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Abstract 10 

In concentrating solar power plants with central towers, successful design of volumetric solar 11 

receivers requires proper understanding of the interaction between optical, heat transfer, and 12 

fluid flow phenomena occurring at the microscopic scale of receiver structure material and 13 

their effect on the overall solar to thermal efficiency. In the present article, coupled, 3D, optical, 14 

heat transfer and fluid flow numerical models have been developed for the analysis and design 15 

of honeycomb volumetric receiver modules.  The optical model considers the absorptivity and 16 

micro dimensions of honeycomb absorber structure and employs a Monte Carlo ray tracing 17 

technique to calculate and analyze the absorbed solar heat flux distribution. This, in turn, is 18 

employed as a volumetric heat source term at the solid surface for consistent heat transfer and 19 

fluid flow modeling using a realistic solution domain and proper boundary conditions.  The 20 

validated models have been employed to investigate the effects of different types of absorber 21 

materials, material absorptivity, and air flow rate on the performance of the solar receiver. It 22 

has been shown that positive volumetric effect and high solar-to-thermal efficiency can be 23 

obtained by controlling the absorbed radiation heat flux distribution within the honeycomb 24 

receiver using surface coating of the absorber material.  25 

Keywords: Concentrated solar power; volumetric solar receiver; absorptivity; porous ceramics; 26 

Monte Carlo ray tracing; CFD  27 

                                                      
*
 mahmoud.ali@univ-orleans.fr (Mahmoud ALI) 

†
 mradhi@kau.edu.sa (Mohamed Rady) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 2 

Nomenclature 1 

  2 

A   Surface area, m2 Greek Symbols 

pc  Specific heat, J/kg K α   Absorptivity 

dch. Honeycomb channel diameter, mm β Incidence angle 

h Heat transfer coefficient, W/m2 K ε  Emissivity 

K  Thermal conductivity, W/m K ΘR Receiver tilt angle 

Lch. Axial depth, mm .optη  Optical efficiency 

m&   Mass flow rate, kg/s .Thη  Thermal efficiency 

.absΝ   Number of absorbed photons µ  Dynamic viscosity, kg/m s 

tN   Total number of photons ρ  Density, Kg/m3 

PPP    Power per photon, W σ  Stefan-Boltzmann constant, W/m2 K4  

airP  Rate of heat transfer to air, W Subscripts 

absP   Absorbed solar power, W f   Fluid 

.SolP   Solar power, W in   Inlet 

"
.Solq  Absorbed solar heat flux, W/m2 out   Outlet 

,in kq  
Energy flux incident on the surface k

(W/m2) 
s   Solid 

,out kq   Radiative heat flux leaving surface k (W/m2) .amb
  

Ambient 

convQ   Convective heat losses, W h heliostat 

radQ   Radiative heat losses, W   

vS  Volumetric heat source, W/m3   

,  0s zT →  Front wall temperature, K   

T   Temperature, K   

u Air velocity, m/s   

sV  Solid volume, m3   
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1. Introduction 1 

Concentrating Solar Power (CSP) is a promising and sustainable technology for electricity 2 

generation, chemical fuels production, solar heating and cooling, and water desalination [1–4]. 3 

Many types of CSP technologies have been utilized for electricity production such as solar tower 4 

power plants (STPPs), parabolic trough, parabolic dish, and linear Fresnel solar collectors [5]. 5 

Among the several types of CSP technologies, STPP with open volumetric solar receiver is one 6 

of the most promising technologies [6]. 7 

STPP is based on the concept of reflecting and concentrating sunlight, using sun-tracking 8 

mirrors (heliostats), on the receiver at the top of a central tower. The volumetric solar receiver 9 

(VSR) absorbs the solar radiation and converts it to high-temperature heat. Then, a heat 10 

transfer fluid (HTF) fluid flows through the receiver and removes the high-temperature heat by 11 

forced convection mechanism [7]. This heat is finally used to generate electricity using steam or 12 

gas turbine power plants [8].  Air is commonly used as a HTF due to its availability and stability. 13 

In a typical solar tower power plant, VSR is a key element that determines the solar-to-14 

thermal efficiency of the plant. In order to reduce the thermal losses from the VSR to the 15 

environment, the outlet temperature of the HTF should be higher than the absorber frontal 16 

surface temperature indicating what is referred to in the literature as positive volumetric effect 17 

However, all VSR tested to date show high negative values of volumetric effect [8,9]. 18 

Different volumetric solar receivers’ designs have been investigated numerically and 19 

experimentally. They differ by the structure and the material of the receiver. Both ceramic as 20 

well as metallic materials have been tested [10–22]. Different structures include extruded 21 

honeycombs with parallel channels [19,20], wire meshes [14,15], ceramic foams [23–27], and 22 

printed structures [28]. Silicon carbide (SiC) honeycomb absorber structure has been used in 23 

many STPPs such as SolAir3000 power plant [22].  24 

2. Literature survey 25 

Several numerical and experimental studies have been carried out to investigate the optical 26 

and thermal performance of VSRs using ceramic honeycombs as an absorber. Figure 1 shows 27 

the volumetric solar receiver geometry and the components of a VSR module with honeycomb 28 

absorber. Different scales of interaction between optical and thermal phenomena can be 29 

envisaged from this figure. Previous numerical studies reported in the literature employed a 30 
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physical model at the channel scale and focused on analyzing the influence of channel 1 

dimensions, such as channel width and wall thickness [29–32] and channel cross-section shape 2 

[33] on the performance of the receiver. The important findings of these studies are 3 

summarized below. 4 

A B C D 

 

Fig. 1. Central receiver solar plant with honeycomb volumetric absorber: (A) Plant scale  [30], (B) 
Receiver front area [30], (C) Single Module absorber and cup, (D) Channel dimensions 

 

Fend et al. [30] carried out numerical and experimental studies to analyze the influence of 5 

channel dimensions on the thermal performance of the receiver. Two SiC honeycomb samples 6 

with different geometric parameters have been investigated. For sample 1: d = 2.18 mm & t = 7 

