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ABSTRACT

The estimation of thermo-physical properties of materials at high temperatures requires the develop-
ment of robust and fast-enough direct models that takes into account the strong coupling between
conduction and radiation. The interest in using the Monte Carlo method to obtain a conduction—
radiation model in a semi-transparent material solved in a reduced computational time is addressed
in this study. An academic configuration that consists of an absorbing/emitting and non-scattering
gray medium with steady-state conduction is investigated since this study is meant to be a proof of
concept. It is demonstrated that the radiative source term of the heat equation may be estimated as
a function of the temperature field to the fourth power, using a Finite Differences algorithm and a
single Monte Carlo simulation of radiation. The results of the numerical study show that, on the one
hand, they are in good agreement with those found in the literature and, on the other, that the coupled
model can be resolved in a significantly shorter amount of computational time than with traditional
methods thanks to the functional estimation of the radiative source term. In fact, in each of the fifteen
analyzed cases, the coefficients of the function were determined in approximately 6s using the Monte
Carlo method using a laptop with standard computational resources. The computation of the function
and its application revealed that, depending on the studied configuration, a resolution with the finite
differences—functional Monte Carlo algorithm can be around twenty to one thousand times faster than
a classic Finite Differences—Monte Carlo algorithm. Due to these characteristics, as well as the fact that
the functional estimation is insensitive to the associated geometry’s complexity and can be extended
to configurations with heterogeneous radiative properties, it becomes possible to utilize this method

in inversion procedures, since the direct model must be evaluated numerous times.

1. Introduction

Reducing the carbon footprint of high-temperature man-
ufacturing processes (e.g., glass furnaces) is one of the
industry’s most pressing current concerns [50]. At the con-
sidered temperatures (beyond 1000 °C), measurements and
instrumentation are challenging. Because of this, the behav-
ior of materials involved in these processes is not always
accurately modeled. In this context and in order to limit heat
losses, it is necessary to optimize the usage of materials in
these processes [28]. To attain this objective, it is essential
to develop methods for measuring the thermophysical prop-
erties of these materials at their operating temperature.

The estimation methodology for thermophysical prop-
erties of materials is founded on a triad of experimental
measurements, a direct model and inversion algorithm [19].
Since the estimation of thermal properties is highly depen-
dent on the model involved, one of the greatest challenges
is to develop direct models that account for the significant
conduction—radiation coupling in the sample at high tem-
perature [37]. As a matter of fact, the insulating materials
employed in such applications are often refractory ceramic
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foams composed of silica and/or alumina that have a het-
erogeneous and complex structure [24, 25]. These materials
are semi-transparent to radiation at high temperatures, mean-
ing that emitting/absorbing and scattering processes occur
within the volume. Thus, both the conduction-radiation cou-
pled heat transfer and the possibly complex geometry of
the experimental setup and the sample must be considered.
In addition, for this coupled model to be employed in an
estimation methodology, it must provide a reasonable trade-
off between accuracy and speed of execution for the model’s
resolution.

In the majority of inverse processes associated with the
estimation of thermal properties at high temperatures (ther-
mal conductivity or diffusivity, for example), either purely
conductive models or coupled models with assumptions on
the optical properties (no scattering events, grey medium
etc.) have been used [20, 21]. Thus, a robust coupled direct
model is required in which these assumptions can be elimi-
nated and which is not restricted to an asymptotic approach
(optically thick or thin media). Prior research established
the viability and use of the Monte Carlo method for solving
coupled and transient thermal problems in the context of
characterizing complex media [41].

The development and resolution of a coupled conduction—
radiation model in a semi-transparent medium are addressed
in the current work. A methodological choice has been taken
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to concentrate on three semi-analytical solutions developed
by Viskanta et al.. The first case’s solution (1) corresponds
to a pure absorbing medium with black walls [46], the
second (2) to a pure absorbing medium with grey walls
[45], and the third to an absorbing and scattering medium
with black walls [44]. Viskanta et al. derived the solution
of these cases by reducing a nonlinear integro-differential
equation to a nonlinear integral equation dependent on
exponential integral functions. The numerical results were
derived via an iterative process. As, to the best of the authors’
knowledge, relatively few analytical solutions exist in the
literature relating coupled conduction-radiation problems
in semi-transparent media [15], these reference examples
have been extensively studied. The first case (1) was studied
by Asllanaj et al. [1] utilizing the Finite Volume Method
(FVM) to solve the radiative source term based on a cell
vertex scheme and associated to a modified exponential
scheme. The heat transfer equation was solved using finite
elements of low or high order. Perraudin & Haussener [38]
investigated this problem (1) by quantifying the coupling
effects in a macro-porous medium by solving the volume-
averaged continuum equations with effective transport equa-
tions. They developed a computational method employing
cell-centered finite volumes and Monte Carlo ray tracing
methods to solve coupled heat transfer using a structured
mesh. Ouchtout et al. [32] recently proposed a Finite El-
ement Method (FEM) framework to describe the coupled
heat transfer inside a heterogeneous medium at discrete and
continuous scales and they compared their methods on cases
(1) and (3).

In this study, the transient heat transfer equation is solved
using the Finite Differences Method (FDM), and the vol-
umetric radiation is solved using the Monte Carlo Method
(MCM). The novelty and interest of this method lay in the
functional estimation of the radiative source term with the
MCM, which enables the evaluation of the temperature field
in a significantly shorter amount of time than traditional
methods. This functional estimation is performed with a
single Monte Carlo computation without compromising the
complexity of either the physics or the geometry, as no
intersections of the rays with the mesh are needed. This
function can therefore be directly used at each iteration of
the FDM algorithm, resulting in a significant reduction in
computational time in comparison to a standard direct model
resolution in which the MCM computation is performed
at each iteration. The estimation of a function of physical
quantities with the MCM was initially referred to as Inverse
Monte Carlo and Symbolic Monte Carlo in the field of
radiative transfer [6, 7, 13, 27] and has only recently been
applied to coupled heat transfer [35, 34, 33].

From analytical to complex geometries, in radiative
transfer problems resolution, the estimation of a physical
quantity as a transfer function depending linearly on source
parameters is a common practice. In the case of transparent
media and surface-to-surface radiative heat exchanges, the
computation of view factors is essential [30]. In practice,
when the number of surfaces is large and the geometries are

complex, these computations can be costly, and numerous
methods attempt to pre-calculate these view factors to reduce
computation time and complexity. Monte Carlo methods are
commonly employed in standard practice to calculate view
factors, particularly when estimating net flux exchanged. In
such cases, view factors can be calculated once and for all
with a single Monte Carlo calculation [8, 31]. This practice
is inspired by analytical view factors calculations from the
work of [14, 17, 18, 30]. Even though the current study’s
methodology does not follow the same path, it reaches
the same conclusion. In contrast, the view factors (i.e.,
the coefficients of this linear function) are explicit in the
practice described here, whereas they are implicit in the
practice described previously. In other words, the concept of
a radiative quantity as a linear transfer function with respect
to sources is inherent to the Monte Carlo practice in radiative
transfer, particularly in transparent media.

