temperature in the pipe as a function of the axial position.
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Figure 9. Velocity field.
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Figure 10. Evolution of air temperature depending on solar flux.
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Figure 11. Average air temperatures for different flow rates.

3.4. Thermal Efficiency

From Equation (5), the thermal efficiency of the absorber module characterized
as honeycomb highlighted in this present work in steady state is 16%. The con-
stant working pressure (10 bars) and air flow (0.3 kg/s) are imposed by the com-
pressor. The concentrated incident solar power is 35 kW/m? with a heliostat sur-

face of 80 m2.

3.5. Influences of Characteristic Parameters

Several parameters can significantly influence the thermal performance of the ab-
sorber module. In this study, in addition to the variation of the incident solar flux,
we vary the mass flow rate, the area of the heliostat field and the opening area of

the receiver cavity.

3.5.1. Influence of Air Flow

For a constant pressure of 10 bars and an air inlet temperature of 398 K, Figure
12 studies the influence of the mass air flow on the thermal efficiency of an ele-
mentary cell. Indeed, variations in mass flow have a positive influence on thermal
efficiency. The higher the mass flow, the greater the thermal efficiency. The flow
rate range chosen is between 0.1 kg/s to 0.5 kg/s. The minimum values of thermal
efficiency recorded for the different flow ranges are respectively between 1 to 5%

and maximum values of 7 to 22%.

3.5.2. Influence of the Heliostat Field Surface
The variations in efficiency were studied numerically for heliostat surfaces of 40
m?, 60 m? 80 m” and 100 m* Such variations can be obtained for any day of the

year using the numerical procedure developed in this research. The elementary
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Figure 12. Thermal efficiency as a function of solar flux for a mass flow rate
ranging from 0.1 to 0.5 kg/s (Equation (5)).

cell is simulated with a variation of concentrated incident solar power from 1 to
40 kW/m? and a constant air flow of 0.3 kg/s. For the same absorber inlet temper-
ature (Ta = 308 K) and air (Te = 398 K), the thermal efficiency evolves in decreas-
ing order (33 to 13%) with an increasing variation in the heliostat surfaces. Figure
13 shows the evolution of the absorber temperatures as a function of the heliostat

surfaces and the concentrated incident solar power.

—&— Sh=40m?

—&— Sh=60m?

0.35 —&— Sh=80m?
1 |—v—Sh=100m?
0.30
. ]
2 0.25-
Q2
O 1
5 0.201
g J
S 0154
e J
|_
0.10 -
0.05 -
000 1 1 T 1 1 T 1 T I ) B I v 1
0 5 10 15 20 25 30 35 40 45

Solar flow (kW/m?)

Figure 13. Absorber temperature as a function of solar flux (1 to 40 kW/m?)
for heliostat surfaces of 40 m?, 60 m?2, 80 m? and 100 m2
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3.5.3. Influence of the Opening Surface

Thermal efficiency is improved by considering an opening surface smaller than
the absorber. In fact, an opening surface smaller than the absorber makes it pos-
sible to reduce losses by radiation and convection. Figure 14 presents the influ-

ence of the opening surface on the thermal efficiency.

—=— Souv=0.3m?
: —e— Souv=0.4m?
0.24 1 —4— Souv=0.5m?

0.22 A —¥— Souv=0.6m?
0.20 1
0.18 -
0.16 -
0.14 -
0.12
0.10
0.08
0.06
0.04 ]

02+————7T 77T T 7T T 7T T 7T T T T T T T
0 5 10 15 20 25 30 35 40 45

Solar Flow (kW/m2)

Thermal efficiency

Figure 14. Influence of the opening surface on thermal efficiency (Equa-
tion (5)).

The analysis of Figure 13 shows us that the thermal efficiency is improved by
considering a smaller opening surface. For a smaller opening surface of around
0.3m?, the thermal efficiency is significant, around 23%. And for a large opening

surface of around 0.6 m? the thermal efficiency is low, around 16%.

4. Conclusions

We modeled a high temperature pressurized air production system with a ceramic
absorber module. For an air temperature of 398 K, an airflow of 0.3 kg/s, a pres-
sure of 10 bar, and a concentrated incident power of 35 kW/m?, the thermal effi-
ciency of the receiver is of the order of 16%. Thermal efficiency is improved by
considering an opening surface smaller than the absorber. The air outlet temper-
ature gradually increases along the absorber at the same time as that of the solid
and this increases according to the value of the solar flux. It reaches its maximum
at 900 K depending on the increasing evolution of the incident solar flux.

From this perspective, the model is planned to be developed on an industrial

scale for the commissioning of tower solar power plants.
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Nomenclature

a, Penetration coefficient

DNI Direct solar radiation, W/m?

Pyioar Global convection coefficient W/m?*K;

Py Solar power absorbed, W;

P Thermal power transmitted to the fluid, W;

P oncentrated Concentrated solar power, W;

P Residual power, W;

P, Solar power reflected by the heliostats, W;

10)) The local unabsorbed solar flux, W;

D, Total incident flow on the front face, W;

d, Flux reflects, W;

Sa Surface area of the absorber module, m?

T, Outlet temperature, K,

T, Inlet temperature, K;

Tons Temperature of the absorber module, K;

T Thermal efficiency;
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