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A B S T R A C T   

In this study, a novel reflection model for particle beds formed by diffuse, gray, opaque and spherical particles is 
developed, and applied to the Centrifugal Solar Particle Receiver (CentRec). The reflection from particle beds 
comprised of diffuse reflecting particles are neither diffuse nor specular but incidence angle dependent due to the 
spherical surface of the particles forming the particle bed. The reflection characteristics of a particle bed being 
representative for the CentRec application is derived for a wide range of incidence angles of the incoming rays 
(0◦ ≤ γgen ≤ 85◦). Later, the derived characteristics are imported to the in-house ray tracing tool SPRAY. A 
realistic ray distribution is generated by taking the heliostat configuration into account. The absorbed power 
distribution on the particle film surface in the CentRec is found after several reflections inside the CentRec cavity. 
The model results are compared with resolved MCRT results for typical CentRec operating conditions. Very high 
accuracy in terms of reflection loss through the aperture and absorbed power distribution in the receiver is 
achieved with the developed reflection model. The required computational time to model the solar irradiation in 
the CentRec is reduced significantly and there is still room for improvement.   

1. Introduction 

Particle solar receivers using granular materials as heat transfer and 
storage medium have been considered as a new generation CSP solar 
tower technology for more than a decade [1–3]. Compared to molten 
salt-based solar towers, particle receivers promise higher thermal effi
ciency and lower operational and component cost. Various receiver 
designs in which particles are heated directly or indirectly with 
concentrated solar irradiation have been proposed in recent years [4–7]. 
Some concepts have already reached TRL of 5–7 in the way of 
commercialization of the technology. The demonstration scale (1–2 
MWth) solar towers on the top of which particle receivers are placed, are 
being built in several locations of the world as of 2023 to show func
tionality of sub-components of particle-based CSP systems [8]. 

The Centrifugal Particle Solar Receiver (CentRec) is one of the 
prominent particle receiver designs. It is a direct absorption receiver 
using ceramic particles as the heat transfer fluid. In the CentRec, the 
ceramic particles which are accelerated centrifugally and gravitation
ally, descend through an inclined rotating drum while being directly 
exposed to the solar irradiation through the aperture, as depicted in 
Fig. 1. Particles are accelerated to the tangential velocity of the rotating 

cavity thanks to the inlet distributor so that there is no relative 
tangential velocity between particles and the cavity when particles start 
to form a particle film on the cavity wall. In every rotation the particles 
experience a changing effective force from the combination of the 
changing centrifugal force and the constant gravitation force. This 
makes the particles slightly advance in axial direction in every turn, and 
eventually leave the receiver after a certain residence time. Compared to 
other particle receiver concepts, CentRec allows for an active adjust
ment of particle residence time and thus particle film conditions by 
adjusting the rotational speed of the drum. The direct heating and 
adjustable residence time allow a large temperature increase between 
inlet and outlet. The radiation shield, located on the facade of the par
ticle collector ring, and the receiver aperture are designed to maximize 
the solar influx while minimizing the reflection and thermal emission 
losses. More details about design and operation of the CentRec can be 
found in [9]. Wu [6] demonstrated that an opaque particle film flowing 
on the receiver wall can be obtained for various combinations of the 
receiver (drum) rotational speed and the particle mass flow rate by 
employing a proof-of-concept scale receiver with 17 cm cavity diameter. 
For a mass flow rate of 8 g/s, being very low for the CentRec, and 670 
kW/m2 of mean heat flux at the aperture, thermal efficiencies up to 75 % 
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were achieved in a solar simulator. Note that the thermal power of this 
receiver is ~ 10 kWth due to the small aperture diameter, being 0.138 m. 
For a fixed temperature difference between the inlet and outlet particles, 
the thermal power of the receiver is proportional to the particle mass 
flow rate. Ebert et al. [10] scaled up the design to ~ 1.5 m of cavity 
diameter and 3 kg/s of mass flow rate and tested the stability of the 
particle film by running cold particle tests. Amsbeck et al. [11] carried 
out first large scale hot tests with an 100 kWel infrared heater and 0.4 
kg/s of mass flow rate and proved scalability of the concept. Particle 
temperatures of up to 700 ◦C were achieved, limited by technical 
problems with the infrared heater. Finally, the CentRec has been 
demonstrated to reach a particle outlet temperature of 965 ◦C for a mass 
flow rate of 0.07 – 0.18 kg/s at the Solar Tower Jülich [12,13]. 

The thermal efficiency of the CentRec design is mainly limited by 
radiation and convection losses. The atmospheric air entering from the 
aperture plane and circulating through the cavity causes a “convection 
loss”. Additionally, particles emit significant thermal radiation as they 
approach temperatures of ~ 1000 ◦C. A portion of these re-emissions are 
lost through the aperture, resulting in an “emission loss”. The authors 
have shown that a radiation enclosure model with the assumption of a 
diffuse and gray particle film surface gives very similar results to 
resolved MCRT results for a particle emissivity being higher than 0.6 in 
terms of emission loss through the aperture [9]. Finally, a portion of 
concentrated solar irradiation is reflected from the receiver back to the 
ambient through the aperture due to non-black particles and cavity 
surfaces. This loss is denoted as “reflection loss”. In most cases, the 
conduction loss through the insulation and other receiver components is 
negligibly small [14]. In this study, a particular interest is given to 
modeling the reflection loss. 