Several research groups have calculated the components
of the linear operator expressing the radiative source term as
a function of the temperature field to the fourth power for
a gray semi-transparent medium in the case of participating
media in which radiative exchanges occur in volume. The
functional estimation of the radiative source term presented
in this article is conceptually comparable to the Monte
Carlo Ray-Tracing technique based on radiative exchange
factors. [40, 23, 42]. This method was first described at
the start of this century, and before it, K. Kudo developed
a similar technique known as Radiant Energy Absorption
Distribution (READ) [47] in the 1990s. More recently, Li
et al. [22] extended this Monte Carlo method based on the
READ concept to problems involving combined conduction-
radiation heat transfer in irregular geometries with cartesian
grids. In addition, Zarrouati et al. [48] applied this method to
absorbing/emitting and scattering medium in which a matrix
of probabilities P;‘} is introduced, where an element Pie.“
of the matrix is the probability that a ray emitted by a cell
i is absorbed by a cell j. Py is evaluated by a classical
Monte Carlo ray tracing technique and independent of the
temperature field. Consequently, the vector of the radiative
powers deposited within the cells has a very straightforward
expression, as it is a linear operator of the vector T4, with the
components of this linear operator (i.e., the matrix) being
expressly related to the probabilities matrix. Similar to the
current study, Zarrouati et al. worked on absorbing/emitting
and scattering media in the case of black walls. When the
results are presented, the coefficient matrices of the func-
tions will be specified for the purpose of analysis. Unlike
the radiative exchange factors method, the functional Monte
Carlo method presented here does not require meshing the
volume and dividing it into sub-volumes or surface elements
in order to estimate the radiative source term for the heat
conduction equation.

In other regards and due to the advantages of fast cal-
culation, the P; approximation has been used to estimate
the radiative source term in potentially non-gray participat-
ing media problems associated with engineering research
involving conjugated heat transfer [2] or thermal transfer
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coupled to chemical reaction kinetics [3, 4] for instance.
This method was also applied in a numerical study on the
influence of radiative heat transfer on parallel hot-wire ther-
mal conductivity measurements at high temperature [37],
showing the limitations of the the P; approximation and the
need for the development of a coupled conduction-radiation
model free from the diffusion approximation.

The goal of this study is to provide a proof-of-concept
of the procedure in an academic case that can be expanded
in the future to more complicated cases. In light of this, the
reader may be aware that the entire algorithm is designed
for a general case in which radiative properties depend on
frequency, despite the fact that the method is implemented
in grey media cases in the Results section and that the
current investigation is restricted to non-temperature depen-
dent thermophysical properties. The heat transfer model of
the academic configuration is described first in Sec. 2.1,
followed by the algorithm of resolution, which consists of
a classic resolution with the MCM (see Sec. 2.4) and a
functional estimation of the radiative source term with the
MCM coupled with the FDM resolution (see Sec. 2.5).
The results are then compared to semi-analytical solutions
from [46, 45, 44], which serve as a benchmark in Sec. 3.1,
Sec. 3.2 and Sec. 3.3. After this, the benefits of adopting the
functional estimate MC-FD approach in terms of calculation
time are demonstrated in Sec. 3.4. Finally, conclusions and
perspectives for the future research studies are offered Sec. 5.

2. Models and methods
2.1. Studied configuration

Tictt  €left Tiight » €right

Xp = 0 XO?L
Figure 1: Schematic view the configuration assimilated to a

hot plate configuration.

The studied configuration is represented on Fig. 1 and
corresponds to the three cases developed in Viskanta et al.
references [46, 45, 44]. The system is comprised of a gray,
absorbing/emitting and scattering medium D bounded by
two diffuse, non black, infinite, isothermal and parallel plates
(0D = 0D, U0Dyjyp,)- The problem can be considered one-
dimensional, along the axis O¢,. The plate has a unit length
of L = 1 m and the optical thickness 7 is set equal to 1.
The plates temperatures set at Tjor and T, are respectively
located in (X = 0,0,0) and (X = L,0,0) with emissivities
€lefy and €ggp < 1. In this problem, conduction is at steady-
state and radiation within the volume D. The equations

describing the system are the following :

AT -V -Ge=0 VXeD 0
T(Xg = 0) = Tiegy VX =Y € 0Dg, 2)
T(XO = L) = Tright V.;C’ = 5; (S aDright (3)

The radiative source term —V - ggr from Eq. (1) may be
obtained from a radiative balance of a homogeneous and
isothermal volume V expressed as follows:

D) = /V (-9-G)av

+o0
=/dv/ d@/ dvk,, (LX) - I,(X,@))
1% 4z 0
)

In Eq. (4), dV corresponds to an elementary volume
element, d@, to the solid angle, k, , to the spectral absorption
coefficient and v to the frequency. In the present study,
homogeneous spectral radiative properties are considered.
The blackbody spectral intensity Z," is expressed with the
Planck’s law.

3
R T )

With A the Planck constant (in kg m? s_l), ¢ = cy/n, the
speed of light in the medium (in ms~!) with ¢, the speed
of light in the vacuum and n, the refractive index in the
semi-transparent medium, kg, the Boltzmann constant (in
JK=!) and T'(X) the temperature at the X location. Z (X, @)
is the spectral radiative intensity (in Wm=2sr~! cm™!) at
the location X in direction @ and is solution of the following
Radiative Transfer Equation (RTE) [30]:

&VL(F,&) = —(ky, + kg )T, (%, &) + ky , T,

- o=/ - -/ -/ (6)
+ kg, Py (X, 00T (X, @ )dd
4z

Where @ is the unit direction, k:, the spectral scattering
coefficient and Py, ,, the scattering phase function.

In this study the heat equation corresponding to Eq. (1) is
solved with the FDM (see Sec. 2.2) and the radiative source
term is solved with the Monte Carlo method (see Sec. 2.3),
implying no linearization of the radiative source term. The
complete finite differences and Monte Carlo algorithm is
presented in Sec. 2.4.

2.2. Heat conduction numerical resolution

The laplacian term AT of the Eq. (1) is approximated
using a second—order centered finite differences scheme in
such a way that:

_ T+ 1] =2T[i[]+TT[i - 1]
= 52

X

AT

@)
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Figure 2: Schematic view the 1D configuration in which
conductive nodes are represented with purple circles and
radiative nodes, with green squares.

The 1D bar is discretized into a number N 4., of meshes
and the spatial step is identified as 6,. The conduction
meshes are indexed by the index i ranging from 0 to N ges—
1, as represented using purple circles on Fig. 2. Each node
i is located at the center of a conductive mesh, each mesh
has a width , and in the FDM the assumption made is that
the temperature of each conductive mesh is homogeneous.
By inserting Eq. (7) into Eq. (1), one obtains the following
equation:

52
T[i] = %(T[i +1]+T[i—1]) - 2—;Sray[i] ®)

The previous equation is valid for i € {1 : N4 — 2}.
For the two boundary nodes, in i = 0 and i = N ges — 1,
the temperature values are set and respectively equal to T}y
and Trigm-

The volumetric radiative source term Sy, in Wm is
calculated at each iteration of the finite differences algorithm
for each conductive node i. To this end, the radiative source
term @, ! is estimated for each radiative node j with a Monte
Carlo computation and then equally allocated between the
two conductive nodes nearby, such as :

O+ Pl - 1]
Sray[l] - 25X (9)

The radiative mesh is chosen slightly shifted from the
conductive mesh and in each radiative mesh, the radiative
source term @, is homogeneous. In Fig. 2, the radiative
meshes, represented in green squares, are stated with the
index j ranging from O to N, 4. Taking into account the left
wall contribution, with a mesh element referenced at j = 0
and the right wall contribution in j = N, 4., there is a total
of N, 4es + 1 radiative meshes (N, 4. — 1 meshes added to

the two walls contributions).