0.55mm and for sample 2: d = 1.43 mm & t = 0.25 mm. The radiative heat flux distribution on 8 

the absorber surface has been estimated using one dimensional Beer Lambert Law (BLL) and 9 

has been applied as a heat source in a CFD model using COMSOL software. Their results 10 

indicated that the sample with smaller d and t (sample 2) shows better performance in terms of 11 

air outlet temperature and thermal efficiency due to the increased specific surface area. 12 

However, in both cases, the air outlet temperature was less than the frontal surface 13 

temperature of the solid absorber indicating negative values of volumetric effect. 14 

Lee et al. [29] used the 3D Monte Carlo ray tracing method (MCRT) and a 1-D CFD model to 15 

investigate the influence of channel width (0.5 - 1.5 mm), wall thickness (0.15 – 0.25 mm), and 16 

absorptivity (α = 0.8, 1) on the performance of the receiver. Their results indicate that 17 

increasing the absorptivity leads to a decrease in the reflection losses from the frontal surface 18 

of the receiver and enhance the receiver performance. In agreement with Fend et al. [30], they 19 

found that honeycomb channels with smaller channel width showed favorable performance in 20 

terms of HTF outlet temperature and thermal efficiency. However, Sanchez et al. [31] and 21 

Cagnoli et al. [32], using ray tracing code and CFD model, have shown that favorable 22 

honeycomb receiver performance has been obtained by increasing the channel width.   23 
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It should be noted that the previous studies differ in using either simple one-dimensional 1 

Beer Lambert law [30,33–35] or 3D Monte Carlo ray tracing [29,32,36] for performing the 2 

optical analysis of the receiver and estimating the radiative heat flux distribution on the 3 

absorber surface at the scale of single channel dimensions. The later represents the main heat 4 

source that may significantly affect the thermal performance of the receiver. Gomez-Garcia et 5 

al. [36] show that BLL can be used to describe the radiative heat flux distribution within the 6 

honeycomb structure near the entrance of the channel only for depths below two pitches. 7 

Moreover, BLL neglects the direction effects of the incoming solar rays as well as rays scattering 8 

inside the honeycomb channel. Therefore, using BLL may lead to improper characterization of 9 

the radiative flux distribution and overestimation of the HTF outlet temperature.  Further 10 

analysis to clarify these points and in-depth analysis for the proper choice of the solution 11 

domain for consistent numerical modeling of the coupled optical and thermal phenomena 12 

inside the receiver represent one of the main objectives of the present article. 13 

Previous studies focused on using a material with high absorptivity (SiC) to reduce the 14 

reflection losses from the frontal surface of the receiver and increase the optical efficiency [32]. 15 

Numerical studies carried out by Yilbas and Shuja [33] and Kasaeian et al. [37] indicate that cell 16 

configuration with triangular channel cross-section results in higher air outlet temperature and 17 

higher thermal efficiency and then followed by square, rectangular, hexagonal, and circular 18 

cross-sections. However, negative values of volumetric effect have been observed for all shapes 19 

of channel cross-sections evaluated. Gomez-Garcia et al. [36] performed a numerical optical 20 

study, using MCRT method, and show that an increase in the penetration depth of 21 

concentrated solar radiation can be obtained by using a novel solar receiver composed of a 22 

stack of thick square grid. 23 

In order to achieve the required positive volumetric effect and high solar-to-thermal-24 

efficiency, radiation propagation within the honeycomb receiver should be maximized [8]. Both 25 

the architecture and the high absorptivity of SiC honeycombs limits radiation propagation 26 

inside the honeycomb channel. As a result, the maximum penetration depth of the absorbed 27 

heat flux is usually less than 3.3 times the channel width [29]. This leads to higher temperature 28 

at the frontal surface of the receiver, higher emission losses, lower solar-to-thermal efficiency, 29 

and lower air outlet temperature. 30 

 31 
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3. Outline and Contribution of Present Work 1 

The major contributions of the present article and significant differences with previous 2 

reported work can be summarized as follows: 3 

• Consistent numerical modeling of the coupled optical and thermal phenomena inside 4 

the volumetric receiver including proper solution domain, boundary conditions, 5 

optical modelling, radiation effects, and absorbed solar radiation distribution. 6 

• Demonstration of the basic concepts to obtain positive values of volumetric effect 7 

and high solar-to-thermal efficiency for volumetric receivers. The essential 8 

requirement is shown to increase radiation propagation within the honeycomb 9 

receiver. However, both the architecture and the high absorptivity of SiC 10 

honeycombs have been shown to limit radiation propagation inside the honeycomb 11 

channel. 12 

• An efficient method to maximize the penetration depth within the honeycomb 13 

absorber is introduced by judicious control of the absorptivity of the honeycomb 14 

channel along its length. Of course, the solar absorptivity of the frontal surface 15 

should be as maximum as possible to reduce the reflection losses. However; the 16 

absorptivity of the internal walls can be controlled to achieve the required radiation 17 

flux distribution and obtain favorable temperature distributions. According to the 18 

author’s knowledge, this method has not been yet studied in previous research work.  19 

• A novel honeycomb receiver made of Alumina has been introduced by using judicious 20 

surface coating of the absorber material. The coating has been designed with the 21 

objective of reducing the reflection losses from the frontal surface and increasing the 22 

penetration depth of the absorbed solar heat flux inside the honeycomb receiver 23 

channel. The new introduced coated Alumina honeycomb absorbers show a 24 

favorable receiver performance in terms of air outlet temperature and solar-to-25 

thermal efficiency compared to conventional SiC honeycomb absorbers.  26 

• The proposed method can be applied to improve the performance of honeycomb 27 

volumetric receivers. 28 

The present article is organized as follows: section 4 describes the physical model for the 29 

optical and CFD analysis. The heat transfer and Fluid Flow Modeling are illustrated in section 5. 30 
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In section 6, the results of coupled optical and thermal models are presented and discussed. 1 

Conclusions and key findings of the present study are presented in section 8.  2 

4. Physical Models for Optical and CFD Analysis 3 

Actually, the physical model for solar tower power plant consists of sun-tracking mirrors 4 

