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Abstract. According to recent studies in the solar energy community, a promising ways of
solar energy conversion seems to be the beam down concentration technology associated to a
fluidized bed receiver. The advantage of this system is its ability to heat air at temperature
reaching 1000 K in a receiver directly exposed to a concentrated solar beam and integrated in
a thermodynamic cycle. This paper focus on the modelling of radiative heat transfer from the
optical concentrator to the receiver by taking into account absorption and multiple scattering
of light in the particles bed. To achieve this objective, we develop in this work an efficient tool
based on an algorithm solving the integral formulation of the Radiative Transfer Equation by the
Monte Carlo Method. This algorithm is implemented in EDStaR environment where computer
graphics libraries, parallel computing and specific functionalities to produce statistical quantities
and their associated derivatives are available. One of the main advantage of the proposed
radiative transfer modelling is the determination of the sensitivities (derivatives) of the physical
quantities to any physical or geometrical parameter without significant additional CPU time.

1. Introduction

Fluidized beds are conventionally used as media of thermal exchanges for high temperature
processes because of their excellent performance in terms of heat transfer. To improve the
performance of thermodynamic cycles for solar electricity production, a technological gap will
be the direct gas heating in solar receiver, to obtain at the entrance of a turbine temperatures at a
level higher than 1000 K. One of the best solutions would be to use solid particles in a fluidized
bed directly submitted to the concentrated solar flux (see fig.1.b). The main advantages of
the fluidized bed receiver are its thermal efficiency, an improved resistance to thermal stress
compared to metallic and ceramic receivers and its adaptability with beam down concentrators
allowing to produce electricity directly on the ground. For these reasons, fluidized bed solar
receivers and reactors have been designed and studied by numerous scientists [1, 2, 3, 4].

To evaluate the efficiency of these solar receivers, we need to determine the heat losses caused
by radiation which becomes the major mechanism for heat transfer losses from the receiver. The
accuracy and the power level of the flux map obtained at the surface of the receiver depends
on many optical parameter such as the reflectivity or the quality of the mirrors, the design of
the concentrators, etc. The optical and geometrical design of such systems require powerful
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tools to provide radiative heat transfer exchanges inside the receiver and also to compute the
distribution of the irradiation on the receiver.

In this context, several softwares have been developed such as Mirval [5], Soltrace [6], Stral [7]
and Tonatiuh [8, 9]. They commonly use the Monte Carlo ray-tracing to predict the concentrated
solar flux distribution incident on a receiver [10]. In this method, solar radiation is assumed to
be composed of discrete energy bundles and the computation consists of following their probable
paths that are generated randomly from the solar source to the optical components. Steinfeld
and co-workers have also developed Monte Carlo ray-tracing in-house codes to compute the
distribution of solar irradiation on receiver boundaries [11, 12, 13, 14]. Most of the time, these
existing tools allow to design the optical part of the concentrated solar system only. What
we propose in this study is to model radiation in the whole system: the concentrated solar
source from the optical device and the absorption by particles inside the solar receiver. The
aim of this study is to calculate the penetration of the incident solar beams through the window
(see. fig.1.a) and to estimate the radiative heat loss by reflection. We need for that a radiative
model to calculate the absorbed and scattered radiative contribution by particles inside the
receiver. Knowing this radiative contribution, the energy balance could be performed and the
heat exchange between air and particles could be evaluated.

In this work, the Radiative Transfer Equation (RTE) is solved through its integral
formulation. The Monte Carlo Method (MCM) in this case is used as a numerical method
to calculate explicitly these integrals. As it is explained in previous studies [16], the main
advantage of this integral formulation is to analyse physically the radiative exchanges but also to
calculate physical quantities such as radiative fluxes, radiative source terms with their associated
sensitivities to any parameter, without additional CPU time.

A first part is dedicated to the description of the radiative properties of particles. Then,
the radiative model is presented. The associated algorithm using MCM is detailed determining
the radiative heat loss with the multiple scattering by particles and reflection by the walls. An
illustration of sensitivity calculation by MCM is shown.

2. The system under investigation

In this work, we model a 45 cm high solar receiver consisting of a diffuser at the bottom of
a lower cylindrical column mesuring 25x7 cm, a medium conical part of 7.5 cm high and an
upper part of 12.5x12 cm surmounted by a quartz window (see fig.1.a). The concentrated solar
radiation enters the top of the receiver and is directly absorpted by the fluidized particles of
silicon carbide. The solar receiver allows us to heat the gas sent through the metallic diffuser at
the bottom of the column. Air mass flow must reach a threshold to support a good fluidisation
of solid particles to maximise heat exchanges and solar radiation depth of penetration. The rise
of diameter in the middle of the receiver prevent particles from exiting the fluidisation column
or impacting the window.