2.3. Estimation of the radiative source term with
the MCM
In each node j of the radiative mesh, the radiative source
term @, is estimated with a Monte Carlo computation.

I The heat flux @y, in W estimated in Eq. (4) is integrated over the length
L and becomes a surfacic heat flux is expressed as @, = [ L,(—§ -qr) dl =
Jedl [, dé [ dvk,, (I4G) - 1R, &) in Wm™2.

In order to estimate the source term with a Monte Carlo
algorithm, Eq. (4) must be translated into statistical terms.
The solid angle d@ may be expressed as follows :

/ch:/ d(p/ﬂsin(e)de (10)
4r 2z 0

Given the polar and azimuthal angles, respectively 6 and
@, injecting Eq. (10) in Eq. (4) gives:

¢)£=

/Px(i’) df/ Po(@) d(ﬂ/ pe(0) do -
D 2n 0

/ - d ko (1 - 1, &)
ot v)av
Vinin PN Px(®) po(@) pe(0) dO py(v) (1D
ko, (I = T,(%,&
oo, - ta @ -LED)
Px(X) pop(®) pe(0) py(V)

. /
D'

w

By incorporating probability density functions, the pre-
vious equation can be given a statistical interpretation. In
fact, the integral expression of the radiative source term of
Eq. (11) can be read as the expectation of a random variable
W, the Monte Carlo weight, such as ®, = E(W'). Then each
of the following elements can be identified :

« Sampling of an emission location X within the medium
px(X) = % is the uniform probability density related

to the distribution of a photon emission location X
between (x, = 0,0,0) and (xy = L,0,0), in which
X is defined as the random variable related to the
location within the medium D and X its realization.

« Sampling of an emission direction & : The emission
direction is calculated with the successive sampling
of the polar angle 6 and azimuthal angle @. In the
case of an isotropic emission, each of the probability
densities are based on the definition of the solid angle
from Eq. (10). The polar angle random variable © is
sampled uniformly between O and z with the related
probability density pg(0) = &2(9) and its realization is
denoted 6. The azimutal angle random variable @ is
sampled uniformly between 0 and 2z with the related
probability density pg (@) = % and its realization is
denoted ¢ (see Fig. 3). The ratio 1/4rx is the result of
the solid angle integration over the sphere 4z

» Sampling of a frequency v : A frequency v is sampled

according to the probability density function py(v)
within the interval [v,,; Vinax]» then the monochro-
matic absorption coefficient k, , can be calculated as
well as the black body spectral intensity Z," and the

spectral radiative intensity Z (X, @).
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Figure 3: Definition domains of the polar angle 8 and azimuthal
angle @.

« The Monte Carlo weight w : At the end of each k'
realization of the algorithm, the value of w, corre-
sponding to a realization of the Monte Carlo weight
random variable W is saved. In Eq. (11), however, if
Isq can be calculated from Eq. (5), the value of the
spectral radiative intensity 7, (X, @) remains unknown.
This value can be determined using the reverse Monte
Carlo algorithm, as described in Appendix A. Optical

paths are sampled until an emission location X 4
is encountered and the path ceases; eventually, the

Monte Carlo weight can be estimated and stored (see
Eq. (14)).

A Monte Carlo computation consists in sampling Ny;c
optical paths, providing Ny optical paths, providing Ny;c
realizations wy, wy, ..., Wy of W, and then estimate the
radiative source term @, as the mean value m of these Monte
Carlo weights realizations. The estimation m of the source
term and the estimation s of the uncertainty associated are
detailed in the following equations :

N
1 MC
NMC k=1
< 1 1 N %
s=——(—— D wi-n’ (13)

Nyc \ Mve =5
_ 5X 4r ka,v (Isq[jstart] - qu[jend])
(V)

Wy (14)

S

One estimation m is performed for each mesh element
J = Jsare Of the radiative mesh. Hence, at each iteration
of the finite difference algorithm, N, 4., — 1 Monte Carlo
computations are carried out.

From Eq. (11), the essence of the path sampling for one
realization of w) may be derived and is represented in Fig. 4,
the latter runs as follows :

@ A starting position X, is sampled uniformly within

the wall of thickness L (between x = 0 and x = L)
according to the probability density pyx(X).

The current position X, value is set equal to Xy-

Then, a direction @ is sampled with the successive
samplings of the angles ¢ and 6 according to the
probability densities pg (@) and pg(6). A frequency
v is sampled between v, and v, according to
py(v). An extinction length / is sampled according to
the exponential Beer-Lambert law (depending on the
extinction coefficient f, = k, , + k) and the current
position X, value is actualized to X, + [@.

A test is performed to identify if the current position
X, is still within the volume D or at the medium
boundary 9D (either 0Dy in or 0D jgp).

If X, € D, a random variable r is sampled according

to a uniform law between 0 and 1. r value is compared
kV
S

to the scattering albedo Ik

bility :

corresponding to a proba-

kY . .
o Ifr < ﬂ—i, a scattering event occurred in X and

the algorithm carries on with step .

« Else, an absorption event occurred in X, path
stops and the Monte Carlo weight is stored.

@ If X, € 0D, a test is performed to identify which of

the two boundary was reached :

o If X, € 0D (X. = Yjefe)> @ random variable
r is sampled uniformly between O and 1 and
compared to the value of the wall emissivity

€left (Step ). If r < € (homogeneous to a

probability), absorption occurs on the left wall,
the path stops and the Monte Carlo weight is
stored. Else, r > ¢.5: a reflection event occurs

(step @), a direction @ is sampled uniformly
on the hemisphere and the current position is set
t0 Vieg + | Vrere — Xc |-

o If X, € 0Dyigy (X = Yrigny)» similarly to the
previous described steps either an absorption

event occurs on the right wall (step ,r <

€rignt) and path stops, or a reflection event occurs

(step ) and the path goes on in the medium

at a position fright + ||X, — (fright = Yiet) | ®-

@ After reflection events on both boundaries, a uniform

random variable r is sampled and, similarly to step

. e kg
, compared to the scattering albedo probability ; .
Either an absorption event occurs in X, and the path
stops, or a scattering event occurs and the path goes

on in the medium (see step ).
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Figure 4: Path sampling algorithm corresponding to one realization of the Monte Carlo algorithm to estimate ®,.