(heliostats) reflecting and concentrating sunlight on the receiver.  However, in laboratory 5 

testing, solar furnace facilities are used to investigate the thermal and optical performance of 6 

VSRs due to high concentration ratios and high temperatures that can be achieved by these 7 

systems [38]. As shown in Fig. 2, the solar furnace used in the present study is similar to the 8 

facility used in [24] and composed of a reflector, a parabolic concentrator, and a VSR target 9 

similar to the one used in SolAir 3000. The total surface area of the reflector and the 10 

concentrator are 27 m2 and 13.5 m2, respectively. The focal distance of the concentrator is 3.8 11 

m. The solar furnace system redirects and focuses the incoming sunlight onto the receiver 12 

module surface. The total depth of the absorber (Z) is 50 mm with channels of square cross-13 

section. The honeycomb absorber receives the radiative flux and converts it to high-14 

temperature heat. Then, air flows through the receiver and removes the thermal energy by 15 

forced convection. 16 

 

Fig. 2. Schematic diagram of the solar furnace optical model with volumetric solar receiver module. 

The solar furnace optical model for the system shown in Fig. 2 has been developed using an 17 

experimentally validated object-oriented Monte Carlo based ray tracing software (Tonatiuh©) 18 

[39–41].  In a typical Tonatiuh ray-tracing simulation, the solar power is discretized into 19 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 8 

photons. Each photon has the same amount of energy that represents the power per photon (1 

PPP ), which is calculated using: 2 

)1(  .Sol

t

P
PPP

N
=  3 

Where .SolP  is the solar power and tN  is the total number of photons. The sun shape has 4 

been considered as pillbox and the value of direct normal irradiation (DNI) used in the present 5 

analysis is 1000 W/m2. Since the surface area of the receiver is smaller than the solar image 6 

reflected from the concentrator, it can be assumed that the frontal surface of the receiver (A) 7 

has a constant flux distribution. The area-averaged absorbed solar heat flux "
.Solq that will be 8 

used as a source term for heat transfer analysis has been computed using: 9 

)2(  " .
.

abs
Sol

PPP
q

A

× Ν=    10 

Where .absΝ is the number of absorbed photons. A sensitivity analysis has shown that a 11 

minimum number of 108 photons is required to reach an independent value of absorbed heat 12 

flux at the frontal area of the honeycomb receiver.   13 

The ray-tracing algorithm is used to trace and collect the absorption and scattering data of 14 

the simulated photons through the system, starting from the light source (the sun) going 15 

towards the reflector, the concentrator and finally reaching the receiver. Ray tracing is also 16 

used for tracking the paths of the simulated photons through the receiver until they exit it or 17 

completely absorbed. This allows to determine the absorbed heat flux at each surface of the 18 

honeycomb channels (upper, lower, right, and left surfaces). Complete description of the 19 

optical model and analysis of results have been reported by the present authors elsewhere 20 

[27]. 21 

Tonatiuh has been designed to simulate either specular or diffuse surface behavior. The 22 

reflection mechanism of a real ceramic material depends on the manufacturing process. It is 23 

neither purely specular nor purely diffuse, but it is a mixture of the two. The effects of specular 24 

and diffuse reflectivity on the accuracy of the optical model have been addressed before by 25 

Cagnoli et al. [32]. The results show that the assumption of specular reflection is accurate 26 

enough to reproduce the actual receiver behavior. In the present study, specular directional 27 

reflectivity has been implemented in Tonatiuh.  28 
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The optical analysis showed that the absorptivity of the material plays a dominant role in 1 

determining the radiative flux distribution on the honeycomb receiver surfaces. Also, the 2 

radiative flux distribution of honeycomb absorbers is highly non-uniform with prominent peaks 3 

and surface dependent. The latter finding is very important for consistent coupling of optical 4 

and CFD models. This variation of solar heat flux distribution should be properly included in the 5 

choice of physical model for CFD analysis. In the previous numerical studies [30,35], only one-6 

quarter of the honeycomb structure cells is used as a solution domain. This choice is valid only 7 

when the absorbed heat flux distributions on all honeycomb structure surfaces are identical. 8 

Therefore, in this study, an appropriate solution domain has been used as depicted in Fig. 3. 9 

The proposed solution domain allows the authors to set the absorbed heat flux of each surface 10 

as a standalone one in consistency with the optical analysis. Further details on the governing 11 

equations of CFD analysis, boundary conditions implementations and mesh generation are 12 

outlined in Section 3. 13 

 
 

Figure 3. CFD solution domain. 

5. Heat transfer and Fluid Flow Modeling 14 

5.1 Governing Equations  15 

The complete model of volumetric solar receiver couples the fluid dynamics and the 16 

conjugate heat transfer physics. In the present study, ANSYS© software has been used for 17 

numerical modeling of the CFD phenomena inside a single channel of the numerical solution 18 

domain shown in Fig. 3. The solution domain comprising both fluid and solid domains has been 19 

discretized using ANSYS© meshing software. The grid consists of tetrahedron elements as 20 

shown in Fig. 4. In comparison with hexahedron elements, tetrahedron elements are more 21 
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efficient, require less computation demand, but are more complex to generate. In addition, five 1 

inflation layers placed in the fluid domain at the interface with the solid domain in order to 2 

solve the boundary layer where large velocity and temperature gradients usually exist. As a 3 

measure of the mesh quality, the Skewness control has been adopted. The Skewness is a 4 

measure of the relative distortion of an element compared to its ideal shape and is scaled from 5 

zero (Excellent) to one (unacceptable). For all meshes created in the present work, the 6 

Skewness value has never exceeded 0.7 indicating a good quality mesh [44]. 7 

  

Figure 4. Numerical solution domain with generated mesh 

The air flow inside the absorber channel is considered to be steady, incompressible and 8 

laminar. Under these assumptions, the 3D governing continuity, momentum, and energy 9 

equations are written as follows [42]: 10 

)3(  ( ) 0i
i

u
x

ρ∂ =
∂

    11 

)4(  ( ) i
j i

j i j j

udp
u u

x x x x
ρ µ

 ∂∂ ∂= − +   ∂ ∂ ∂ ∂ 
   12 

(5)  ( ) f
i p f f

i i i

T
u c T K

x x x
ρ

∂ ∂ ∂=  ∂ ∂ ∂ 
  13 

The energy equation for the solid phase is written as [42]: 14 

(6)  0s
s v

i i

T
K S

x x

 ∂∂ + = ∂ ∂ 
  15 

In the above equations, the subscript s refers to the solid and f refers to the fluid.  16 