Radiative heat transfer in a particulate medium can be calculated by 
employing the Radiative Transfer Equation (RTE) that accounts for ab
sorption, scattering and emission within the medium [15]. Absorption 
and scattering of external beams in dilute [16] and dense [17] particle 
beds has been investigated experimentally and numerically. However, 
an analytical solution of the RTE is very challenging for complex do
mains, and simplifications based on certain assumptions are needed for 
the numerical solution depending on the complexity of the model. In 
radiation models developed for the falling particle receiver where the 
particulate medium is optically thin as opposed to the CentRec appli
cation, the discrete-ordinates (DO) approach that solves the RTE with a 
spatial and angular discretization has been employed to model scat
tering and absorption of the solar irradiation by applying a wavelength 
band of 0–4.5 µm [18,19]. However, in the current study, particles are 
handled as a discrete phase instead of a continuum phase where the DO 
approach is applicable. This is because particle interactions have sig
nificant effect on the particle film characteristics in densely moving 
beds, and needs to be accurately modeled with a discrete phase 

approach. 
Reflection and absorption behavior of bulk granular material is also 

of great interest for several industries such as laser 3D printing [20,21]. 
In the laser additive manufacturing application, an external beam is also 
applied to dense metallic particles with certain incidence angle, which 
makes it very similar to the CentRec application in terms of absorption 
and reflection characteristics. Absorption, reflection and transmission 
behavior of various ordered and random packing structures of powder 
beds for this application type have been investigated theoretically and 
experimentally in several studies [22,23]. In a previous study, the au
thors formulated the radiation penetration behavior in randomly packed 
beds formed by diffuse, gray and spherical particles by accounting for 
particle absorptivity, bed porosity and incidence angle of the incoming 
rays. The developed radiation penetration model has also been applied 
to the CentRec [24]. However, the reflection from the particle film has 
not been investigated in detail yet. Note that thermal emission is not the 
scope of this study. 

2. Model development 

In order to model the thermal behavior of the CentRec, Discrete 
Element Method (DEM)-based heat transfer models have been preferred 
in previous studies [14,24,25]. When the relatively low thermal con
ductivity of the particle film comprised of the ceramic particles is 
considered, mixing of particles within the particle film has a significant 
effect on the thermal efficiency of the CentRec. To capture this effect and 
the particle interactions within the film, the open source DEM tool 
LIGGGHTS is utilized. Thus, the addressed reflection model needs to be 
DEM-compatible. 

Monte Carlo ray tracing (MCRT) is a reliable, simple and accurate 
approach to find how solar irradiation is distributed to the particles; 
however, it suffers from the increasing computational burden as the 
number of particles increases in the simulation. A radiation penetration 
model developed previously by the authors can predict the energy dis
tribution in a particulate domain without running a ray tracing simu
lation as long as the irradiation and incidence angle distribution on the 
particle film are provided, as shown in a previous study [24]. However, 
the reflection from a particle bed was not investigated in that study. 
Thus, a complementary reflection model is addressed in this work to find 
how the solar irradiation is distributed to the particle film surface after 
several reflections in the receiver cavity. Note that both studies assume 
spherical, diffuse, gray and opaque particles. It is also assumed that 
there is no refraction or diffraction in the particulate medium; the par
ticles are opaque. 

The overall reflection model in the CentRec can be divided into two 
sub-models, namely a short-range and a long-range reflection model. 
The short-range reflection model accounts for the reflections within the 
particle film in short particle–particle distances while the long-range 
reflection model corresponds to the reflection from the particle bulk to 
other parts of the particle film, large surfaces of the cavity and the 
aperture plane. The short-range reflections and the thermal emission 
due to the particle temperature difference have been modelled with a 
simplified distance-based approach previously for gray and diffuse 
particles [25,26]. In Fig. 2, the types of the long-range reflection from 
the particle film are schematically shown. Note that the portion of the 
reflection going to metallic parts of the receiver and the particle film, i.e. 
reflections labeled as 2,3 and 4 in Fig. 2, may be either re-reflected to 
other parts of the receiver or absorbed by these parts of the receiver. 

In the CentRec application, sintered bauxite particles are preferred as 
particulate material due to their good optical and thermal properties. 
Jeong et al. [27] found that the absorptivity of a single particle layer 
formed by non-touching particles like in a falling particle curtain 
changes negligibly in the wavelength range from 380 nm to 1020 nm. It 
is also found that the ceramic bauxite particles have a specularity of 0.2, 
meaning that reflections from a particle surface is mostly diffuse, not 
specular. Thus, the individual particles’ surface is assumed to be gray 

Fig. 1. Schematic view of the centrifugal receiver.  
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and diffuse due to their rough and dull surface for the sake of simplicity 
in this study. The particles are also assumed as perfect spheres. Although 
the particle surface is assumed as diffuse for reflections, the previous 
study of the authors showed that reflection from the particle film is not 
diffuse, but highly dependent on the incidence angle of the incoming 
rays [25]. In that study, it is found that if diffuse reflection from the 
particle bulk is assumed for the CentRec, the reflection loss through the 
aperture is underestimated by 50 % compared to MCRT results. This is 
mainly because the surface of the film is not flat, but consists of many 
spheres. Thus, the reflection needs to be modelled as incidence angle 
dependent. 

