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Abstract

The aim of this paper is to characterize the extinction coefficient, the scattering albedo and the scattering phase function of beds made
of spherical particles containing an absorbing and scattering medium. The radiative properties of the medium contained in the particles are
assumed to be known. Moreover, the particles in the bed are large compared to the wavelength considered and are supposed to be sufficient
distant from each other to scatter radiation independently. Thus, the characteristics of the whole bed can be determined from the properties
of the particles alone. These properties are computed using a Monte Carlo procedure which simulates the interaction of one particle with a
plane incident wave. The characteristics of the whole bed are determined using the independent scattering theory by adding the contribution:
of each particle. The evolutions of these characteristics with the properties of the inside medium, the porosity of the bed and the radius of the
particles are investigated.
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1. Introduction particulate media, in order to predict those characteristics, it
is necessary to know how the particles individually interact
The modeling of radiative transfer in particulate media with incident radiation upon them.
is of primary importance for the prediction and optimiza- The guestion concerning the interaction of radiation with
tion of the insulating capabilities of such materials in many a particle can be solved by considering a plane, monochro-
engineering applications. An extensive review of radiative matic wave incident upon a particle of given shape and size.
transfer in dispersed media was carried out by Viskanta andThis has been done for spheres of given optical constants by
Menglg in 1989 [1], and by Baillis and Sacadura in 2000 [2]. resolving the Maxwell’s equation with the Mie theory [3—
Some examples of these materials include packed beds. 7], Moreover, numerous studies have already been made to
In order to evaluate radiative heat transfer, radiative char- model the radiative transfer in beds of spherical particles
acteristics are required in conjunction with the integro- and which deal with independent or dependent scattering
differential RTE. These characteristics are: the extinction co- gnd the limits of application of the theory of independent
efficient 8, the scattering albede and the scattering phase  scattering [2]. Several of these studies use the hypothesis of
function P(6). Radiative transfer prediction then depends independent scattering which assumes that the interaction of
on the accuracy not only on the radiative characteristics val- gne particle in the bed with the radiation field is not influ-
ues but also on the radiative transfer modeling techniques. Ingpced by the presence of other particles. As an example, we
can cite the works of Dombrovsky [8] on semi-transparent
"* Corresponding author. particles, and Fedorov [9] on glass foams made of air bub-
E-mail address: r.coquard@cstb.fr (R. Coquard). bles in a semi-transparent matrix. Other researchers have
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Nomenclature
a, nth Legendre coefficient B extinction coefficient ................... Th
D random generated number w scattering albedo
dist distance travelled by the ray in the inside e porosity
medium before interception ............... m g scatteringangle ......................... rad
do(67) the solid angle around directi@ii......... Sr ¢ angle between the starting ray and the ray
dx,dy,dz directing cosines of the ray’s direction on the scattered away from the sphere ........... rad
different axis o , azimuthal scatteringangle................ rad
nmax  order of the expansion in Legendre polynomials size parameter of the particle: 27 Rpart
Npart ~ the number of particles per unit volume of the P P A
bed. ... T Subscripts
P(®) scattering phase function bed of the bed
0 extinction efficiency factor part of the particle
R radius........ FERERE RS RS EREREEEEEEEIS M ind from independent scattering theory
Spart the cross section of the particles..........? m init initial
x,y,z coordinates of the ray on the different axis.. m ins of the inside medium
Greek symbols leg Legendre polynomial
A wavelength .............................. m new  new value