Where: 17 
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ρ  Density (Kg/m3) 

u  Air velocity (m/s) 

µ  Dynamic viscosity (kg/m s) 

T  Temperature (K) 

k  Thermal conductivity (W/m K) 

pc  Specific heat (J/kg K)   

vS  Volumetric heat source (W/m3) 

In the present model, energy equations for the solid and fluid phases are coupled in a 1 

conjugate heat transfer problem. The radiative heat flux distribution obtained from the optical 2 

simulation has been implemented as a volumetric source in the solid phase energy equation 3 

using a User Defined Function (UDF). This source function represents the inter-linkage between 4 

the optical and CFD models. The present volumetric source term in implemented only in the 5 

surface control volumes of the solid phase. This is a well-known practice in modeling of surface 6 

heat flux by an equivalent volumetric source term [43]. The solar radiation source term has 7 

been calculated using: 8 

)5(  .abs
v

s

PPP
S

V

× Ν=  9 

Where: 10 

vS   Volumetric heat source (W/m3) 

PPP   Power per photon (W) 

.absΝ   Number of absorbed photons (–) 

sV   Volume of solid surface control-volume at the solid surface (m3) 

The radiative heat transfer between the inner walls of the channel and between the inner 11 

walls and the ambient has been taken into account using the surface to surface radiation model 12 

(S2S) [44]. In the S2S radiation model, the surfaces are assumed to be gray and diffuse 13 

(absorptivity is equal to the emissivity and is independent of the wavelength). Each internal 14 

surface of the channel is divided into a number of discrete surfaces ( k = 1: N). Then view 15 

factors, which are a function of orientation, size and distance of the k surface, are computed 16 

[44]. The radiative heat flux leaving from one surface k to another surface is calculated 17 

according to: 18 
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( )4
, ,1out k k k k in kq T q= ε σ + −ε  (8) 

 Where: 1 

,out kq   Radiative heat flux leaving surface k  (W/m2) 

kε   Absorptivity of surface k   

σ   Stefan-Boltzmann constant (W/m2 K4) 

kT   Temperature of surface k  (K) 

,in kq   Energy flux incident on the surface k (W/m2)  

  

In order to determine the overall performance of volumetric solar receiver, the solar to 2 

thermal efficiency (��→��.) is calculated. The value of .s Th→η   is an overall measurement that 3 

indicates the ratio of thermal power gain by the fluid to the incident concentrated solar 4 

radiation. The solar-to-thermal efficiency can be obtained by the following equation: 5 

( )
. . .

abs air
s Th opt Th

in abs in

p air out air inP P

P

mC T T

P P
 

→
 = × ×

−
= =

&
η η η  (9) 

 6 

 Where .optη , .Thη , airP , air inT   and air outT   are the optical efficiency, thermal efficiency, rate of heat 7 

transfer to air, and air inlet and outlet temperatures, respectively. 8 

5.2 Boundary Conditions  9 

A constant velocity inlet boundary condition with a static temperature of 300 K has been 10 

used at the fluid domain entrance and a zero-gauge pressure outlet boundary condition has 11 

been used at the domain outlet. All contact walls between the fluid and solid domains are set 12 

to no-slip non-penetrating walls. All other surfaces have been set to symmetrical boundary 13 

conditions. 14 

At the frontal surface of the receiver, the convection and radiation losses represent the 15 

boundary conditions for energy equation. The convection losses and radiation losses 16 

( ). .,conv radQ Q  are expressed as: 17 

. .,  0( )conv s ambs zQ hA T T→= −  (10) 

4 4
.  0 .,( )rad s ambs zQ A T Tσ →= ε −  (11) 
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Where: 1 

Heat transfer coefficient (W/m2 K) h 

Front wall surface area (m2) sA  

Front wall temperature (K) ,  0s zT →  

Ambient temperature (K) .ambT  

  

The heat transfer coefficient has been taken from [6] and the ambient temperature is assumed 2 

to be 300 K. 3 

5.3 Absorber Materials 4 

Ceramics are the most suitable materials for VSR due to their high operating temperature 5 

and thermal stability. In the present study, two ceramic materials have been selected and 6 

studied. These include Alumina (Al2O3) and SiC. SiC is widely employed in high temperature 7 

volumetric solar receiver [45,46], due to its high absorptivity (about 0.8) [47,48], high operating 8 

temperature and good mechanical and physical properties.  Alumina has been introduced in the 9 

present study for volumetric solar receiver. Alumina is a low cost well-balanced material 10 

offering high wear resistance, high mechanical strength, and thermal stability. In addition, as 11 

compared to SiC, Al2O3 has high oxidation resistance at high temperature.  However, the solar 12 

absorptivity of Al2O3 is low (around 0.2) [49]. Optical analysis shall help in understanding the 13 

impact of its low absorptivity on the radiative flux distribution, the resulting optical efficiency 14 

and penetration depth of solar radiation in comparison with conventionally used materials such 15 

as SiC. Table 1 summarize the thermo-physical properties of SiC and Al2O3 used in the present 16 

study. It should be noted that Silicon Carbide and Alumina used in volumetric solar receivers 17 

and implemented in the present study are opaque materials. Pure silicon carbide is colorless 18 

and transparent. However, the production of transparent, translucent, and opaque ceramics is 19 

obtained by controlling its microstructure and inclusion of impurities during the manufacturing 20 

process [50, 51]. The optical properties of Al2O3 and SiC used in the present study have been 21 

reported in recent references [47-49, 53] dealing with characterization of materials for solar 22 

receivers. The emissivity of Alumina has been reported by P. Auerkari [53]. For wavelength up 23 

to 2.5 µm (wavelength of interest), the average value of emissivity is around 0.2 and it 24 

decreases with increasing the temperature. The temperature dependence of thermo-physical 25 

properties of SiC, Al2O3 and air are taken into account as listed in table 1.  26 
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Table 1. Thermo-physical properties of SiC, Al2O3, and air. 1 

Silicon Carbide 

Property Value Ref. 