In summary, the path starts at a location X, in the

medium in the mesh indexed jy, = 1 + [t W poges=1)
and this path can either end at one of the two boundaries or
within the medium :

« If the path ends in 0Dy, Xeng = Yy and the
corresponding radiative mesh index is j,,q = 0.

o If the path ends in 0Djg,

corresponding radiative mesh index is jo,q =

)_éend = ?right and the
N,

nodes*

« If the path ends in the medium D, the corresponding
radiative mesh index is retrieved and stored j.,q =

1+ 7 .
At the end of each k' path, the corresponding Monte
Carlo weight is stored such as described in Eq. (14). For
illustration purposes, Appendix B contains two examples

of potential optical paths sampled with the Monte Carlo
algorithm to estimate the radiative source term.

2.4. Finite differences and Monte Carlo algorithm

The finite differences algorithm operates with two tem-
perature vectors. The first one, Tnew gathers all the N, 4eq
values of temperatures, at each node, at the nth iteration of
the finite differences algorithm. The second one, T, old gathers
all the N, 4., values of temperatures at the previous (n— 1)
iteration.

As described in the Algorithm 2.1, the Told vector is

odes

firstly initialized with its values set equal to Tnew. Then, for
each radiative mesh element j, a Monte Carlo computation
is performed to estimate each source term @ ;[ j]. Afterward,

for each conductive node i the radiative source term Sray[i ]is

computed. Eventually the corresponding 7_'“new profile at the

L. Penazzi et al.:

Page 6 of 20


Lea
Rectangle 


Functional estimation of radiative source term with Monte Carlo method in coupled heat transfer problem

Algorithm 2.1: Computation of the temperature
profile T,.,, with the finite differences and Monte
Carlo algorithms.

while £ > tolerance do

fold “« Tnew %lInitialization
forj=1: N, 4 —1do
Monte Carlo estimation of @[]
end
fori=0: N, 4s— 1do
forj=1: N 4 —1do
Calculation of Sray[i] (see Eq. (9))

end
Calculation of each Tnew[i] (see Eq. (8))
e+ = ||Tnew£i]_fnld[i]||
Tnew[i]
end

end

n'M iteration of the finite differences algorithm can be com-
puted and the tolerance criterion € can be estimated. Given
an arbitrary value of the tolerance criterion, the previous
finite differences algorithm carries on until the computed &
value is lower than the tolerance criterion.

2.5. The corresponding functional estimation of
the radiative source term with MCM
Under the assumption of a gray medium, the frequency-
dependent General RTE from Eq. (6) is integrated over all
frequencies of the spectral interval considered, yielding a
formulation known as the Total RTE depending on a total
radiative intensity Z(X,@®). When the blackbody spectral
intensity derived from Eq. (5) is integrated over the entire
frequency domain and the refractive index » is set to 1, the
blackbody intensity can be expressed as follows:

70 = ISBrdz (15)
T

With ogp the Stefan-Boltzmann constant.

Under these considerations, at each iteration of the finite
differences algorithm, N 4., — 1 source terms are computed
with for each a Monte Carlo computation with Ny optical
paths sampled. These operations are time consuming and
may be questioned when one notices that at each iteration
of the finite differences algorithm, only one set of values
change and come in input into the MC algorithm : the list
of temperature at each node to the power 4 (see Fig. 5).

Given that only the value of the temperatures list T;‘l g 18
modified at each iteration of the finite differences algorithm,
the following methodology demonstrates how to estimate
each of the N, 4. — 1 radiative source term as a function
of these temperatures using a single Monte Carlo compu-
tation and what information must be stored at each path
sampling. Before beginning the finite differences algorithm,
Noyodes — 1 Monte Carlo computations are performed only
once to estimate each @, [j] = D [jar] as a function of the

temperature list at each conductive node to the fourth power:

: _ 4. 4. 4
@l = £ (TO LT . Tdees_1> (16)
. ~ J
Tiia
Let us start expressing the source term of the j™" radia-

tive element by developing Eq. (12) with the expression of
the Monte Carlo weight w, from Eq. (14):

Nmc
1

q)ﬁ[jstart] ~ N_ Z 47[ka5x (quﬁstart] - I[jend,k]) 17
MC =

In the previous equation, Z°9[jy,] is expressed as de-
scribed by Eq. (15) regarding the temperature T [jg,.] of
the radiative mesh jg,.. Z[jengi] = Z(X, @) is the solution
of the Total RTE (corresponding to Eq. (6) integrated over
the whole frequency domain) for the k™ path. As the path
undergoes successive scattering and reflection events, it
always ends with an absorption event in one of the j =
jena €lement of the mesh, with jo.q € {0, 1, ..., Npoges) °-
Hence, similarly to Z%4[j,.], the blackbody radiant intensity
absorbed at the node j.,q may be expressed as in Eq. (15),
such as: T[joqr] = 657‘3T4 [enax]- Given the previous
developments of each radiant intensity, the sum in Eq. (17)
can be distributed and the previous expression becomes :

Nye
. . 1 ,
(I)ﬁ [.]start] ~ 4kao-SB6x(T4[]start] - N_ 2 T4 Dend,k])
MC (=

®
a8)

With Eq. (18), if the aim is to estimate @ [jg,.], a
possibility could be to store at each realization k of the
Monte Carlo calculation the temperature T4 Jend k] of each
k'™ path absorbed in the radiative mesh element j, 4 5. Doing

so would still mean storing a temperature value of Told
during the Monte Carlo computation and hence, prevent the
estimation of the radiative source term as a function of f’;‘l &
as the temperature value would remain set. Instead of storing
at each realization T*[ Jend,kJ> an other possibility is then to
only store the radiative mesh index jg,q - In this way, the
only information stored for each path will be the absorption
location index jenq, and the temperature at this end can be
then computed in a post-treatment phase with the Eq. (5).

Given the previous path example detailed in Sec. 2.3
within Figs. 14 and 15, the information stored in this func-
tional Monte Carlo algorithm would be as detailed in Fig. 6.
Only one list of (Np,qes + 1) m; counters is necessary to
estimate the functional radiative source term ®,[j]. Each
element of this list stored the number of times a path ended
with a given radiative index j € {0, ..., Noges }-

2N, odes — 1 tadiative mesh added to the two fictive mesh of the left

boundary j = 0 and the right boundary j = N,

nodes*
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Functional Monte Carlo estimation of

q’ﬁ,.j = f(To41d)

— — =4 — —
Told - 71ncw T‘old ray Tnew
4
Ton— Ton-1 Srayy,, To.n
4
Tl‘n,—l Tl,n—l Sray]m Tl.w,
" e Monte Carlo estimation P L]
—_— —_— . - @ .  — e
4 oT eac [ ] !
L.n—] 7—;.71—1 L ] Sray,_H Tin
e e R nan
4 r
TN, gqeem—1 TN, peain—1 Toaaeam

n+<n+1

Figure 5: Scheme representing the nt" iteration of the finite difference scheme coupled to the two different Monte Carlo algorithm.

In the green square is represented the classic Monte Carlo estimation of each of the N,

nodes — 1 radiative source terms at each

iteration of the finite differences algorithm. In the red square is represented the functional estimation of the radiative source
term enabling the use of the function at each iteration of the finite differences algorithm. The functional radiative source term is
estimated with a single Monte Carlo computation before the finite differences algorithm.