tried to take into account the dependent effect in beds made Firstly, we focus on radiative characteristics of one par-
of opaque or semi-transparent particles. Most of these au-ticle alone using a Monte Carlo procedure which simulates
thors used ray-tracing approaches given that they permit toa plane incident wave on the particle. The influences of the
take into account the influence of the neighbouring particles radiative properties of the medium contained in the particles
on the radiation field arriving on a particle. We can cite the and of the radius of the particles on the particle radiative
work of Chan and Tien [10], Kaviany and Singh [11,12], characteristics are discussed. Moreover, a special attention
Kamiuto [13] and Coquard et al. [14]. is put to study if there are simple relations between inside
All these studies were interested in beds made of spheri-radiative characteristics and those of the bed.
cal particles containing a non-scattering medium with given  Thereafter, the radiative characteristics of the whole beds
optical constants and only few works have dealt with radia- are calculated using the independent scattering hypothe-
tive properties of spherical particles containing an absorbing sis. The evolutions of the extinction coefficient, scattering
and scattering medium. Mishchenko and Macke [15] used aalbedo and phase function with the porosity, the radius of the
method combining ray tracing and the Monte Carlo (RTMC) particles and the properties of the inside medium are quanti-
technigue to compute the asymmetry parameters for isolatedtatively studied.
spherical particles filled with large numbers of small scat- We precise that a pioneer work on the evolution of the
tering inclusions. However, they were only interested in the radiative properties of beds made of opaque, absorbing and
phase function of the particle and have not studied the evo-reflecting spherical particles [8], which uses a similar Monte
lution of the radiative characteristics of the particle with Carlo technique, has already been conducted. The results of
the radiative properties of the inside medium. Sherma andthe model developed were validated by comparing the ra-
Jones [16,17] used the technique developed by Mishchenkodiative properties obtained by this model with correlations
and Macke to validate an approximate formula designed to given by different authors, and by comparing the transmit-
compute the absorption and scattering efficiencies of spher-tances measured by Chen and Churchill on beds of metallic
ical particles containing spherical inclusions. Nevertheless, spherical spheres of given thickness with the theoretical re-
the inclusions were considered purely absorbing. sults obtained using our method. The accordance proves to
In this study, we investigate all the radiative characteris- be quite good.
tics of media made of the arrangement of spherical particles
containing an absorbing and also scattering medium whose
properties are known. The evolution of these characteristics2. Hypotheses of the study
is studied. In the beds considered, the particles are supposed
to be sufficiently distant from each other to scatter radiation  First, we assume that the radiRg, of the spherical par-
independently. The results obtained could be interesting in aticles of the beds is much greater than the wavelerigth
number of applications such as the radiative heat transfer inof the thermal radiation studied. For a radiative heat trans-
PSE foams, the radio-wave propagation in urban settings orfer calculation at 300 K, most of the wavelength concerned
microwave propagation in anechoic chambers. ranges between 5 pm and 50 pum. We will consider beds
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Absorbed ra;
made of particles with radius greater than 100 um. As a re- :

sult, the size parameter of such particles is much greater
than 1 and then, the radiation/matter interaction can be
treated using the geometric optics laws. Plane ———>——/ & & S
Moreover, the influence of diffraction on the radiative oo™
heat transfer is neglected. Indeed, the diffraction phase func-
tion for particles with a large size parameters predomi-
nantly oriented in the forward direction and diffracted rays
are very close to transmitted rays. We then assume, here, that
diffraction can be treated as transmission.
The extinction coeﬁicienﬁins, the scattering albedoins _Fig. 1. Il!ustration of the interaction of a plane incident wave with the spher-
and the phase functiofins(9) of the medium contained in ¢ Paticle:

the spherical particles are constant and homogeneous and ) ] .
are supposed to be known. The scattering properties of thespread on the enter face of the spherical particle (see Fig. 1).

medium contained in the spherical particles are independent! "€ path of each ray is analyzed by the 3-D procedure in the
of the azimuth angle (azimuthal symmetry) and the phase Cartesu_in coordinate systemy, z centered on the center of
function is expressed in the form of an expansion in Legen- the particle:

dre polynomials. Then we have:

Scattered ray

Transmitted ray

(1) The starting coordinatesgni; and yjnit of this ray are

randomly chosen using random generated numbers

Pins(6) =Y _ ay Piag(0) (0 < D; < 1) by:
n=0

Nmax

Given that the medium is made of spherical particles and Xinit = (D1 — 0.5) X 2 X Rpart
that the scattering properties of the inside medium are inde-  yjnit = (D2 — 0.5) x 2 X Rpart
pendent of azimuth angle, we assume that all the scattering
properties of the bed are independent on the azimuth angle(2) If ,/xi%m + yi%it > Rpart, the ray will not hit the parti-
(azimuthal symmetry). cle. Operation (1) is then repeated until the ray hits the
Finally, we will also consider that the refractive index of sphere.
the inside medium is equal to unity and, therefore, no reflec- (3) The direction of the plane incident wave is arbitrarily
tion occurs at the interface between the air and the spherical  chosen along the-axis. Then, the starting directions of

particles. the generated ray are set to:
dx =0, dy =0, dz=1
3. Radiative characteristics of spherical particlesalone (4) The procedure determines the coordinate, z of the

point where the ray hits the particle. We have= xinit,

y = yinit andz = —,/R?2 — yi%it - xi%it'

(5) The distancelist traveled by the rays in the particle be-
fore being intercepted is computed from the extinction
coefficientBins and from a random generated numtier

3.1. Description of the ray-tracing method for one particle

Interaction of light with a spherical particle can be de-
scribed by three radiative characteristics. These characteris-

tics are: by:
S . . . ) —Ln(D)

e the extinction efficiency factoQpart corresponding to digt =

the fraction of incident radiant energy that is absorbed Bins

or scattered by the particle; (6) The coordinate of the point where the ray is intercepted
o the albedawpart corresponding to the fraction of inter- are calculated by

cepted energy that is scattered away from the patrticle; _
o the scattering phase functiaPpar(@) which describes Xnew= X + dist x dx

the angular distribution of the energy scattered away Ynew=y + dist x dy
from the sphere. ,
p ZneW=Z+d|SthZ
We have developed a method based on a 3-D Monte The procedure continues with the new values xpew,

Carlo procedure in order to determine these characteristics  y = ynews 2 = Znew

for spherical particle containing an absorbing and scattering e If \/x2+ y2+ z2 > Rpar, the ray has left the sphere:
medium. This method simulates the interaction of a plane — Ifit has never been scattered by the inside medium,
incident wave with the particle. The plane incident wave the ray is transmitted through the particle (trans-
is divided in light rays of unit energy which are uniformly mitted ray). The parametetrans is incremented.
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The procedure for the current ray stops and it starts
again from operation (1) with a new starting ray.
The parametecompt counting the number of rays
generated is incremented.

— If it has already been scattered one or several
times, the procedure calculates the anglebe-
tween the incident and leaving direction. We have:
0’ = cos }(dz). The parameters(¢’) is incre-
mented. The procedure for the current ray stops
and it starts again from operation (1) with a new
starting ray. The parameteompt is incremented.

o If \/x2+ y2+ 72 < Rpan, the ray is still in the par-
ticle. The procedure continues and goes to opera-
tion (7).

The procedure determines whether the ray is scattered

or absorbed by the inside medium using a random gen-

erated numbeb.

o If D > wins, the ray is absorbed by the inside medium.
The parameteAbso is incremented. The procedure for
the current ray stops and it starts again from opera-
tion (1) with a new starting ray. The parametampt

is incremented.

o If D < wins, the ray is scattered by the inside medium.
The choice of the scattering angleis dictated by the
scattering phase function of the inside medium. Indeed,
the probability for the incident ray to be scattered in a
direction making an angle with the incident direction

is equal to:%P.ns(a)sin(a)da. The scattering angle

is then determined from the scattering phase function
Pins(0) using random number® (0 < D < 1) by com-
puting the value ob which satisfies the relation:

foe |ns(Ol)Sin(a)da_
fo Pins(@) sin(er) do

The values of the integrals are determined analytically @@

whereas the value #fis identified by dichotomy. As the
inside medium scatters with azimuthal symmetry, the
azimuthal scattering anglg is randomly chosen using
a random numbebD: ¢ = 27 x D. The procedure then
determines the new directiongbw, dynew and dpew Of

the ray from the former directionxd dy, dz and from
the angle® and¢. After several changes in the coordi-
nate system, we have:

— Ifdy >0,

dxnew= Sin(@) sin(¢) cogsin(dx))
+ sin(@) coS¢) x dz x dx

+ cog6) sin(cos 1(dz)) x dx
dynew= —Ssin(®) sin(¢) x dx

+ sin(@) cos¢) x dz x cogsin~t(dx))

+ cog6) sin(cos *(dz)) cogsin(dx))
dZnew— COX@) X dZ

— sin(@) cog¢) sin(cos 1(dz))
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— Ifdy <0,
dxnew= — Sin(@) sin(¢) cogsin(dx))
+ sin(f) cog¢) x dz x dx

+ cog6) sin(cos 1(dz)) x dx
dynew= —Sin(@) sin(¢) x dx

— sin(®) cog¢) x dz x cogsin~t(dx))

— cog) sin(cos 1(dz)) cogsin(dx))
dZnew— CO&Q) X dZ

— sin(@) cog¢) sin(cos”

L(dz))

Then, the procedure goes back to operation (5) with the

new values of d = dxpew, dy = dynew and d = dzpew-

The procedure stops when the number of rays generated

compt reaches a large fixed valaérs. The procedure is

summarized by the diagram on Fig. 2.

For a great number of rays generated, we can compute:

o Trans= ”rt]{ﬁgs the proportion of the starting energy
that pass through the particle without being scattered
or absorbed (transmitted rays);

o Sca= MIS-ADD-NIANS: the proportion of starting en-
ergy leaving the particle after one or several scattering

by the inside medium (scattered rays);

e Abs= ﬁtﬁ’f‘s’ proportion of starting energy absorbed by
the particle;
o E@) = 22 - the average angular repartition

JoB0s@ydor”
of the energy scattered outside the particle. In prac-

compt = ntirs ?

Calculation of the initial coordinates
and directions of the ray:
operation 1. and 2.

Calculation of the coordinates
of hitting point: operation 4.

Determination of the distance dist and
the coordinate of the interception
point : operation 5. and 6.

‘ Is the ray still in the particle ?
yes

Is the ray absorbed or scattered ?

ntrans=ntrans+1

Already scattered ?

S(8)=5(8)+1

scattered

Calculation of the scattering angles 6
and ¢ and of the new direction :
Operation 7.

Fig. 2. Diagram for the Monte Carlo procedure simulating the interaction
of the plane incident wave with the particle.



930

tice, the repartition is discretized fé = 0°, 6, = 1°,
..., 0180=18C. Then, all the rays leaving the sphere
with an angle’ comprised betwees’ — 0.5° and
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the amplitude of the fluctuations of its value for several sim-
ulations using different random numbers. The fluctuations
of the results proves to be always lower than 0.1% when

ntirs= 10°.

As can be seen, the evolution @fpart is close to(1 —

The radiative characteristics of the spherical particle are ¢—#insRparty gand then tends to the asymptaiart = 1 when
then calculated by: BinsRpart reaches large values. Most of the incident energy is
then intercepted. This result is not surprising given that, in
semi-transparent medium the intensity decreases exponen-

6/ +0.5° are regrouped i (6)).

QOpart= (1 — Trans)

. Sca tially when the extinction coefficient grows. This evolution
@part= (1— Trans) is of course independent @#ns and Pins(4).
/ E@®')d$2 . The \{ariatiqns of the scattering albedgart of the spher-
Ppart(0') = ical particle withBinsRpart are shown on Fig. 4 for different

Jo=ar E@) A2

Usually, all the rays hitting a particle are reflected, re-
fracted or absorbed, and then, if diffraction is neglected,
we haveQpart =1 (Qpart= 2 if diffraction phenomena are
taken into account which constitutes the well-known “ex- than 0.1% whemtirs= 10P.
tinction paradox”). However, in our case, given that the in- For small BinsRpart Values,wpart is close towins. Indeed,
side medium is not opaque, some rays can pass through then this case, most of the rays that are scattered out of the
particle without being refracted, absorbed nor scattered andsphere are scattered only one time and then corresponds to
then O< Qpart< 1. the single scattering albedo of the inside medium.