Density ( ρ ) (kg. m-3) 3100 [52] 

Thermal Conductivity ( sK ) (W. m-1. K-1) 

51.24 1052000

437

T

s

e
K

T

−− ×

=
+

    [52] 

Specific Heat ( pC ) (J. Kg-1. K-1) 0.0031110 0.15 425 T
PC T e−= + −   [52] 

Absorptivity (α )(—)/Emissivity (ε )(—) 0.8 
[47,
48] 

Alumina 

Density ( ρ ) (kg. m-3) 3750 [53]  

Thermal Conductivity ( sK ) (W. m-1. K-1) 
12227

4.5536sK
T

= − +  [54]  

Specific Heat ( pC ) (J. Kg-1. K-1) 
197620

1429.4PC
T

= −   [54] 

Absorptivity (α )(—)/Emissivity (ε )(—) 0.2 
[56, 
49] 

Air 

Viscosity  

( µ ) (kg/m s) 
Sutherland law  [55] 

Thermal 
conductivity (

f
K ) 

(W. m-1. K-1) 

11 3 8 2 4 31.52 10 4.86 10 1.02 10 3.93 10
f f f f

K T T T− − − −= × − × + × − ×
 [23]  

Specific heat 
( pC ) (J. Kg-1. K-1) 

10 4 7 3 3 2 1 31.93 10 8 10 1.14 10 4.49 10 1.06 10
P f f f f

C T T T T− − − −= × − × + × − × + ×
 

[23] 

5.4 Numerical Solution Methods and Model Validation 2 

A commercial software ANSYS fluent© has been used to solve the 3-D governing equations. 3 

The SIMPLE algorithm and second-order upwind scheme have been used for pressure-velocity 4 

coupling and field variables interpolation from cell centers to the faces of the control volume.  5 

A grid independence study has been carried out by analyzing the air outlet temperature ( air outT  6 

) and the frontal surface temperature of the absorber (  solid inT ) for different grid sizes. The 7 

results are shown in table 2. It is clear that a grid with about 2,884,612 cells is fine enough. 8 

Further refinements of the grid have no effect on the results. The results have been also 9 

checked as a function of the convergence criteria and independent results have been obtained 10 

for a set value of 10-6 for all discrete conservation equations. 11 

Table 2. Grid independence study for CFD analysis. 12 

Grid size 
air outT   (K) 

 solid inT   (K) 
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601,143            1071.38 1042.65 

1,242,259            1074.02 1139.12 

1,802,471            1074.89 1138.82 

2,884,612 1075.071 1138.40 

3,142,906            1075.24 1138.38 

In order to validate the current optical and CFD models, a comparative study has been 1 

carried out with experimental studies available in the literature. Mey-Cloutier et al. [24] 2 

reported experimental data for SiC honeycomb volumetric solar receiver. The experimental 3 

work has been carried out using solar furnace facility at PROMES-CNRS Laboratory, France. The 4 

following parameters have been collected and used as model parameters: 5 

DNI = 1000 W/m2, reflector area = 27 m2, concentrator area = 13.45 m2, sample thickness = 6 6 

cm, sample diameter = 5 cm, atmospheric pressure = 84.5 kPa and mass flow rate of air ( m&  ) = 7 

1 g/s 8 

Table 3 shows a comparison of air outlet temperature and absorbed solar heat flux on the 9 

frontal surface predicted by the current model and experimental data of Mey-Cloutier et al. 10 

[24]. It can be observed that air outlet temperature and concentrated heat flux predicted from 11 

the present numerical model and those obtained by Mey-Cloutier et al. [24] are in a good 12 

agreement. 13 

Table 3. Comparisons of radiative heat flux and mean air outlet temperature from the 14 
honeycomb solar receiver with the experimental data of Mey-Cloutier et al. [24]. 15 

 Experimental data [24] Simulation results Deviation 

Concentrated solar heat flux (kW/m2) 795 ± 3% 760.25 4.371% 

Air outlet temperature (K) 1170 ± 10 K 1105.27 5.53% 

6. Results and Discussions 16 

The previous results have demonstrated the capability of the present coupled numerical 17 

optical and CFD models for the analysis and design of volumetric solar receivers. In the next 18 

sections, the models shall be employed to investigate the effects of different types of absorber 19 

materials material absorptivity, micro dimensions of the honeycomb structure, and air flow rate 20 

on the performance of the solar receiver. Section 4.1 is devoted to the analysis of absorbed 21 

solar heat flux distribution on different surfaces of the honeycomb solar receiver as obtained 22 

from the optical modeling. Two different materials with high and low absorptivity, namely SiC 23 

and Al2O3 are employed. Optical analysis shall help in understanding the influence of 24 
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absorptivity on the radiative flux distribution, the resulting optical efficiency and penetration 1 

depth of solar radiation. New enhancement methods to improve the performance of 2 

honeycomb solar receivers are suggested. Sections 4.2 and 4.3 are devoted to the analysis of 3 

heat transfer and fluid flow inside the receiver and their effects on the overall receiver 4 

performance.  5 

 6 

 7 

6.1 Analysis of Absorbed Solar Heat Flux Distribution 8 

Figure 5 shows a schematic of honeycomb channel and incident solar rays.  As shown in Fig.5 9 