The present receiver is coupled with a beam-down concentrator available in the laboratory of
PROMES, Odeillo, France (see fig.1.b). This system is constituted by a flat heliostat reflecting
solar energy to a dish with a diameter of 4.6 m, a focal length of 3.9 m and a focal spot of
approximatively 6 cm.

A laboratory scale set-up of this receiver have been studied in the PhD thesis of A.Bounaceur
[17]. According to this work, it was possible to heat air from the ambient temperature up to 930
K with a thermal efficiency of 70%. But as discussed in this work, even better results could be
reached by reducing radiative losses and avoiding the overheating of the walls of the receiver.
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3. Modelling of radiative heat transfer

3.1. Radiative properties

The stainless steel surface of the receiver (R) is represented by a diffuse-reflective surface with a
grey reflectivity p™. The quartz window (G) is considered as a specularly diffuse and transmittive
surface with a reflectivity p9(w,n).

When the particle bed is submitted to radiation, the mechanisms responsible for the
distribution of light are absorption and scattering. The spread of radiation occurs through the
interstices of the particle fluidized bed and by transmission and scattering through the particles.
The air is considered transparent. The length of penetration of radiation depends largely on
the receiver geometry, the volumetric fraction of the fluidized bed and the optical properties of
particles. Absorption and scattering coefficients in the fluidized bed derive from density and
optical properties of particles. The phase function describing scattering in the particle cloud is
modelled by the Henyey-Greenstein phase function.

To determine the optical properties of the particles, a calculation over the whole solar
spectrum between 0.24 pym and 4 pm is processed using a code developed by Mishchenko based
on the Mie theory [19], where the index of refraction is 0.78. Preliminary results [18] have
shown that spectral resolution make no significant difference compared to wavelength-integrated
calculations when computing the flux in a SiC fluidized bed. Thus, incoming solar radiation is
considered monochromatic and we average the values of optical properties QJ5, @, and g from
the spectral absorption and scattering efficiency factors @, s, Q..o and the asymmetry factor g, .
The optical properties are described by the following values of the absorption and scattering
cross sections :

Oq = %a ) Os = 6228 (1)
wdz /4 mdz /4

with Qs = 1.51, @, = 0.5, g = 0.7 and the particle diameter d,,.
Absorption and scattering coefficients are calculated from cross sections and density through :

ko = U(X,p)aa ; ks = n(x,p)as (2)

The determination of the distribution of particles within the fluidized bed has been a critical
parameter for the calculation of heat transfer. According to our experimental observations, the
receiver can be divided in two parts : (i) the bottom part of the bed within which the particle
concentration is constant and high, (ii) the upper part of the bed, within which the particle
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concentration can be conceptualized by a exponential decay (see fig.1.a). The exponential density
of particles from the upper part of the receiver is thus described by :

Z— 20

n(x,p) = noexp(— ) (3)

with 7y the density in the constant zone, z the height in the fluidized bed, zg the height indicating
the change from a constant to an exponential density and p a parameter tuning the exponential
distribution.

3.2. Method of modelling and algorithm : Calculation of reflection losses

Our concern is to describe in detail the calculation of the fraction of radiative power exiting
through the window without being absorbed by the receiver and to compute the sensitivity
of this loss to the p parameter of the density of particle. The solar radiation is considered
collimated. The algorithm allowing us to calculate this value is the following :

e Uniform drawing of a point zg on the window, according to the density probability function
Pzo = 1/85g ;

e Emission of a photon bundle from the point zg in the normal direction to the surface
Wy = nzo 5

e Drawing of a first optical thickness k¢ according to the law py, (ko) = exp(—ko) if the bundle

is in the bottom dense zone of the receiver and py, (ko) = exp(—ro)/(1 — exp(—Kmaz)) if
the bundle is in the upper zone of the receiver ;

e Interaction - If k; is smaller than k, the optical thickness of the optical path travelled by
the photon bundle until its next interaction with the boundaries of the receiver, then the
interaction point xj(z;_1,w;j—1) belongs to the volume of the receiver. If x; is bigger than
Kp, then x; belongs to the surface (R) or the windows (G) ;

o reflection on the surface of the receiver - If x; € R and w; > ¢, then we draw one reflection
direction wj;q according to the lambertian law. We also reduce the energy of the photon
bundle by exp(—#k,) the absorption of the cloud of particle among the optical path and p™®
the reflectivity of the surface ;