On the other hand, whepfinsRpart is large enough, the
wpart can be noticeably smaller thas,s. For example, when
BinsRpart = 8 and wins = 0.9, the albedo of the sphere is
0.57 for an isotropically scattering inside medium. It can be

In order to characterize the influence of the radiative char- explained by the fact that whefinsRpart is large, the rays
acteristics of the inside medium on the particle’s radiative that go out the sphere undergo several scattering and then
characteristics, the ray-tracing method have been applied tocover a long distance before leaving the volume. The frac-
different particles. For every cases, the number of rays gen-tion of intercepted energy which has been absorbed by the
erated during the Monte Carlo proceduraiiss = 10°. particle is then more significant than when the rays are scat-

The calculations tend to show that dimensionless numbertered a small number of time. So, the fraction energy that is
BinsRpart is of great importance. The evolution of the extinc- scattered away from the sphere becomes less and less im-
tion efficiency, the scattering albedo and the scattering phaseportant whenginsRpart Values increase. This observation is
function of the ball is indeed strongly dependent on its value. confirmed by the calculations since Fig. 4 shows a monotone

We also observe that the way of evolution wiiasRpart is decrease abpart With BinsRpartin all cases.
practically the same whatevey,s and Pis(9) are.

As regards the extinction efficiency fact@par, it only

cases. Its value also depends on the albedo and the phase
function of the inside medium. The fluctuations on the value
of the albedo has been estimated by the same manner as the
extinction efficiency factor and turns out to be always lower

3.2. Evolution of the radiative characteristics of one
particle

=P ) 15
depgnds on the value @nsRpart. Its evolution is depicted —|sotropic inside scattering and wee= 0,9
on Fig. 3. The convergence 6fpart has been estimated from —— Isotropic inside scattering and wins = 0,3
— — Predominant forward scattering and wj,s = 0,9
12 075 —+— Predominant forward scattering and wis = 0,3 |
L ———————— e O T
o5 / 05
Qart / —— Qpen with Monte Carlo Opart
06 R 1-exp(-BinsRpart)
/ 0,25 1™
04 -
02 L R Sy ——— =
21}
’ 0 . . ‘ : .
0 - ; ; , ; : , " ) 0 2 4 6 8 10

0 1 2 3 4 5 6 7 8 9

BinsRpart BinsXRpan
Fig. 3. Evolution of the extinction efficiency factor of the particle with the
dimensionless numbginsRpart.

Fig. 4. Evolution of the particle’s scattering albedo with the dimensionless
numberginsRpart for different inside medium.
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0=90° 90
4 —Pu) =
" " BinsXRpat=0,5 and wi =0,9 80
* PinsXRoart =1a0d @iy =0,9 \.\
* BinsXRpar =2 and oy, =0,9 70 -
BinsXRoart =4 and oy, =0,9 \_\ — Bins=500 m :; Roart = 1Tmm
BinsXRpart =8 and o, =0,9 ins=100 M™; Rpan = 1Tmm |
p 60 —* Bins=100 R 1
BinsXRpart =4 and g, =0,3 Bina(m™) \.\ —8— Bp=1000 m™; Rpar = Imm
—4— Bns=500 m™'; Roar = 4mm

50 3
\ —@— B,s=500 m”'; Ryat = 8mm
40

30

20

Porosity &

Fig. 5. Evolution of the scattering phase function of the partitdgr(6)
with the dimensionless numbgsRpart for an isotropically scattering in-
side medium.

Fig. 6. Evolution of the bed’s extinction coefficient with the porosity for
different radius of the particles and different extinction coefficient of the
inside medium.