(a), the incidence angle of solar flux (β) is the angle between the normal direction to the frontal 10 

surface of the receiver and the line connecting the center of the heliostat module to the aiming 11 

point. In real commercial solar thermal power plant (actual and large receiver), thousands of 12 

heliostat modules are used to concentrate the incident solar radiation on the receiver surface 13 

and one volumetric solar receiver module may receive solar rays from multiple heliostats. As a 14 

result, there will be a range of incidence angle values and a dominant value is usually used in 15 

the analysis [32,56–59]. This dominant value can be controlled by changing the tilt angle of the 16 

receiver (θR).  As can be seen in Fig. 5(b), the value of the incidence angle (β) should be higher 17 

than zero to ensure that incident solar rays are not parallel to the axis of the honeycomb 18 

channel and exit the receiver without being absorbed. Previous studies show that an incidence 19 

angle less than 10 degrees will enhance the radiation propagation within the honeycomb 20 

receiver, however, some rays will exit the receiver without being absorbed [32]. Nakamura et 21 

al. [58] concluded that the effect of incidence angle from 10O to 45O on the receiver efficiency is 22 

negligible. This can be attributed to very small values of channel height as compared to 23 

channel length. Figure 6 shows a comparison of the total absorbed solar heat flux distribution 24 

using SiC honeycomb volumetric solar receiver for two different dominant incidence angles of 25 

15O and 25O. It can be observed that, there is a negligible difference the distribution of total 26 

absorbed solar heat flux along the receiver channel in agreement with the conclusion of 27 

Nakamura et al. [58]. Therefore, in the present study using the optical facility shown in Fig. 2, 28 

the range of the incident angle is 0O to 25.6O with a dominant value of 15O corresponding to a 29 

receiver tilt angle of 47O. These values have been kept constant for all optical analysis.  30 

 31 
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Fig. 5. Schematic of honeycomb channel and incident solar rays: (a) Solar incidence 

angle, (b) Incident solar ray tracing, (c) Channel surfaces 

 

 1 

Fig. 6. Effect of incidence angle on the total absorbed solar heat flux distribution of honeycomb SiC 2 

absorber channel. 3 
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It can be observed from Fig. 5(c), that most of the concentrated sunlight entering the 1 

honeycomb channel firstly hit the upper surface then reflect to the other internal surfaces. 2 

Therefore, the absorptivity of the upper surface plays a dominant role in determining the 3 

radiative flux distribution on the honeycomb receiver internal surfaces. The absorbed heat flux 4 

on the upper surface increases with the increase of surface absorptivity. Correspondingly, the 5 

values of absorbed heat flux on the other internal surfaces decrease due to the small number of 6 

reflected solar rays from the upper surface. 7 

Figure 7 shows a detailed absorbed heat flux distribution on different surfaces of the 8 

honeycomb channel as a function of the axial depth (Z). For a higher absorptivity material (SiC 9 

of α = 0.8), the majority of concentrated solar radiation is intercepted by the upper surface 10 

and the flux peak is located at the entrance of the Honeycomb channel (   0 Z mm= ). The 11 

reflected radiative power from the upper surface is absorbed by the lower surface. Thus, the 12 

radiative flux peak is located on deeper sections ( Z around 7 mm). In addition, the maximum 13 

penetration depth of the radiative flux within the honeycomb absorber is less than 10 mm. 14 

Such a flux distribution with small penetration depth may lead to higher temperature at the 15 

frontal surface of the receiver as compared to the air outlet temperature from the receiver. 16 

This results in relatively higher values of thermal losses and lower values of solar to thermal 17 

efficiency.  18 

In case of material with low absorptivity (Al2O3), the percentage of the reflected radiative 19 

solar power from the upper surface to the lower surface is higher when compared with the 20 

percentage share of lower surface for a higher absorptivity material (SiC). However, the total 21 

absorbed radiative power by the frontal surface (see Fig. 8) and internal walls is very small 22 

compared to SiC Optical analysis shows a multi-reflection effect in the absorber channel of 23 

Al2O3. This results in the run-away of photons from the exit of the receiver without being 24 

absorbed. Figure 8 shows the effect of material absorptivity on the values of absorbed heat flux 25 

at the frontal surface and optical efficiency. Alumina absorbers show low values of absorbed 26 

heat flux and optical efficiency compared to SiC  27 
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(a) SiC (b) Al2O3 

Fig. 7. Absorbed solar heat flux distribution on internal surfaces of honeycomb absorber channel for: 
(a) SiC; (b) Al2O3. 

For the purpose of increasing the penetration depth of the radiative heat flux and the optical 1 

efficiency of Al2O3 honeycomb absorber, the frontal and internal surfaces of the honeycomb 2 

channel can be coated with a high absorptivity selective coating such as Pyromark 2500© high-3 

temperature paint [61]. The solar absorptivity and emissivity of the coating are 0.95 and 0.9, 4 

respectively [60]. Since most of the optical losses are due to reflection losses from the frontal 5 

surface and photons escaping from the exit of the receiver, it is proposed to apply a selective 6 

coating (Pyromark 2500) on the frontal surface (   0 Z mm= ) and the last 25 mm depth from 7 

the exit (   50 Z mm= ) of Al2O3 honeycomb absorber (see Fig. 9).   8 

It should be noted that Pyromark 2500 high-temperature paint has been used on central 9 

receivers, including the Solar One Central Receiver Pilot Plant. As reported by the 10 

 
Fig.8. Effect of material absorptivity on the absorbed heat flux on frontal surface of honeycomb 

absorber and optical efficiency. 
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manufacturer, Pyromark 2500 resists temperatures up to 1093 oC. Field and laboratory tests 1 

indicate that the solar absorptance of the coating can decrease with time at elevated 2 

temperatures, and repainting may be required every few years [60]. Pyromark 2500 was 3 

implemented in the analysis performed in the present study in order to employ realistic and 4 

reasonable values of solar absorptivity and emissivity of high temperature coating materials. 5 

The development of solar selective coatings for high-temperature solar receivers is currently a 6 

topic of research [61]. Other superior coating materials are most likely expected to be 7 

produced. However, the results of the present analysis shall be applicable to other coating 8 

materials of similar values of optical properties. 9 

Employment of the present suggested enhancement method, shows that the absorbed heat 10 

flux on the frontal surface is increased to reach a value higher than that of SiC (See Fig. 8, C-11 

Al2O3). Moreover, a maximum peak of the radiative heat flux exists in all surfaces after 25 mm 12 

from the entrance of the honeycomb channel (see Fig. 10). The second peak in absorbed solar 13 

flux occurs, as expected, at the beginning of the suggested coating layer. Since the optical 14 

efficiency of AL2O3 is below 20% as can be seen in Fig. 8. This means that about 80% of the 15 

incident solar radiation is still available for absorption in the coated part of the channel. The 16 

absorption of this huge number of photons results in a second peak in absorbed solar heat flux 17 

that may exceed the first peak occurring at the channel inlet section.  Using this technique 18 

results in preventing photons from escaping from the exit of the receiver, increasing the 19 

penetration depth of the radiative heat flux, decreasing the reflection losses from the frontal 20 

surface of the absorber and consequently increasing the optical efficiency to reach values of 21 

about 87.56%. 22 

 

Fig.9. Schematic of present suggested enhancement method using Alumina honeycomb absorber 

coated with Pyromark 2500©. 
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Fig. 10. Absorbed solar heat flux distribution on internal surfaces of coated alumina honeycomb 
absorber. 