o reflection on the surface of the receiver, Russian roulette mode - If ; € R and w; < €, then
we draw a number 7,41 € [0,1]. If r;j;; is smaller than p™, then the photon bundle continue
its path (drawing of a reflection angle, drawing of a new optical thickness...). Otherwise,
the photon bundle stops its path, and its weight is void ;

o Interaction with the windows - If x; € G, then we draw a number 711 € [0,1]. If 74 is
smaller than pY, then the photon bundle continue its path (drawing of a reflection angle,
drawing of a new optical thickness...). Otherwise, the photon bundle exits the receiver :
the algorithm comes to an end and it process to the calculation of the weights of E and its
sensitivity;

o Scattering in the volume - If x; € V, then we draw a direction of scattering w;;1 according
to the phase function. Then we reduce the energy of the photon bundle by exp(—&;) the
absorption of the cloud of particle among the optical path and continue the optical path of
the photon bundle (drawing of a reflection angle, drawing of a new optical thickness...) ;

e Calculation of w;, the weight of E - Physically, the weight is the product of the area of the
emitting surface Sg by the attenuation of the energy of the photon bundle through its path
among the receiver. The extenuation is due to both the absorption from the impacts with
the surface of the receiver and the absoprtion of the participating medium ;
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e Calculation of Wy, ;, the weight of the sensitivity of E to parameter p - The expression of
the weight of %—5 is a little more complicated than the one of the weight of E, but it can be
processed at the same time and with the same algorithm.

A “Russian roulette” has been implemented to deal with the reflection at the boundaries of
the receiver when the weight become smaller than a certain criterion. Doing so, the computer
time necessary for one computation is reduced from 1 hour to a few minutes. The reason why a
calculation could take so much time is that the bottom of the bed contains a high particle density
and thus the scattering and absorption mean free path are very small in this zone. Consequently,
a ray entering this zone will encounters a large number of scattering events before it exits from
the receiver by the window. In the meanwhile, the extinction contribution becomes higher and
the energy decreases quickly. So, when performing a calculation, the dedicated computing time
to multiple scattering of paths with very low energy (ie. low weight) remains significant.

With the “Russian roulette”, when the energy of a ray is lower than a defined value, we do
not treat the reflection as a ray being reflected and attenuated by the surface, but we test if
the interaction point is an absorption or a reflection. When the interaction is a reflection, we
process until the next interaction. If the interaction is an absorption, the optical path dies.

This algorithm is implemented in the environment EDStaR which is constituted by an
advanced technology allowing the modelling of corpuscular transport and in particular radiative
transfer focusing on the Monte Carlo Method. EDStaR is not a code, but rather a development
environment providing a library of useful functions to deal with parallel calculation, calculation
of sensitivities, ray tracing in complex 3D geometries using computer graphics libraries [21].
More informations about EDStaR are available on line at the following url : http://wiki-
energetique.laplace.univ-tlse.fr/wiki/index.php/Edstar.

The integral formulation of the Monte Carlo algorithm described above can be written as
follow. Using the same notations as previously, the fraction of the radiative power E exiting
through the quartz window is :

H(x1 €R) [, PR (w1)dwy fooo Pry (k1)dr1 T4 } )

E — d K d fe'e)
ngO(XU) XO/Ov D O(K’O) F‘;U{ "‘H(Xl € V) f4ﬂ.pﬂl(wl‘w0)dwl fo pnl(’il)dﬂl 1-1

where 7;, j > 1 is recursively defined as

1
7Z; =H(xj+1€09) fo PRJQH( ]+1)dr +1 X -

H( jg+1 >p ) Wit1
{ +H( Ti = I f%pn +1(wj+1’wj)dwj+1 fo Prjir (Kj41)dEj41 Tia }
H(wj <e fo PRR. ( g+1)d7“g+1 X
‘ H(rfy >p ) x0
THXj1 €R) { +HZ+J+1 R f27r pg H(Wﬁl)dwﬁl fooo pﬂjﬂ("ﬂjﬂ)d"fﬁl Tita }
+H(w; > € fQﬁ Pq, +1(""J-l-1)d"‘fj-l-1 fo pngﬂ(”ﬁ-l)d"@]-l-l Zjt1
+H(xj01 € V) [, 00, +1(WJ+1‘WJ)dWJ+1 Jo" Py (Kj1)dkjon i

Where the various angle probability density functions are :