The scattering phase functio®ns(6) of the inside wins @lso has an influence aPpart(@) as shown on Fig. 5.
medium also have a slight influence @gat as shown on  For small values ofwins, the “back-scattering effect” due
Fig. 4. For a predominant forward scattering phase function to the spherical shape of the particle is more pronounced
of the inside medium Pins(6) = 1 — cog9)) the decrease  than for larger values. Indeed, the energy of the rays scat-
of wpart With BinsRpart is more pronounced in the two cases tered away from the sphere in forward directions and which
(wins = 0.9 andwins = 0.3). Indeed, given that, for large val- leaves the ball after several inside scattering is much smaller
ues of BinsRpary, the first scattering of the rays takes place for smallwins than for greatwins. Then, it also favors back-
near the entering face, the path covered by the rays beforescattering.
leaving the sphere volume is longer when the rays are pre-
dominantly scattered in the forward_ directior_L The fraction_ 4. Radiative characteristics of the whole bed
of energy that leaves the sphere without being absorbed is

then less important. When independent scattering occurs, the extinction coef-
As regards the scattering phase function of the particle ficient as well as the scattering albedo and phase function of

Ppart(0), the value offinsRpart is also of great importance.  the whole bed can be simply determined from the contribu-

The evolution 0fPpar(6) With SinsRpartis depicted in Fig. 5 tions of each particle. We then have:

for an isotropically scattering inside medium. The results

show thatPpar(#) could be strongly different fronPins(6) Bind = Npart X Spart X QOpart

whenBinsRpart is large, as for the particle’s albedo. It seems g = wpart and  Pind(6) = Poar(®)

that the spherical shape of the particle favours backward

scattering as shown on Fig. $par(6) is then no longer For spherical particles, we have:

isotropic as soon aginsRpart €xceed 0.5 and the sphere _ 1-¢ S — 7 R2
scatters backward preferably. Indeed, the length of penetra- P" AT RS part part
tion of one ray in the ball before being scattered is very
- . and then
small and the path length of a ray leaving the ball in a for-
0.75x (1—¢)

ward direction is therefore longer than that of a ray directly Bind =
back-scattered outside of the sphere. The amount of energy Rpart
leaving the sphere in forward directions is then smaller. We  We have represented on Fig. 6 the evolution of this ex-
notice that this “back-scattering effect” appears whatever the tinction coefficient with the porosity for beds containing
phase function of the inside medium is. particles with different radiugpar and different extinction
For very large values OBinsRpart (> 8) Ppart(9) tend to coefficientBins.
the phase function of a diffusely opaque reflecting sphere  The extinction coefficient of the whole bed is linearly de-
which is characterized by no scattering in the incident di- pendent on1 — ¢). The dependency factor varies wifkhs
rection. The length of penetration of a ray in the sphere is and Rpart.
then so small that the only way for a ray to go out of the We also have depicted on Fig. 7 the variatiorBgf with
sphere without being importantly absorbed is to be directly Rpa for different values ofins for a bed withe = 0.95.
scattered out in a back direction. Therefore, the particles be- We remark that the greater Bpar, the lower is the ex-
have like a sphere which reflects the radiant energy with thetinction coefficient of the whole bed, whatever the values of
same probability for all directions (diffuse). Bins is. We also observe logically that the greategijg, the

part
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s medium and that of an opaque diffusely reflecting sphere

80 1 when the non-unit numbeinsRpart increases.
\ Igjf:!&%%‘“;—l As regards the radiative characteristics of the whole bed,
% *Bu=2000m’ [ we conclude that the extinction coefficient is linearly depen-
Poa () \ dent on(1 — ¢). However, it varies in a complicated manner

“ \\ with the radius of the particles and with the extinction coeffi-
cient of the inside medium. We propose a formula to approx-

20
\\ imate it easily according to the porosity, the particle radius

ot % ; ; : : : ; : : and Bins. Given that the_particles are supposed to scatter in-
Ryare (M) dependently, the evolution of the scattering albedo and phase
function of the bed is the same as for the particles alone.
Fig. 7. Evolution of the extinction coefficient of the bed with the radius of We, thus, have characterized the radiative behavior of
the particles for different extinction coefficient of the inside medium. such beds whose porosity is sufficiently important to con-
sider that the independent scattering theory is valid. In order

more important ising. Indeed, as was said before, the vari- 4 take into account the dependent scattering effect, more in-
ation of the extinction efficiency facto@part are close to vestigations are required.

1-— e_ﬂinstart_ Then, we have:
0.75x (1—¢) x (1 — e_ﬂinstan)
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