6.2 Flow Fields and Temperature Distribution 1 

Numerical experiments have been carried out for honeycomb receivers for different types of 2 

receiver materials. Volumetric solar receivers made from SiC and Al2O3 with selective coating 3 

(C- Al2O3) as proposed in the present study have been studied. 4 

Velocity and temperature fields on the axial middle plane of SiC honeycomb absorber are 5 

shown in Fig. 11. The velocity field is represented by the magnitude of velocity vectors. The 6 

flow can be considered fully developed before reaching half of the channel. Air enters the 7 

channel at room temperature and its temperature increases gradually until thermal equilibrium 8 

between the solid phase and the fluid phase is reached. 9 

 

(a) Velocity field 

 

(b) Temperature field 

Fig. 11. Velocity (a) and temperature fields (b) on the axial middle plane of SiC honeycomb absorber. 
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Figure 12 presents the temperature fields on the axial middle plane of Al2O3 and C-Al2O3 1 

honeycomb absorbers under the same inlet velocity ( 0.4741 /inu m s= ). In case of Al2O3 2 

Honeycomb absorbers, the mean air outlet temperature is very low. The flow can be 3 

considered as thermally developing till the exit of the channel. This can be attributed to lower 4 

values of optical efficiency and multi-reflection effect in the absorber channel of Al2O3. On the 5 

other hand, the mean air outlet temperature of C-Al2O3 honeycomb absorbers is higher and the 6 

flow is fully developed before the exit of the channel.  7 

 

(a) Al2O3 

 

(b) C-Al2O3 

Fig. 12. Temperature field on the axial middle plane of a honeycomb absorber made of (a) Al2O3 

and (b) C-Al2O3. 

 

Figure 13 depicts the mean temperature distribution of the solid and fluid phases of 8 

honeycomb structure receiver made of different materials as a function of the absorber depth 9 

using 0.4741 /inu m s= . As mentioned before, in case of honeycomb receiver made of Alumina 10 

(low absorptivity material) the majority of the concentrated sunlight on the frontal surface of 11 

the receiver is reflected back to the ambient, and the photons can run away from the exit of the 12 

receiver due to the low absorptivity of the material. Therefore, as can be seen from Fig. 13, air 13 

outlet temperature is very low (around 690 K) in comparison with SiC and C-Al2O3. Moreover, 14 

the solid and fluid phases do not reach the thermal equilibrium. There is a temperature 15 

difference between the two phases even at the exit of the receiver. This leads to unfavorable 16 

receiver performance in terms of air outlet temperature and thermal efficiency. On the other 17 

hand, coated alumina (C-Al2O3) honeycomb absorbers show favorable receiver performance in 18 
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terms of positive volumetric effect (air outlet temperature is higher than frontal surface 1 

temperature) and relatively higher air outlet temperature as compared to SiC and Al2O3. This 2 

can be attributed to relatively higher values optical efficiency and penetration depth of the 3 

radiative heat flux. Using C-Al2O3, penetration depth values as high as three times that of SiC 4 

have been obtained. 5 

Regarding SiC honeycomb absorber (high absorptivity material), the peak temperature of the 6 

solid absorber exists near the entrance of the receiver which is higher than air outlet 7 

temperature, indicating negative value of volumetric effect and high convective and radiative 8 

heat losses. As compared to C-Al2O3, the low performance of the SiC honeycomb absorber can 9 

be attributed to the absorption of the majority of the concentrated solar heat flux within the 10 

first few millimeters (10 mm of absorber channel). The resulting penetration depth is very small 11 

compared to coated alumina absorbers. 12 

It should be mentioned that the solid temperature in penetration zone is governed by the 13 

thermal balance between radiative and convective losses from the frontal surface to the 14 

ambient on one side, and the convective heat transfer between the solid and fluid and heat 15 

conduction in the honeycomb absorber on the other side. For low values of penetration depth, 16 

the volumetric surface area of the honeycomb structure in the penetration zone is small. The 17 

decrease of volumetric surface area decreases the amount of convective heat removal by air. 18 

This leads to an increase in the temperature of the frontal surface and a decrease in the outlet 19 

air temperature from the receiver. Also, the increase in the frontal surface temperature is 20 

accompanied by an increase in convection and radiation losses to the ambient. Solar flux 21 

penetration inside the channel for C-Al2O3 reaches about 30 mm with a peak value of 170 22 

kW/m2 as compared to about 10 mm with a peak value of 480 kW/m2 for SiC. It can be 23 

observed that approximately all the incident solar radiation is absorbed in the first 10 mm of 24 

SiC absorber channel depth. This leads to higher temperature at the frontal surface of the 25 

receiver, higher emission losses, lower solar-to-thermal efficiency, and lower air outlet 26 

temperature. The lower front surface temperature of C-Al2O3 is a result of the distribution of 27 

solar flux on a larger surface area as due to larger penetration depth of solar radiation. This 28 

enhances the convective heat transfer between the solid and the fluid with a remarkable 29 

decrease of solid temperature at the entrance region of the channel. The above discussion 30 

clearly demonstrate the relationship between the solar flux penetration depth and the 31 
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performance of the volumetric solar receivers. Increasing the flux penetration depth has a 1 

positive impact on the performance of VSR. 2 

 
Fig.13. Temperature distribution along the centerline of a honeycomb absorber made of different 

materials with uin = 0.4741 m/s. 