Johnson et al. [24] calculated the bed absorptivity for a wide range 
of the absorptivity of the diffuse and gray particles, the incidence angle 
and the solid fraction by applying fully resolved MCRT to randomly 

generated particle beds with uniform solid fraction, created in 
LIGGGHTS. In Fig. 3, the bed absorptivity (αbed) is plotted against the 
particle absorptivity for various incidence angles by using the curve fit 
developed in [24]. Note that the representative bed solid fraction for the 
CentRec is found as 0.5. The bed reflectivity can simply be assumed as (1 
− αbed) because negligibly small energy reaches the cavity wall for an 
opaque particle film, eventually the transmissivity of the particle bed is 
zero. 

Jeong et al. [27] found the spectrally averaged (380 nm to 1020 nm) 
absorptivity of individual bauxite particles as around 0.88 while forward 
and backward scattering are found as ~ 0.04 and ~ 0.08, respectively. 
Sutter et al. [28] measured the solar-weighted absorptivity (AM1.5) of 5 
different bauxite fixed bed samples to be in the range of 0.835–0.944. 
Similarly, Siegel et al. [29] used packed bed pellets of 4 different sin
tered bauxite samples, and measured solar-weighted absorptivity 
(AM1.5) to be 0.895–0.931. Note that the values from [28,29] are not 
single particle properties, but found for packed pellets. As a reference 
value, the bed absorptivity of the packed bed pellets in the measurement 
studies is assumed as 0.92. Because the samples are packed in these 
studies, being different than the CentRec case where the bulk particles 
are in motion, the bed solid fraction of packed pellets can be assumed as 
0.6. The incidence angle was reported as 8◦ − 20◦ in the study of Sutter 
et. al [28]. According to Fig. 3, these rough values correspond to a single 
particle absorptivity of about 0.86, and this value is also assumed as 
solar-weighted particle absorptivity throughout this study. 

The thermal emission is omitted in this study because the new model 
focuses on the derivation and validation of the reflection model. The 
reflection of the emitted thermal radiation from the particles inside the 
cavity is also not considered. However, in another study of the authors 
[9], it is shown that the diffuse particle film surface assumption in a 
radiation enclosure gives very similar results to the results of a MCRT- 
based thermal emission model in terms of emission loss through the 
aperture. Therefore, the emissive heat exchange between large surfaces 
(particle film, collector ring, inlet distributor etc.) can be assumed to 
occur as diffuse. 

2.1. Direction-Dependent hemispherical reflection distribution 

In Fig. 4, the local coordinate system for a particle film section along 
with zenith and azimuth angles of generated (or incident) and reflected 
rays are represented. The azimuth angle (θ) varies between 0 and 2π 
while zenith angle (γ) does between 0 and π/2. The zenith angle of the 
generated rays (γgen) can also be named as incidence angle. To show 

Fig. 2. Schematic cross-sectional view of the CentRec along with the repre
sentative rays: (1) solar irradiation, (2) reflection to another part of the particle 
film, (3) reflection to the inlet distributor, (4) reflection to the collector ring, (5) 
reflection to the aperture, i.e. reflection loss. 

Fig. 3. Bed absorptivity vs. particle absorptivity for various incidence angles 
[24]. Solid fraction is 0.5. Fig. 4. The local coordinate system to be used in the reflection model.  
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directional dependence of the reflection from the particle bulk, firstly, a 
particle domain with a lateral dimension of 40 particle diameters (dp) is 
created in LIGGGHTS. The bed thickness is set to 10 dp. For this purpose, 
as many particles as needed to provide a bed solid fraction of 0.5 are 
generated in a DEM domain whose boundaries are specified as periodic, 
so that particles leaving the domain from a surface boundary reenter the 
domain from the surface boundary on the opposite side, as explained in 
more detail in [24]. With a given initial velocity and restitution coeffi
cient of 1, particles are let to move and collide indefinitely in a zero- 
gravity domain without kinetic energy loss. After a sufficient time, the 
particle bed porosity is uniform in all directions. To check this, the solid 
fraction of many randomly selected sub domains from the simulation 
box are compared to each other to make sure that the solid fraction does 
not vary across the simulation box. Then, a snapshot of the particle 
positions is taken. As a next step, parallel rays are generated with a 
certain incidence angle γgen and azimuth angle θgen and directed towards 
the particle domain. For this purpose, a validated MCRT code being 
available in GitHub [26,30,31] is utilized and slightly modified to track 
the reflected rays with their angle γref to the normal of the particle 
domain and with their azimuth angle θref .

Fig. 5 shows the trajectories of 50 parallel incident rays with an 
incidence angle of 65◦ (red) and their reflection vector (yellow) from the 
generated particle bed comprised of diffusely reflecting particles. In 
Fig. 5, it can be noticed that the reflection behavior of a particle bed 
surface differs significantly from the one of a diffuse flat surface where 
the reflection goes to all directions uniformly. The fact that the reflection 
tends to be in the direction where the incident rays come from mainly is 
a result of the spherical nature of the particles, resulting in a very rough 
particle film surface. Note that even realistic non-spherical particles may 
result in such behavior, but the reflection distribution would be particle 
shape-dependent and slightly different than the one for spherical 
particles. 