0 1 2 J Nuodes — 1 Nnodes
0 0 0 . 0 0 0
k=1 0 ! 0 0 0 0
a Nyic
1 1
k=2 0 |—=—| O . 0 0 ~
Nuc Nyc
k=3 0 ! 0 0 ! !
- MNuc Nyic Nyc
Njo Nj_1 Nj_o Nj—j Nj—Nooaes—1 N~ Nuodes
k=Nve | ¥~ [Nua | & AR ¥ cee 7
Nuc [ Nyc | Nuc MC Nuc Nyic

Figure 6: lllustration of the functional estimation Monte
Carlo algorithm with the information stored at each k' path
sampling to build the function’s coefficients. The path starts in
the jth mesh element (framed in black) and finishes in an other
mesh element (framed in red), hence the information stored is
the jnqx index corresponding to the path’s end mesh element.

» Firstly, the m; values are initialized equal to zero

(represented with the green framed vector in Fig. 6).

 Then, after the first realization, k = 1, as the path ends
in the radiative mesh index j = 1, the counter at the

location m;[1] is increased by a value equal to L
Nyvic

« Similarly, for each of the following realizations k = 2
and k = 3, counters in the corresponding path end
radiative indices are updated, of respectively N; in

MC

m; [N —1]. This procedure

odes

1 .
nodes] and oo nm, [N,

goes on for each realization k out of the total Ny
realizations, until the last one in this example in which

for k = Nyc, the lastindex m; [ Ny qqe,] is incremented

of N; (at least two realizations ended up with this
MC
index).

At the end of the single Monte Carlo computation, the
output estimation m; is a list made of Ny4.+ 1 coefficients,
each of them counting how many times the path starting at
the j = j,r¢ index ended in the j.,4 index. In the case of the
previous example, the second part @ of Eq. (18) may be

reformulated as the following:

1 Nyic
—— ) T*enasl =
Nyic ,; e
Nme (19)
1 . _ 4 . _ 4
N k; Henax = 0T + Henay = DT + ...

.t H(jend,k = Nnodes)Tr‘i‘ght)
In which H is the Heaviside function equal to 1 if the

condition is satisfied and O otherwise. For the first term, at
the end of the k™ path, if Jendk = 0, H is equal to 1. Then,

1 Nme
Ar .
N, Z T jenaxl =
MC =1
1 4 4 4
N, <stlarl_0]-ieft + stlurl_l Tl toot stlurI_Nnudes Tright)
MC
Niodes N. .
_ i“ stlzu't_Jend T4[] ]
- d
) N en
.]end:(] Mc
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Functional estimation of radiative source term with Monte Carlo method in coupled heat transfer problem

(20)

In this fashion, the latter expression can be transformed
so that counters N i hold the number of times a path
ended in a mesh element 4 during the Monte Carlo compu-
tation. For example, Nj ..-0 holds the number of paths that
terminated in the mesh element indexed with j = j,,q4 = 0
out of the total of Ny, paths sampled.

The following reformulation is achieved by incorporat-
ing the previous developments of Eq. (19) into Eq. (18):

Niodes NJ j
. Ve start " Jend A4 -
(DL[]staIt] ~ 4kaUSB5x T [Jsta.rt] - Z N, T [Jend]
jendzO MC

2

N

Each coefficient %_'e“d is estimated at once with a

single Monte Carlo compll\l/ltcation. Actually all of the N ges—
1 computations of the source term can be made at once with
a single Monte Carlo computation®, giving the following
function :

T4[Nn0des - 1]
- qrl2]
- qrl1]

= 4kao-SB 5X X T4[2]
T[]

N m[Nnodes -1 _jend]T4[jend]

nodes
) Jena=0 m[2 B jend] T:Uend]
m[1 = jenal T" [enal

(22)

All of the coefficients m;; (with i € [1, Nj,qes — 1] and
J € [0, N uqes]) of the source term estimated function with
the single Monte Carlo computation can be gathered in a

(Nodes — 1) X Nyoges + 1 matrix M = M, expressed as
follows :
M =
N(Nnodes_l)_kﬂ N(Nnodes_l)_(Nm)des_l) N(Nnodes_l)_righ[
Nmc Nmc Nmc
No_jeft Nz_(Nnodes_ D N27righl
Nmc Nmc Nmc
Nl—left N] —(Nnodes—D Nl—right
Nvc Nmc Nvc
(23)
These m; ; coefficients can be viewed as volumetric view

ij
factors that determine how each element of the radiative
mesh views another. Similarly to the previous Monte Carlo

estimation, the uncertainty s, j of each radiative source term

30nly N,oqes — | radiative source term are estimated, as the radiative
source term of the two boundary mesh elements in j = 0 and j = N e
are not needed.

can be estimated as well as a function of the field of temper-
ature to the fourth power, although no further details will be
presented here.

The corresponding finite differences and functional Monte
Carlo algorithm is detailed in the Algorithm 2.2.

Algorithm 2.2: Computation of the temperature
profile Tnew with the finite differences and the
functional Monte Carlo algorithm.
forj=1: N 4..—1do
Estimation of the M with the Monte Carlo
computation (see Eq. (23))

end
while £ > tolerance do
i“old = T"new %Initialization
forj=1: N 4.,—1do
Computation of V. grlj]1 (see Eq. (22))
end
fori=0: N, 4es— 1do
forj=1": Nnode% —1do
Calculation of Sray[i] (see Eq. (9))

end
Calculation of each fnew[i] (see Eq. (8))
e+ = Maenlil=Toglill
Tnew[i]
end

end

Both of these Monte Carlo-finite differences (see Al-
gorithm 2.1) and functional Monte Carlo-finite differences
(see Algorithm 2.2) algorithms are applied to the three
different tests cases and validated in comparison with the
semi-analytical solutions from Viskanta et al. in the next
section. These algorithms are implemented in ¢ language in
Star-CoRad calculation code [36] thanks to the star-engine

libraries®.

3. Results and Discussion

Three distinct Viskanta et al. problems are investigated;
they were previously depicted collectively in Fig. 1. The
two first problems correspond to a pure absorbing/emitting
medium with black walls [46] and then with gray walls
[45], each of them are studied in the following Sec. 3.1
and Sec. 3.2. The last problem is an absorbing/emitting and
scattering medium with black walls [44] and is detailed in
Sec. 3.3. In each of these cases, conduction is at steady state
and radiation within the volume. Temperature profiles are
computed for different parameters values as shown below.
The research data repository [10] contains all of the data
used to generate the results of this article.

4https ://www.meso-star.com/projects/star-engine/star-engine.html
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3.1. Validation in a pure absorbing medium with
black walls

A pure gray absorbing medium D with black walls
(€iefy = €rigne = 1) is considered in the first scenario. To
quantify the relative contribution of conduction and radi-
ation, a dimensionless parameter, the Stark number (also
known as the conduction—radiation parameter) is introduced
and expressed as:

Ak,

= 3
4o sB ight

N (24)

Given a certain value of the temperature Tijop, corre-
sponding to the hot temperature of the plate, the fact that
k, = 1 m~! and the plate thickness L = 1m leads to an
optical thickness equal to r = L = k,L = 1. Thus, when
the Stark number value is set, the thermal conductivity value

A is inferred as presented in Eq. (25).