6.3 Evaluation of Optical and Thermal Performance of the Honeycomb Receiver 3 

The effects of air flow rate on the thermal performance of the solar receiver have been 4 

investigated by studying the variations of air outlet temperature ( ) air outT , temperature of the 5 

absorber at the entrance (   0 Z mm= ) ( ) inSolidT , and solar-to-thermal efficiency ( ).s Th→η  as a 6 

function of inlet velocity ( )inu , see Fig. 14.  Overall, it has been observed that increasing the 7 

inlet velocity of air decrease the air outlet temperature, frontal surface temperature of the 8 

receiver and increase the solar-to-thermal efficiency. This in agreement with the findings of 9 

Cagnoli et al. [32].  This may be attributed to the fact that the absorbed solar power ( )absP is 10 

more or less constant since the value of the DNI and the characteristics of the solar furnace 11 

optical model are always the same. The power to air, therefore, is almost constant (12 

( )p air out air inairP mC T T  = −& ) thus, for a given value of air inlet temperature, increasing inu  (i.e. 13 

m& ) leads to a decrease in air outT  , and a decrease of the average air temperature within the 14 

honeycomb channel. This leads to a decrease in the temperature of the internal walls of the 15 

honeycomb channel as well as the frontal surface temperature.  Moreover, decreasing the 16 

frontal surface temperature with the increase of inu  leads to a reduction in the convective and 17 
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radiative heat losses ( ). . and conv radQ Q  to the ambient. Therefore, it can be seen that the solar-1 

to-thermal efficiency of the receiver ( ).s Th→η  increases with the increase of inu . 2 

For the range of inu studied, both air outlet temperature and solar-to-thermal efficiency of 3 

C-Al2O3 honeycomb absorber proposed in the present work are higher than those of SiC and 4 

Al2O3 absorbers. This can be attributed as due to the higher penetration depth of the solar heat 5 

flux and the lower convective and radiative heat losses from the frontal surface. This 6 

performance is advantageous when one considers the low cost and high-temperature oxidation 7 

resistance of Al2O3 as compared to conventional SiC honeycomb absorbers. In a first evaluation 8 

of the effectiveness of the current proposed method, the authors suggested applying high 9 

absorptivity coating at the surface of exit half of absorber channel made of low absorptivity 10 

material (AL2O3). The results show an increase in the optical efficiency, penetration depth of 11 

absorber heat flux, positive volumetric effect, and high solar to thermal efficiency. Based on the 12 

present analysis, the authors believe that the suggested location of coated section should be 13 

always applied away from the channel entrance. Further parametric analysis for the 14 

optimization of this coated length shall be carried in the future. 15 

In previous studies [30], the effects of radiative exchange between the inner walls of the 16 

honeycomb channel have been neglected. Figure 15 shows the impact of radiative emission on 17 

the solar to thermal efficiency of honeycomb structure receiver made of different materials. 18 

Overall, it has been observed that neglecting the radiative exchange will lead to overestimation 19 

of solar to thermal efficiency. The difference between .s Th→η  predicted with and without 20 

considering the radiative exchange is significant especially at lower values of inu . This can be 21 

attributed to the increase of the penetration zone temperature (see Fig. 14b) and emission 22 

loses with the decrease of inu . 23 
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(a) Air outlet temperature 

 
(b) Absorber frontal surface temperature 
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Fig. 15. Impact of radiative emission on the solar to thermal efficiency of honeycomb structure 

receiver made of different materials. 

  1 

 
(c) Solar-to-thermal efficiency 

Fig.14. Variation of: (A) air outlet temperature; (B) temperature of the absorber at the entrance; (C) 
solar-to-thermal efficiency with inlet velocity. 
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7. Conclusions 1 

Coupled, consistent, 3D, optical, heat transfer and fluid flow numerical models have been 2 

developed for the analysis and design of honeycomb volumetric solar receiver modules. The 3 

current models employ realistic physical and solution domains. They have been used to analyze 4 

the performance of solar receiver modules using Silicon Carbide and Alumina representing solar 5 

abosrbers of high and low absorbtivity, respectively.   6 

The absorptivity of the material significantly affects the optical and thermal performance of 7 

the receiver. Positive volumetric effect and high solar-to-thermal-efficiency can be obtained by 8 

controlling the absorbed radiation heat flux distribution within the honeycomb receiver using 9 

judicious surface coating of the absorber material. A novel honeycomb receiver made of 10 

Alumina has been introduced by using judicious surface coating of the absorber material. The 11 

coating has been designed with the objective of reducing the reflection losses from the frontal 12 

surface and increasing the penetration depth of the solar flux inside the honeycomb receiver 13 

channel. The new introduced coated Alumina honeycomb absorbers show a favorable receiver 14 

performance in terms of air outlet temperature and solar-to-thermal efficiency compared to 15 

conventional SiC honeycomb absorbers.  16 

Alumina is a low cost well-balanced material featuring high wear resistance, high mechanical 17 

strength, and thermal stability. In addition, as compared to SiC, Alumina has high oxidation 18 

resistance at high temperature. The low performance of the SiC honeycomb absorber can be 19 

attributed to that the majority of the concentrated solar heat flux is absorbed within the first 20 

few millimeters (10 mm) and the penetration depth is very small compared to coated Alumina 21 

absorbers. For the range of air flow velocity studied, the solar-to-thermal efficiency increases 22 

with the increase of air mass flow rate. However, this is accompanied by a decrease in the air 23 

outlet temperature and frontal surface temperature. The decrease in air outlet temperature 24 

may have a negative effect on the thermal efficiency of the power block connected to the solar 25 

receiver.  26 
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Figure 1: CFD solution domain
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Figure 2: Numerical solution domain with generated mesh
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• Optical, CFD models for the analysis and design of volumetric solar receivers. 

• Effects of absorber material and air flow rate on the performance are analyzed. 

• A novel honeycomb receiver made of Alumina has been introduced. 

• Coated alumina honeycomb absorbers show a favorable receiver performance. 