Similarly, in Fig. 6, the generated (red) and reflected (black) rays are 
shown for 3 different incidence angles, but this time a 2D projection of 
the reflected rays is plotted, although the reflected rays travel in the 3D 
domain. The generated parallel rays have an azimuth angle of 180◦, so 
they lie in the xz-plane. From Fig. 6, it can be noticed that as the inci
dence angle of the generated rays increases, the rays are less likely re
flected to the opposite side of the film. It should be noted that rays can 

also be reflected back after several reflections within the particle film. 
In Fig. 7, a more detailed look on the direction-dependent hemi

spherical distribution of the reflected rays, or more widely known the 
Bidirectional Reflectance Distribution Function (BRDF), is presented for 
several incidence angles of the generated rays. The BRDF is, by defini
tion, a function of five different variables, namely the wavelength, azi
muth and zenith angles of incident and reflected rays [32]. Because the 
particles are assumed as gray, and the generated particle bed is isotropic 
in the lateral directions, the BRDF is only three dimensional in this 
study: it is a function of the zenith angle of the incident rays and of the 
zenith and azimuth angles of the reflected rays. It is approximated 
numerically by tracing 150 million parallel rays from a fixed azimuth 
angle of 180◦ and a given zenith angle. The energy of the rays ΔQ̇ref 
reflected to a certain direction (γref, θref) within an angle increment of 
Δγref = Δθref = 1◦ is counted. Then, the BRDF is calculated as follows. 

BRDF =
1

cosγrefsinγrefΔγrefΔθref
⋅
ΔQ̇ref

(
γref , θref

)

Q̇gen
(
γgen

) (1)  

Fig. 7 shows a quite diffuse reflection for an orthogonal irradiation of the 
particle bed (γgen = 0◦). For a perfectly diffuse reflection, the BRDF 
would be constant and would equal to the hemispherical reflectivity 
divided by π [33], which would be 0.033 in our case. Reflection to low 
and very high zenith angles is only slightly favored over other reflection 
directions. One can also see no favored azimuth angle, which is expected 
due to symmetry. As the incident ray direction becomes less perpen
dicular to the particle bed surface with increasing γgen, the BRDF be
comes less uniform and the reflection more specular. The rays are 
reflected more and more towards the direction of the incoming rays in 
azimuth direction and have the prevalence to be reflected to high zenith 
angles in general. This prevalence is more pronounced for higher γgen. 

To use it later in the simplified model, the BRDF of the reflected rays 
was calculated for a range of 0◦ ≤ γgen ≤ 85◦ with 5◦ intervals, in total for 
18 cases. Note that there is no solution for γgen = 90◦ because the 
generated rays are parallel to the surface of the particle film for that 
case. Moreover, there is no need to consider different θgen because the 
particle film is isotropic in terms of packing structure in lateral di
rections. θref is directly dependent on θgen, so a derivation for a reference 
value of θgen is enough. 

For each case, 150,000,000 rays are generated and sent to the 
generated particle domain. Depending on the incidence angle, 8 – 10 % 
of the rays are reflected for a particle absorptivity of 0.86. The BRDF 
values corresponding to each zenith and azimuth angles of the reflected 
rays are recorded in a matrix with size of 90 x 360 elements for each γgen. 
After obtaining the reflection matrix for each case, the resultant reflec
tion matrix “R” has a dimension of 90 x 360 x 18 such that the first 
dimension is γref; the second one is θref, and the third one is γgen. Note 
that the matrix “R” is derived for a particle absorptivity of 0.86 and bed 
solid fraction of 0.5, being representative for the CentRec application, in 
this study. However, one can calculate the matrix “R” also for other 
particle absorptivities and bed solid fractions. The general flow diagram 
of the reflection calculations for the CentRec is represented in Fig. 8. 

2.2. Application of the derived reflection distribution to the CentRec 

The main reason of deriving the reflection matrix is to avoid running 
the costly MCRT algorithm in the particle domain. To do so, it is 
assumed that the solar irradiation is reflected from the discrete curved 
surfaces comprising the particle film surface, not from individual par
ticles. There is a significant difference in the computational effort be
tween running MCRT in a domain comprised of millions of particle 
surfaces and a hollow-cylinder-like curved surface. For the purpose of 
representing the absorbed power distribution, the particle film is dis
cretized in axial and tangential directions into many volumes, as seen in 
Fig. 9. The inward surface of the discrete volumes is referred to as “mesh 
elements”. 

Fig. 5. Representation of randomly selected 50 incoming rays (red) with an 
incidence angle of 65◦ and their reflections (yellow) from a 10 dp x 10 dp 
particle film section. (a) Side view (b) Front view. 