N4USBT3

right
A= 25
. (25)

a

For large values of A, conduction predominates and on
the opposite, for small values of N, radiation is the most
important energy transport phenomenon.

In total, three values of the Stark number N are chosen;
two cases values for which radiation dominates conduction
more or less strongly emphasizing non-linearities behavior
on the temperature profile, i.e. for A' = 0.01 and N' = 0.1;
one value for which conduction predominates radiation and
the linear temperature profile is retrieved, i.e. N = 1. For
each of these Stark Number values, results are computed
and presented in the case of the pure absorbing medium with
black walls in Fig. 7.

Two cases are studied for two different values of tem-
perature ratios. For each of these temperature ratios, tem-
perature profiles and relative errors profiles are presented, in
Fig. 7a and Fig. 7b for the T};gy = 2XTjef case and in Fig. 7¢
and Fig. 7d in the Tijop, = 10 X Tjep, case.

The relative error e, is calculated such as:

Tvis - TFD—FMC
T.

vis

€. =

(26)

The latter expression of the relative error is arbitrary and
in which T, stands for the temperature value from Viskanta
et al. and Trp_pyc is the temperature value computed with
the finite differences—functional Monte Carlo algorithm.
For both of the temperature ratios, the finite differences—
functional Monte Carlo (FD-FMC) results (represented in
black empty symbols on Figs. 7a and 7c) overlap accurately
the finite differences—Monte Carlo (FD-MC) results (repre-
sented in red, orange and green filled bullets), as it should be
because there is no valuable reason for them to differ. Also,
all of the results from the two latter algorithms are in good
agreement with results from the semi-analytical solution of

Viskanta & Grosh [46] represented in black continuous,
dashed and dotted lines. In order to go further, one may
notice that relative errors, as expressed in Eq. (26) do not
exceed respectively 1% and 1.5% for A" = 0.1,1 and N' =
0.01 in case of the T = 2 X T ratio (see Fig. 7b) and,
in the case with more non linearities with Tijop = 10 X Tieg,
the relative error does not exceed 3% for N' = 0.1, 1 and
8% when N' = 0.01, which is the extreme case for non
linearities (see Fig. 7d). The maximum values of relative
errors are in the case where non-linearities are greatest, i.e.
where radiation dominates conduction (N = 0.01), in mesh
elements with the most intense temperatures gradients, for
the values of optical thickness comprised between 0 and 0.1,
which are 1.4% and 8% of relative error for respectively the
first (see Fig. 7b) and second temperature ratio (see Fig. 7d).

3.2. Validation in a pure absorbing medium with
gray walls

In the second test case from Viskanta & Grosh [45], the
same configuration as in the first test case is considered,
but with gray walls (€j.; = €gp < 1). For a value of
the Stark number set to A' = 0.01 and a temperature ratio
corresponding to Tijop = 2 X Ty, different values of walls
emissivities are chosen. Three cases are considered with:
€left = €right = | (corresponding to the previous black walls
case), €jefy = €righy = 0.5 and € = €4 = 0.1. As before,
the FD-FMC results (represented in black empty symbols in
Fig. 8a) perfectly overlap the FD-MC results (represented
in red, purple and blue filled bullets) and these results are
in good agreement with the semi-analytical results from
Viskanta & Grosh [45] represented in dotted and dashed
lines.

Considering error profiles, as represented in Fig. 8b,
the maximum values are between 2.5% and 3% for low
emissivity values (€; = €rgp¢ = 0.1 which means very
reflective walls) when temperature gradients are the greatest.
Otherwise, for other emissivity values and when temperature
gradients are more moderate, the average relative error is
approximately 0.5%.

3.3. Validation in an absorbing and scattering
medium with black walls
A black absorbing and scattering medium D bounded by
black walls is considered (€jef = €g = 1). Viskanta et al.
[44] defined another Stark dimensionless number N”. This
number is the inverse of to the previous Stark number N
from Eq. (27), but taking into account scattering effects :

3 3
’_ 4O-SB Tright _ 4O-SB Tright _ 1 27)
AP Ak, +ky) N

For the sake of uniformity, we consider here N from
Eq. (27) as the only definition of the Stark number. As a
result, the values of the Stark number N’ from [44] are
converted to be consistent with the Stark number . In the
extreme values, N/ = 0 = N = oo indicates that heat
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Figure 7: Dimensionless temperature distribution 6(z)) = T(7)/T,;4,, with optical thickness 7 for three different values of the Stark
number N = {0.01,0.1,1} in the case of the pure absorbing medium with black walls.

transfer is governed solely by conduction and N/ = co =
N = 0 indicates that heat transfer is only governed by
radiation. In the present case, the Stark number is set equal
to N = 0.1 © N’ = 10, corresponding to a configuration
where radiation dominates. Two sub-cases are considered in
which Tjgp = 2 X Ty and Tijgp = 10 X Tieqy. For each of
these different temperature ratios, three different values of
the scattering albedo k/f are chosen: k,/f = 0, k;/p = 0.5
and finally k,/f = 1 (pure scattering medium).

The FD-FMC results (represented in black empty sym-
bols in Fig. 9a) are overlapping the FD-MC results (repre-
sented in orange, yellow and green bullet filled symbols).
Both of the latter results are in good agreement with the
semi-analytical results from Viskanta [44] represented in
continued, dashed and dotted lines in fig. 9a. In terms of
error profiles, relative errors at the lowest temperature ratio,
Tiighe = 2 X Tiefy, are relatively low, with a maximum error
value of approximately 0.6% (see Fig. 9b). In the case of the
maximum temperature ratio, Tijop = 10 X Tiep, the relative
error does not exceed 2%.

3.4. Computational time benefit of the FEMC
algorithm

As previously introduced in Sec. 2.5, one of the major
benefit of the FD—FMC algorithm is to enable a significant
computational time reduction compared to the original FD—
MC algorithm. In cases when only the temperature list i“;‘l d
values change as input of the functional Monte Carlo algo-
rithm to estimate the radiative source term, the function can
be estimated once for all and re-used in the post-treatment
process to estimate the temperature profile for different
values of the parameters (see Fig. 5). More specifically, this
means that to estimate the 15 temperature profiles presented
in Fig. 7, Fig. 8 and Fig. 9, only 7 radiative source term
functions needed to be estimated with a functional Monte
Carlo computation, as detailed in Fig. 10.

For instance, the radiative source term function es-
timated in the case of a pure absorbing medium in which,
N = 0.01, both walls are black (€jef, = €ign = 1) and the
temperature ratio is equal to Ty, = 2 X Tje can be used
to estimate obviously the temperature profile in this specific
case and also in the case of a different temperature ratio,
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T(7)/T,gne With optical thickness 7 in the case of the

absorbing—scattering medium with black walls for different scattering albedo values k,/f = { 0,0.5,1}.

as in the case for Tijgny = 10 X Tie. Similarly, the
radiative source term function | 3 | estimated in the case of a
pure absorbing medium in which, A" = 0.1 with black walls
and a temperature ratio corresponding to Tijop = 2 X Tief
can be used to estimate the temperature profile for this case
, as well as for the temperature ratio equal to Tijep =

10 X Tieg . This function can also be used to estimate
the temperature profile in the case of the absorbing/emitting
and scattering medium where k, = 0, for the two different
temperature ratio of Tijep = 2XTjeg | S and right = 10XTe
@ because the Stark number value N/ in this specific case
where k, = 0 is equivalent to the Stark number defined in
one of the pure absorption case : N/ = 10 = N =

The same applies to the five remaining source term

functions to estimate, i.e. , @, , and , which

are then reused to estimate the temperature profiles in the
cases (eight cases in total’).