(1)) = =2

pn
v _ 1-g°

Pa, (@it1lws) = e o Fr (6)
g
Q.

p (w]+1\w]) 5(Wj+1.tj + Wj.tj)5(Wj+1.nj — wj.nj)

J
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with n; and ¢; are respectively the normal vector and a tangent vector to the considered surface
at the point ;. And where the optical thickness probability density function is :

|l =51
Kj = / ’ ks(xj + swj)ds (7)
0

with z; = 2/ if k; < foHaCj—yijst and z; = y; if k; > fOij—yijst’ wop = ng, and
¥ =xj+ |2 — zj||w;.
The weight is then recursively defined as

H(xj41 €0) x1
y R
yi1 = djeap(~ou0;) § +H(x1 € R) { H(i; > )p } «
+H(x3 €V)x1
with 12)0 = Sg and
II¢j+1 =511
aj = /0 n(x; + swj, p)ds (9)

In the particular case of a uniform particle density o, Zg;(l) ag = ognd; = kqd; and the

integral formulation corresponding to the sensitivity %—5 is identical to that of E in Egs. 4 and
5, replacing only w; with

ow L 11—k

N j N 0 N —

Wy,j = a—nj + w; E —p; =w; | —0o.dj + g d (10)
= q q=0

n

In the general case, the integral formulation corresponding to the sensitivity %—g is identical
to that of F, replacing only w; with

- .

~ A : aOlq f()Hx qu 77(Xq + swq,p)ds 3277(Xq+1ap)

Wy =1b; ) | —0a—7t — 0y 5 + (11)
= p p 1(Xq+1,P)

where don(x,p) is the partial derivative with p of 7.

As the expression of the sensitivity is not correlated with the density profile outside of
the receiver, we can choose by convention that k; does not depend on n(x,p) and that
021(Xg+1,p) = 0 when x441 ¢ V (when reflection occurs before scattering). As a result, we
have :

[[%" —xq]| [1%Xq+1—Xq| [|x/ —xqt1]|
/ n(xq + swq, p)ds = / n(xq + swq, p)ds + / n(xq + swq,p)ds
0 0 0

[[%q+1—Xq]|
/ N(xq + swq, p)ds
0

and the sensitivity becomes :

3277(Xq+17p)

j—1
Oayg
Wy ; = W, —(0q +0s)— + H(x ey
p,J J(]:ZO|: ( )8]0 ( g+1 ) 77(Xq+1,p)
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3.83. Modelling of the concentrator and optical errors

In the description above, for didactic purpose, the solar radiation have been considered
collimated. In our case study, the incoming concentrated solar radiation reaching the receiver is
focalized. To model such systems, a beam-down like concentrator as been implemented in the
previous code featuring a dish focalizing solar energy from infinity to the receiver.

As no concentrator is perfect, we take into account the misalignment of the heliostat, the
surface structural defects of the mirrors, and the sunspot effect, by including a statistical error
when tracing the reflection angle on the surface of the dish. Our model is inspired by Blinn [21]
in order to render rough shiny materials in physically based picture rendering.

As a theoretical reflected ray is reflected specularly with the normal vector to the surface
n; as a reference, the imperfect reflected ray is traced using a modified normal vector ny. In
practical terms, the modified normal vector is drawn inside of a cone centered on the normal
vector to the surface, following the probability density function :

2+1/e
21(1 — cos(§ — Sarccos(wj.nji1

Using the experimental map flux taken at the focus point of a real concentrator, the parameter
e of the model is adjusted. Figure 2.b shows the comparison between experimental [20] and
adjusted numerical map flux taken at the focus point of the concentrator.

—— Experimental normalised
flL¢ density
+ Numerical normalised
flLoe density

2 75 1
g
E
ko 05 4
g
E
[=]
= 0.25 -
' Figure 2. Scheme of the beam-down
solar concentrator of Odeillo, France
— ‘ o . ‘ (a). Experimental [20] and adjusted
-6 -4 2 0 2 4 s numerical map flux taken at the focus
Focal spot radius (cm) point of the concentrator (b).

4. Results : Calculation of reflection losses and its sensitivity analysis

4.1. Validation of the sensitivity calculation in the case of collimated light

The radiative power exiting the receiver without being absorbed (see fig.3) and its sensitivity
to the parameter p specifying the exponential decrease of the density of particles (see fig.4)
are computed using a reflectivity of the stainless steel surface of the receiver of p*=0.4 and a
reflectivity of the quartz window (G) of p9=0.1. The diameter of particule and the density of
particles in the constant zone are chosen such as d, =280 um and 79 = 26.10% cm 3.