S. Hicdurmaz et al.                                                                                                                                                                                                                             



Solar Energy 273 (2024) 112546

5

For the simplified raytracing approach the DLR-owned software tool 
SPRAY (Solar Power Raytracing Tool) was modified to enable the use of 
the previously determined reflection matrix. SPRAY is based on the 
Monte Carlo ray tracing approach and is designed for high flexibility for 
a huge variety of applications in concentrating solar thermal systems. In 
the given application, the features for the detailed simulation of a solar 
tower system are used as a basis. SPRAY was then extended to enable the 
computationally effective use of the directional reflection information. 
The extension includes mainly the following aspects:  

• Data input: reading the reflection matrix “R” from a text file  
• Receiver representation: a specific 3D receiver model was created 

describing a CentRec-type receiver with a cylindrical cavity, a 
backwall (inlet distributor) and a front shield (collector ring), with 
variable dimensions  

• Implementation of the incidence angle dependent particle film 
reflectivity  

• Implementation of the calculation of the reflected ray directional 
distribution, based on Monte Carlo ray tracing principles. The 
applied procedure is as follows:  
o Symmetry is applied for the azimuth angle of the reflected ray to 

reduce stochastic effects in the results of MCRT. 

o Generation of a 1-d reflection probability array for each ray inci
dence angle: Incremental summing up the probability values for 
each combination of the reflected zenith and azimuth angles, with 
logging of the related angles with each increment; each array 
element then represents a specific angle range for zenith and azi
muth angle of the reflected ray 

The most important steps during a SPRAY simulation run are as 
follows.  

• Data input: configuration of the heliostat field, receiver, tower; 
directional reflection characteristics of the particle film; site and time 
point information.  

• Raytracing: 
o A huge number of rays (216 Million rays) is generated on the he

liostat surfaces, and then traced towards the receiver, taking 
shading, blocking, atmospheric attenuation and intercept losses 
into account; rays are generated on discretized heliostat facets 
with a power defined by the area of the facet element, the mirror 
reflectivity, the actual direct normal insolation and the cosine of 
the incidence angle onto the facet surface.  

o If a ray hits a mesh element of the discretized receiver:  
▪ Determine incidence angle of ray on mesh element 

Fig. 6. Representation of generated parallel rays (red) and reflections from the particle film (black) for (a) γ = 10◦ (b) γ = 45◦ and (c) γ = 80◦. The blue dots 
represent particles’ center. 
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▪ Determine film reflectivity as function of incidence angle  
▪ Determine if ray is reflected, using Monte Carlo 

principles.  
o If a ray is reflected:  

▪ Determine azimuth of the incoming ray on the mesh 
element surface  

▪ Find the upper-closest incidence angle considered in the 
derivation, e.g. for 28◦, use 30◦ and for 31◦ use 35◦

▪ Use reflection characteristics for this incidence angle in 
reflection matrix “R”  

▪ Calculate the azimuth and zenith angles of the reflected 
ray using Monte Carlo principles  

o Raytracing is then continued with the reflected ray until the ray is 
absorbed or exits through the receiver aperture.  

o If ray is absorbed or exits, the corresponding ray power is summed 
up for each mesh element. 

Monte Carlo principles are based on generating random numbers for 
reflection probabilities given each zenith and azimuth ranges in reflec
tion matrix “R”. For a sufficiently large ray count, the stochastic error 
can be reduced to a negligible amount. 

The main result of a SPRAY simulation is the discretized distribution 
of the power absorbed by the mesh elements, the backwall and the inner 
side of the front shield. The power loss through the aperture is also 

Fig. 7. Bidirectional reflectance-distribution function (BRDF) for four different zenith angles of incoming radiation γgen, particle bed void fraction of 0.5 and particle 
absorptivity 0.86. The incoming radiation has an azimuth angle θgen of 180◦. 

Fig. 8. Flow diagram of reflection calculations for the CentRec.  
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recorded. This data is then used by the radiation penetration algorithm 
[24] to determine the distribution of the absorbed power to the indi
vidual particles. 

The mesh elements need to be created on the particle film surface, 
not on the cavity wall because the thickness of the particle film slightly 
reduces the effective cavity diameter. For this reason, the particle film 
thickness has to be calculated before the SPRAY calculations. A particle 
configuration after the system reaches the cold steady-state in the DEM 
simulation, meaning that the inlet and outlet particle mass flow rate 
equals each other, is considered. By using the particle positions from a 
DEM simulation, the average film thickness (tfilm) can be roughly 
calculated as follows by assuming being much smaller than the cavity 
radius. 

tfilm =
npVp

πDcavLcavfs
(2)  

In Eq. (2), the particle number and volume are denoted as np and Vp, 
respectively. Moreover, the cavity diameter, cavity length and bed solid 
fraction are denoted as Dcav, Lcav and fs, respectively. The effective cavity 
diameter is then defined as follows. 

Dcav,eff = Dcav − 2tfilm (3)  

For a given particle absorptivity, wall (inlet distributor and collector 
ring) absorptivity, film thickness, cavity dimensions and ray distribu
tion, the absorbed energy distribution on the particle film can be 
calculated. The mesh element size defines the resolution of the distri
bution but is also important for a complementary radiation penetration 
model [24] derived previously by the authors. While the reflection 
model finds the final energy absorption after reflections by each mesh 
element, the radiation penetration model distributes this energy to in
dividual particles under the surface mesh elements. Thus, the combi
nation of these two models replaces MCRT to model the solar irradiation 
of the particle film. 

In the SPRAY MCRT model atmospheric losses are accounted for the 
ray path up to the receiver aperture, but neglected inside the receiver 
cavity. This is justified as the travelled ray distances are much smaller 
than from the heliostats to the receiver. In addition, the air temperature 
inside the receiver is high and thus the air density is low, leading to 
reduced atmospheric absorptivity. 