In order to compare the computation times of the FD—
MC algorithm and the FD-FMC algorithm, constraints
needed to be settled of the tolerance criterion € of the finite
differences algorithm as well as on the relative error based on
the estimated uncertainties s and s° values for respectively
the Monte Carlo and functional Monte Carlo algorithms. In
consequence, the maximum tolerance criterion € value was
set to 0.001. Both relative errors m/s and m;; /s;; maximum
values were set equal to 5 %, which is the Value at which a
Monte Carlo estimation is deemed to be sufficiently accurate,

50ut of the total fifteen plots and cases, one is missing, the one
corresponding to Fig. 8a in which A’ = 0.01, walls are black and the
temperature ratio is equal to Tijop = 2 X Tie- This case was on purpose

not represented in Fig. 5 as it is strictly equivalent to the case .
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Figure 10: Scheme representing the seven radiative source term functions for each of the seven test cases.

and to achieve this accuracy, each number Ny, of Monte
Carlo and functional Monte Carlo computations is adjusted
accordingly. Each temperature profile computed consists in
40 conductive nodes.

The average time required to estimate a function using
the functional Monte Carlo approach is 6 s, while the time
required to estimate a temperature profile comprised of
40 conductive nodes is only a few milliseconds. Through
using the FD-MC algorithm, the time required to estimate
a temperature profile consisting of 40 conductive nodes for
each of the fifteen examples from around 30s (in the case

) to 4 min (in the case ). In the case of a pure scattering

medium (case ), the computing time is less than one
second. On the other hand, in the case of a pure absorbing
medium with a temperature ratio of Tijop = 10 X Tjep and

N = 0.1 (case ), the computation time is greater than
7 min. The detail of each computation time for the fifteen
different cases is given in Appendix C.

For estimating a temperature profile, the greatest benefit
of the FD-FMC algorithm over the FD-MC is the time
savings. If the radiative source term functions must be cal-
culated with the FD—-FMC algorithm before being used to
estimate the temperature profiles, the functional algorithm
is approximately 20 to 40 times faster than the FD-MC
algorithm. If the functions have already been calculated and
solely need to be used in the finite differences algorithm of
the FD-FMC algorithm, the later algorithm is around 10? to
103 times faster than the other algorithm.

Ultimately, in the three reference configurations from
Viskanta et al. [46, 45, 44], the function estimation and use of
the radiative source term V -gr depending on the temperature
list to the power 4 proved to be accurate in comparison
with the semi-analytical results. In the current examples, the
functional computation can therefore be faithfully utilized
in place of the original Monte Carlo algorithm for inversion

processes requiring a significant number of direct model
calls. Obviously, these configurations are purely academic;
however, they already possess cumbersome characteristics
that must accurately considered (i.e. the coupling between
conduction and volumetric radiation, the uniform scatter-
ing nature of the medium etc.) and for these reasons, the
feasibility of the finite differences—functional Monte Carlo
algorithm to estimate the radiative source term as a function
of the temperature list has been established.

All simulations using the functional Monte Carlo algo-
rithm were carried out using the freely available Star-CoRad
calculation code [36]. This code also enables the execution
of additional simulations based on the user’s preferences
values for the following parameters: boundary temperatures
Tiery and Tip, walls emissivities € Eright» Optical
parameters k, et k, and optical thickness 7.

4. Informations contained in the functions
coefficients M

The coefficient values of a function can be provided in
matrix form and represented by a colormap depicting the
magnitude of each coefficient. In each of these images, a cell

corresponds to the probability % that a ray emitted from
MC

I (the starting cell) is absorbed by cell J (the finishing cell)®.
For all of the aforementioned results, there were 40 X 40
conductive nodes in addition to the 2 conductive nodes on
the walls, one on the left and one on the right. Therefore,
there were 39 X 39 radiative nodes in addition to 2 boundary
nodes. These are the 40 X 40 coefficients that correspond to
the radiative cell coefficients shown on Fig. 11.

6In fact, the sum of each row of the matrix’s coefficients equals to 1,
indicating that these proportions of rays are homogeneous with probabili-
ties.
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Figure 11: Examples of M = M,; matrices of the function's coefficients. There are I X J = 39 x 39 radiative cells added to
the two boundaries, where I stands for the Starting cell and J, the Finishing cell, hence a total of 39 x 41 = 1599 coefficients
represented in each figure. (a)-(d) Pure absorbing media configuration with black walls (€er, = € = 1) ; (e)-(f) Pure absorbing
media configurations with grey walls ; (g)-(f) Absorbing and scattering media configurations with black walls.
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These coefficients provide analytical elements for a more
thorough comprehension of the effect of specific thermo-
physical or geometric parameters on radiative exchange
within a semitransparent medium. In general, it can be
observed that under the simulation conditions guided by
Viskanta literature cases [46, 45, 44], the matrices show
symmetry. Furthermore, the exchange probabilities within
these matrices display certain characteristics. Firstly, the
probabilities are systematically distributed along the diag-
onal, suggesting that a cell denoted as I is more likely to
exchange with itself rather than with another cell denoted as
J. Secondly, the most significant values of exchange prob-
abilities are found at the edges of the matrices, indicating
that the cells experience maximum absorption of rays at the
boundaries.

The observations made from Fig. 11a to Fig. 11d support
the assumption that a radiative cell primarily interacts with
itself (indicated by values around 0.2 along the diagonal
of the matrices) and secondarily with the nearest boundary
radiative cell (0.4 for cells in close proximity to a boundary,
gradually decreasing towards cells located in the middle
of the medium). The observed outcomes are expected, as
they demonstrate that the mean estimated coefficients remain
constant regardless of the Stark number, i.e. the proportion
of conduction versus radiation. These findings hold true for
cases involving a pure absorbing gray medium with black
walls and a homogeneous absorption coefficient.

The evidence of influence becomes apparent only in the
presence of gray walls. Undoubtedly, enhancing the degree
of reflection at the boundary will result in alterations of
the probabilities, as cells will show a greater propensity
to exchange with themselves, while rays will experience
reduced absorption at the boundaries. From a logical stand-
point, it can be inferred that an increase in reflection results
in a decrease in the likelihood of cell exchange with the
boundaries. This relationship is illustrated in Fig. 11e, where
a maximum value of 0.2 is observed when €jof, = €jop =
0.5. In contrast, Fig. 11f demonstrates a maximum value
of 0.1 when € = €op = 0.1. In the aforementioned
scenario, the likelihoods of self-exchange or exchange with
the boundary are of comparable magnitude. In each case, it is
observed that none of these elements demonstrate a tendency
towards asymmetry, and the cells predominantly exchange
with themselves. Ultimately, it can be observed that the
presence of homogeneous scattering in the medium has a
tendency to reduce the impact of "self-exchange". Moreover,
it is noted that as the scattering coefficient increases, the
likelihood of cell I exchanging with one of the boundaries
also increases. For instance, when kg = 0.5, the first radiative
cell (represented by the pixel in the bottom left corner of
Fig. 11g) has a probability of 0.5 to exchange with the left
boundary. However, when k¢ = 1, this probability increases
to 0.7 (corresponding to the pixel in the bottom left corner
of Fig. 11h).