The average computer time for a run of 10° realizations as used in the results shown in figure
3 is about a few minutes on a AMD Opteron Processor 246 with 2Gb ram.

Comparing the value of the fraction of losses and its sensitivity to p, we can minimize the
energy losses by choosing p around 0.014. As p parameter increases over 0.014, the concentration
of particles in the upper part of the fluidized bed decreases and the solar radiation have a higher
probability to reach the stainless steel surface of the choke point and to be reflected outside of
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Figure 3. Fraction of incoming
energy that exit the receiver with-
out being absorbed, the p param-
eter of the density of particle is
fixed. Error bars corresponding
to the estimated standard devia-
tion of the Monte Carlo Method
are less than 1%.

Figure 4. Sensitivity of the ex-
iting fraction to p calculated by
both the MCM and the finite dif-
ference method as reference, p is
fixed. Error bars corresponding
to the estimated standard devia-
tion of the Monte Carlo Method
are negligible.

the receiver. On the contrary, when p decreases below the value of 0.014, we notice that the
losses increase again. Indeed since the energy refracted by the particles becomes predominant
when high particle density move closer to the top of the receiver.

4.2. Fraction of losses and its sensitivity calculation to p
For different concentrator / receiver layouts, the data of table 1 represent incoming solar

radiation losses.

The different layouts of the receiver that have been moved in a range of

100 mm to allow the focus plan of the concentrator to move in a range of 50 mm at the front
and rear of the quartz window of the fluidized bed receiver (see fig.5). For each test, the losses
are obtained for the optimal value of parameter p, found using the sensitivity calculations.

Table 1. Visible radiative losses for different concentrator/receiver layouts

Case 1 Case 2 Case 3 Case 4
Incoming radiation collimated focused focused focused
Focal point position/window (mm) x 0 -50 +50
Optimal p parameter 0.014 0.018 0.015 0.027
Aiming losses (%) 0 0 1.17 1.16
Window reflection losses (%) 3.47 5.35 5.31 5.24
Bed reflection losses (%) 1.7 3.08 1.89 5.24
Total losses (%) 5.17 8.43 8.37 12.09
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Figure 5. The four cases studied cor-
responding to different concentrator /
receiver layouts

Case 1 Case 2 Case 3 Case 4

According to the results, we notice that reflection of the window is the main source of radiative
heat loss. Even if the total losses reach the maximum when the focus point of the concentrator
is located outside the receiver, we point out that for each receiver position, a specific value of
parameter p can be found in order to reduce the bed reflection losses. In other words, it implies
that the control of the particle distribution produced by the fluidisation inside the receiver must
be adjusted according to the incoming solar radiation.

5. Conclusion

We presented in this study an original radiative transfer model that allows us to calculate the
propagation of light from a beam-down concentrator to a fluidized bed receiver, taking into
account the multiple scattering of light in the particulate medium and the directionality of the
concentrated solar radiation. Our approach is based on the integral formulation of the RTE
solved by the MCM. The algorithm is implemented in a new environment EDStaR, allowing
the convenient implementation of an in house radiative model and the calculation of parametric
sensitivities with nearly no additional CPU cost. To illustrate this approach, we studied the
effect of the concentration of particles of a fluidized bed receiver on radiative loss by reflection.
This information can be useful in order to maximise the efficiency of the receiver. As infra red
radiative losses can reach 30% of the global losses of the receiver, the next step is to apply this
method to model infra red radiative transfer in the fluidized bed receiver.

Nomenclature R (subscript) wall

Greek letters )% (subscript) volume

a, 8 limits of integration a (subscript) absorption

n concentration of particles, m™3 i,j,q (subscript) indexes

K optical thickness, m™* p (subscript) particle

w, {1 angle of emission s (subscript) scattering

10) flux density, W/m? Symbols

p Reflectivity d diameter, m

02 cro.ss section, m* E radiative power exiting fraction, %

U vapanee e parameter describing the modified nor-
Subscripts mal vector drawing probability density
0 (subscript) initial function

g (subscript) window g asymmetry factor
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H Heavy side function Q efficiency factor
1 integral, recursive term r random number in [0,1]
l length of the path between two interac- g area, m?2
H
tons L t tangent vector to the surface
N number of realizations ) o ] ] .
x variable, position, interaction position
n normal vector to the surface ) ; ) )
P parameter describing the exponential Y interaction point with a boundary
decay of particles z height, m
P(x) density probability function 0 weight
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