2.3. Resolved Monte Carlo ray tracing on particle scale 

To validate the reflection model, a resolved MCRT simulation was 
performed on the particle scale with an in-house C++ code [34]. The 

code can be coupled to LIGGGHTS to include heat transfer mechanisms 
like particle–wall conduction, inner-wall conduction and in particular 
radiation, both thermal emission and incoming solar radiation. Here, we 
only use the latter feature of the code to determine the reflection loss. In 
the code, surfaces are assumed to be gray and diffuse. Walls are 
described by triangulated surface meshes in STL-format, particles by 
spheres, loaded from a LIGGGHTS dump file. The code is parallelized, 
runs on Linux and has been validated by several analytical test cases. For 
more information, it is referred to [34]. 

Here, the code is used to trace rays coming from the heliostat field 
(generated by SPRAY), with the purpose to determine if and where they 
are going to be absorbed in the receiver or if they leave the receiver 
through the aperture (reflection loss). Therefore, meshes in STL file 
format were generated for the back wall, for the cylindrical cavity wall 
and for the collector ring. 

3. Model optimization and validation 

As a representative test case for validating the reflection model, a 
configuration with a centrifugal particle receiver installed at the DLR 
solar tower test facility in Jülich was selected. A realistic flux distribu
tion on the aperture plane is calculated in SPRAY by considering 1996 
heliostats, each having a surface area of 8.2 m2. Related receiver pa
rameters are listed in Table 1. Note that a film thickness of 4.58 dp gives 
an effective cavity diameter of 0.789 m. The walls of the receiver are 
treated as diffusely reflecting surfaces. 

The developed model is compared with the resolved MCRT model 
described in section 2.3 for one specific particle arrangement, taken as a 
snapshot from one time instant of the DEM simulation of the steady 
particle flow through the CentRec. As the new model and the resolved 
MCRT model are both fed with the same information (i.e. particle po
sitions) and the particle flow is in steady state, it is not expected that the 

Fig. 9. (a) Particle film flow in a CentRec simulation for a cavity diameter of 100dp. (b) Meshed particle film surface. The back – yellow surface is the inlet distributor 
and the front – red surface is the collector ring. 

Table 1 
Parameters considered in model application.  

Parameter Unit Value 

Cavity Length m 1.2 
Cavity Diameter m 0.8 
Aperture Diameter m 0.6 
Particle Diameter mm 1.2 
Particle Absorptivity − 0.86 
Wall Absorptivity − 0.4 
Particle Film Solid Fraction − 0.5 
Particle Mass Flow Rate kg/s 0.5 
Receiver Rotation Speed rpm 62 
Particle Film Thickness dp 4.58  

S. Hicdurmaz et al.                                                                                                                                                                                                                             



Solar Energy 273 (2024) 112546

8

deviation between the models is substantially different at another time 
instant. 

3.1. Dependency of resolved MCRT results on ray count 

The receiver parameters listed in Table 1 result in about 8.8 million 
particles at cold steady state. The resolved ray-tracing for validation was 
performed with 10 k, 100 k, 1 million and 10 million rays and each time 
repeated ten times, so 40 simulations were performed. Fig. 10(a) shows 
the setup with the three STL meshes and the particles. In Fig. 10(b) one 
can see that the radiation is absorbed only in the vicinity of the particle 
bed surface and nearly no radiation reaches the deeper particle layers. 

Fig. 11 shows the absorbed power distribution for 10 million rays. To 
make the MCRT results ray count-independent, the standard deviation 
needs to be reduced to an acceptable amount. In Fig. 12, the standard 
deviation distribution is plotted for four ray counts and a mesh element 
size of Lcav/18, where Lcav is the cavity length. Mind the different color 
bar scales. The standard deviation in Watts is not uniform for the mesh 
elements, but increases with the absorbed power. On the other hand, the 
standard deviation in percentage is higher for the mesh elements with 
less absorbed power because less rays have been absorbed by these el
ements; thus, the stochastic error is higher. Note that the standard de
viation in percentage is defined as the ratio of the standard deviation to 
the absorbed power for each mesh element. In Fig. 12, it can be noticed 
that the standard deviation decreases significantly by increasing the ray 
count. For 1 million rays, the standard deviation in the hot spot is less 
than 2 % while for 10 million rays is less than 1 %. 

To investigate how the standard deviation changes with the mesh 
element size, two mesh element sizes are considered. Smaller mesh el
ements having an edge length of Lcav/36 are obtained by dividing a large 
mesh element having an edge length of Lcav/18 into four identical pieces, 
as depicted in Fig. 13(a). In Fig. 13, the decrease in the standard devi
ation (in percentage) with increasing ray count is plotted in log–log scale 
for the mesh elements which absorbed the most and the least power 

from Fig. 11. In the same figures, results for a smaller mesh elements are 
also plotted. The results show a linear relation between log scales of the 
standard deviation and the ray count. Moreover, the standard deviation 
decreasing with increasing mesh element size can also be noticed in 
Fig. 13. One can select the appropriate ray count depending on the 
amount of precision needed. In this study, 10 million rays are selected 
because the MCRT results will be used as the validation case of the new 
reflection model. 

Fig. 10. Resolved MCRT simulation with 10 million rays. (a) absorbed flux density in entire receiver (b) Detail at z = 0.9 m at the bottom of the receiver (y negative).  

Fig. 11. The absorbed power distribution for mesh element size of Lcav/18 and 
ray count of 10 million. The color bar is in Watts. The non-dimensional axial 
positions of “0″ and “1” correspond to the particle outlet (on the collector ring) 
and particle inlet of the receiver (on the back wall), respectively (See 
Fig. 10(a)). 
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Fig. 12. Mean standard deviation distribution of absorbed power of 10 cases for a mesh element size of Lcav/18. The ray count is (a)10,000, (b)100,000, (c) 
1,000,000 and (d)10,000,000. The color bar is in Watts. The non-dimensional axial positions of “0″ and “1” correspond to the particle outlet (on the collector ring) 
and particle inlet of the receiver (on the back wall), respectively (See Fig. 10(a)). 

Fig. 13. Mean standard deviation in percentage for the mesh elements absorbing (a) the maximum (b) the minimum power. Both scales are logarithmic.  
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3.2. Mesh element size 

The mesh element size is an important modeling parameter for the 
radiation penetration algorithm [24] because the absorbed power is 
assumed to be uniform on the surface of the mesh element. Thus, the 
element size should not be very large for the transition regions of the 
CentRec, e.g. transition from the directly irradiated hot spot to the 
indirectly irradiated regions. In this study, a uniform mesh element size 
is selected for the sake of simplicity but a varying mesh element size can 
also be considered in further optimization studies. The complementary 
radiation penetration model has been validated for a mesh element size 
of 50dp x 50dp; thus, similar mesh element sizes are compared in this 
study. 

The reflection model explained in Sections 2.1 and 2.2 is applied to 
the CentRec for the parameters listed in Table 1. In Fig. 14(a) and (b), 
the absorbed power distribution is shown for mesh element sizes of 
Lcav/18 and Lcav/36, which corresponds to ~ 56dp and 28dp. In Fig. 14(c) 
and (d), the total reflections from the particle film are plotted for two 
different mesh element sizes. The reflection from the particle surface is 
simply found by subtracting the power absorbed by a mesh element from 
the solar irradiation to a mesh element. Positive value means that 

reflection is from a mesh element while minus means that sum of the 
reflections from all other mesh elements is to a mesh element and 
eventually absorbed by that mesh element. 

To compare the results of the different mesh element sizes in a 
quantitative manner, sub-mesh elements are created for each larger 
mesh element such that the sub-mesh element size corresponds to the 
smaller mesh element size. The power absorbed by the larger mesh 
element is split to the uniform sub-mesh elements equally. Fig. 15 re
veals the difference between the absorbed power of the smaller mesh 
elements and a sub-part of the larger mesh elements. The results show 
that using a smaller mesh element size slightly increases accuracy on the 
transition region from the directly irradiated to the non-irradiated part 
of the film. Especially near the outlet, some portion of the large mesh 
element is irradiated while some is shaded by the collector ring. This 
results in a non-uniform absorbed energy distribution on the mesh ele
ments located in this transition region, and this effect can be better 
captured by reducing the mesh element size. However, the maximum 
difference shown in Fig. 15 is negligibly small compared to the absorbed 
power shown in Fig. 14(b). Thus, a mesh element size of Lcav/18 gives 
sufficiently accurate results for the reflection model. 

Fig. 14. The amount of (a)(b) absorbed and (c)(d) reflected power distribution for mesh element size of (a)(c) Lcav/18 and (b)(d) Lcav/36. The color bar unit 
is Watts. 
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3.3. Model comparison 

To validate the new model, its results are compared to MCRT sim
ulations resolving the entire particle film, see section 3.1. In Table 2, for 
the given flux distribution and the CentRec case tabulated in Table 1, the 
energy absorbed by the particle film and the receiver components are 
compared. The results show that the new model can predict the reflec
tion loss and the energy absorbed by the particle film and other com
ponents with very high accuracy. The transmissivity of the particle film 
is assumed as zero because the particle film is thick enough (>4dp). For 
this reason, the power absorbed by the wall is simply set to zero. 
However, after running the radiation penetration algorithm, the power 
going to the wall can also be calculated and compared with the resolved 
MCRT result. In Fig. 16(a), a more detailed comparison is made in terms 
of power absorbed by mesh elements. The new model overestimates the 
absorbed power next to the particle inlet (topmost row) while under
estimating it at the section where the particles are first introduced to the 
receiver (region enclosed by red dashed lines). This inconsistency is 
mainly due to the fact that the particle film is not fully formed next to the 
particle inlet, i.e. particle film thickness and porosity changes signifi
cantly in tangential direction before the first rotation of the particles is 
completed. Note that the new model assumes a uniform film thickness in 
the receiver; thus, the more variation in the film thickness, the more the 
reflection model deviates from the MCRT results. However, this “inlet 
effect” does not affect the overall results considerably because the inlet 
region of the receiver is not irradiated by the concentrated solar energy 
directly. In Fig. 16(b), the difference between two approaches is also 
presented in percentage. The reflection model accuracy is best checked 
in the not-directly-irradiated region because these mesh elements absorb 

only the reflected power from the other parts of the particle film and 
large surfaces of CentRec. If the mesh elements next to the particle inlet 
are excluded, the average difference is around 2 %. The main reason of 
this slight error is the assumption that the film thickness is uniform in 
tangential and axial directions. However, there is a variation in the film 
thickness in the axial direction [35]. 

The computational time required for the reflection model and 
resolved MCRT should also be compared because the main reason for 
deriving the reflection model is to avoid costly MCRT simulations in the 
particle domain. However, the reflection model is only comparable with 
the resolved MCRT simulations if the computational burden resulting 
from the radiation penetration algorithm is also considered. This is 
because in the resolved MCRT simulation, the solar irradiation is already 
distributed to individual particles while the reflection model only finds 
the power absorbed by the mesh elements. Thus, the reflection model is 
coupled to the radiation penetration algorithm in order to distribute the 
power absorbed by the mesh elements to the individual particles. In 
Fig. 17, the run time of resolved MCRT simulation for the considered ray 
counts is shown. Resolved MCRT simulations were run on 28 cores of an 
Ubuntu workstation (2x Intel Xeon E5-2697v3, 64 GB DDR4 RAM). The 
run time is a linear function of the ray count. The results show that 
tracing 10 million rays in the particle domain requires around 11 h. 

The run time of the SPRAY simulations used to find the absorbed 
power on the mesh elements for the given reflection characteristics also 
scales linearly with the ray count. 215 million rays were generated on 
the heliostat surfaces and around 3.9 million of them cross the aperture 
plane. The total run time is 145 s on a machine with Core i7-1270(P), 
2.20 GHz CPU and 16 GB RAM. Note that SPRAY calculations do not 
depend on the mesh element size. However, the run time of the radiation 
penetration algorithm changes with the mesh element size as shown in 
Table 3. For a mesh element size of Lcav/18, the run time of the com
bination of SPRAY and penetration algorithm is ~ 9 min. Even if 1 
million rays are considered in resolved MCRT simulations, there is sig
nificant improvement in the computational time required. Moreover, as 
long as the film thickness and the flux distribution do not change with 
time, there is no need to recalculate the absorbed power distribution in 
SPRAY every DEM thermal coupling time step being how frequently the 
particle temperature change is updated in the DEM heat transfer code 
due to the reflection model. Thus, the run time of the solar irradiation 
computation can be reduced to ~ 6 min. Note that the radiation pene
tration algorithm runs on MATLAB and on a computer with Intel(R) 
Xeon(R) Platinum 8260 CPU, 2.40 GHz 2 Processors, 192 GB RAM. 
Considering that the current radiation penetration algorithm is not 
parallelized well in MATLAB, there is further room for improvement in 
terms of run time. 

4. Conclusion and outlook 

In this study, a reflection model has been developed for the CentRec 
solar particle receiver to avoid computationally expensive resolved 
MCRT simulations. It has been found that the reflection from a particle 
bed is neither diffuse nor specular, but incidence angle-dependent 
because of the spherical surface of the individual particles forming the 
particle film. For this reason, a Bidirectional Reflectance Distribution 
Function (BRDF) for a particle bed being representative for the CentRec 
application has been determined for various incidence angles. Then, the 
generated reflection characteristics have been imported to the ray tracer 
SPRAY to find the absorbed power distribution on the particle film. For a 
ray distribution calculated by taking the heliostat configuration into 
account, the power absorbed by the particle film and large surfaces of 
the CentRec such as the collector ring, and the reflection loss has been 
compared by resolved MCRT simulations, and a very high accuracy has 
been obtained. Moreover, the absorbed power distribution for the 
reflection model and resolved MCRT simulations have been compared. 
Except for the inlet region where the particle film is not fully formed yet, 
the reflection model has given similar results to resolved MCRT 

Fig. 15. Absorbed energy difference between the cases for mesh element sizes 
of Lcav/18 and Lcav/36. The color bar unit is Watts. 

Table 2 
Comparison of the resolved MCRT simulation and the new model regarding the 
energy absorbed by the receiver components.   

MCRT (10 
million rays) 

New Model  

kW % kW % 

Intercepted power  237.72  237.78  
Power absorbed by particles  223.05  93.83 223.63 94.05 
Power absorbed by collector ring  0.82  0.34 0.79 0.33 
Power absorbed by backwall (inlet 

distributor)  
9.82  4.13 9.68 4.07 

Reflection loss through aperture  3.81  1.60 3.67 1.54 
Power absorbed by cylindirical cavity wall  0.22  0.09 − −
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simulations. The combination of the reflection model calculated by 
SPRAY and a previously developed radiation penetration algorithm has 
resulted in significantly lower run time compared to the resolved MCRT 
simulation for the given computer specifications. However, it is not 
possible to make direct comparison between the computational times 
because the computer capabilities (Processor type, RAM etc.) are not 
similar and different computational tools are employed for simulating 
the solar irradiation. 

The results show that for a realistic flux distribution and aperture 
ratio of 0.75, being the ratio of aperture to cavity diameter, and cavity 
length to diameter ratio of 1.5, the reflection loss from the cavity is ~ 

1.5 % of the incoming solar irradiation. To reduce the reflection loss, 
calculations with the new model for various cavity ratios and cavity 
length to diameter ratios are addressed as outlook. The absorptivity, 
reflectivity and emissivity of the particles may also change with the 
temperature and the number of operation cycles. The sensitivity of the 
particle optical properties on thermal performance of the receiver is also 
addressed as a future study. The new model will be merged to the in- 
house DEM Thermal Model of the CentRec to further optimize the par
ticle film conditions and operational conditions. 
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