It is crucial to have in mind the significant information
that may be inferred from these coefficients, and conse-
quently, from the estimation of these functions. The Monte

Carlo method can be utilized to estimate the function co-
efficients, and it is possible to explicit the informations
contained in the optical paths sampled by the algorithm.
This allows for the derivation of analytical elements re-
lated to the physics of the situation being investigated. This
methodology can be applied to geometrically or physically
complicated applications, provided that the coefficients can
be accurately determined. The probabilities and function
coefficients were previously described and discussed in the
study conducted by Zarrouati et al. [48]. In their work, they
also found the presence of a symmetrical matrix in the case
of a purely absorbing porous medium enclosed by black
walls. It clearly showed that this symmetry derived from the
principle of reciprocity of optical paths. In contrast to our
case, there appeared to be a distinct probability distribution
surrounding the diagonal values in this instance, potentially
due to the heterogeneity of the radiative properties. There-
fore, it would be of interest to expand our investigations to
include configurations where the radiative properties also
exhibit heterogeneity.

5. Conclusions

The present work demonstrated the development of a
coupled conduction-radiation direct model for gray semi-
transparent media, on an academic configuration offering
almost the only semi-analytical solutions in the literature
[46, 45, 44]. The function estimation of the radiative source
term of the heat equation with a FD-FMC algorithm resulted
in a significant reduction in computation time compared to
the original FD-MC algorithm used to estimate the same
temperature profiles in the academic configurations, without
sacrificing model accuracy.

On the matter of geometry or thermophysical parameters
complexity, the present study is still a long way from practi-
cal configurations. Nevertheless, the provided methodology
is a proof of practicality in academic configuration and
shows promise for future developments to address more
complex configurations. Regarding the application of the
FD-FMC algorithm in inversion processes, the production
of a fast direct model such as this one is crucial.

Nothing hinders the use of the latter algorithm to two or
three-dimensional conduction—radiation coupled problems
with transient heat conduction. In addition, this methodol-
ogy will be used in the future to develop a direct model of
the 2D or 3D configuration of the parallel hot wire apparatus,
as previous research demonstrated the need for a robust
direct coupled model to more accurately represent the effect
of radiation on the transient evolution of temperature in
complex heterogeneous medium under consideration [37].

Given the computation time enhancement of the FD—
FMC algorithm, this algorithm would be interesting in the
case of sensitivity studies preceding the inversion procedure.
This direct model may be first applied to 2D/3D configu-
rations as the computing environment is developed within
the star-engine computer science library [29].Additionally,
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the efficiency of computation times can be enhanced by the
optimization of the star-CoRad program [36].

In the context of a classical Monte Carlo estimation of
the radiative source term, incorporating spectral radiative
properties, which involves sampling frequencies beyond a
gray media assumption, is relatively straightforward. How-
ever, when it comes to estimating the transfer function that
connects the radiative source term and the temperature field,
the formalism involved in this task is considerably more
laborious. This observation stems from the inclusion of tem-
perature in the exponential term of the spectral blackbody
intensity expression (see Eq. (5)). In order to surmount this
constraint, which arises from the exponential non-linearity
relationship, additional formal developments are necessary
to calculate the radiative source term as a temperature field-
dependent transfer function. This form of non-linearity is
differentiated from the non-linearity relationship between
the heat equation and the radiative source term when grey
radiative properties are considered, which is dependent on
T*. The distinction arises due to the treatment of the two
enunciated non-linearities differently in the context of Monte
Carlo formalism. A similar formal effort to surmount the
exponential function’s non-linearity was undertaken previ-
ously in the Beer extinction law utilizing Null-Collisions
algorithms [12, 5]; such an endeavor may be pursued in
the future. After the removal of this restriction, it would
be appropriate to explore the potential for enhancing the
efficiency of algorithms through the implementation of ray-
tracing optimizations such as Optimized Emission Reci-
procity Method (OERM) [49, 41]. This approach aims to
enhance both the accuracy and computational efficiency of
inversion processes.

Furthermore, the utilization of Null-Collision Algo-
rithms can be as well employed to expand the existing
method to incorporate heterogeneous radiative properties.
Indeed, to effectively consider media with spatially heteroge-
neous properties, the Null-Collision formalism suggested by
Galtier et al. can be employed for an accurate analysis [12, 9].
The utilization of this approach results in computational
efficiency and the simplification of equations, as it does not
rely on a mesh structure, and consequently, it facilitates the
execution of highly detailed simulations involving hetero-
geneous media [16]. Subsequently, in a manner akin to the
findings presented in Royer et al. [39], the radiative source
term in the heat equation may be estimated as a linear func-
tion that is dependent upon the temperature field raised to
the power of four. Nevertheless, when dealing with strongly
heterogeneous media, the current approach would encounter
certain limits. This is due to the fact that the assumption of
a homogeneous medium, the assumption behind Beer’s law,
would no longer hold true, necessitating the resolution of the
Generalized Radiative Transfer Equation (RTE). In the study
conducted by Zarrouati et al. [48], it was demonstrated that
the aforementioned constraint can be overcome in situations
where semi-transparent material with absorbing/emitting
and scattering properties are present.

An additional limitation of the FD/FMC method is its
inability to take into account situations in which radiative
properties are depending on temperature. In this scenario,
it is clear that the Monte Carlo algorithm necessitates the
knowledge of local temperature information for each optical
path. Consequently, the independence of each optical path
from the temperature field is compromised, thereby preclud-
ing the estimation of the radiative source term as a linear
function of the temperature field raised to the power of four.
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A. Estimation of the spectral radiative
intensity 7 (X, ®)

Radiative transfer can be formulated as a Fredholm-type
integral equation of the first kind, and due to this formula-
tion, formal developments can be constructed to carry out
the resolution using Monte Carlo methods.

A.l. Integral formulation of the RTE

In fact, the RTE expressed in differential form Eq. (6)
with absorption and scattering events can be reformulated
as an integral equation (see Fig. 12).

—

T -

T Wy

o =
Figure 12: The notations employed for the differential-integral
transition of the RTE: The radiative itensity is sought at a
location X, and direction @, to do so, contributions such as the
attenuation by extinction (absorption and diffusion) may occur
along this same direction from a location X,, reinforcement
by emission can occur at a location X between X, and X, or
reinforcement by scattering can occur at a location X’ from a
direction @'. [26]

810

The spectral radiative intensity Z,(X(,®,) can be ex-
pressed by integrating the RTE from Eq. (6) between two
locations X and X, along the direction @), expressed as X, =
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X1 +11%; =Xo||@¢ [26]. In the case of homogeneous radiative
properties, this operation yields the following result:

1,(3g. @) = Iv(gl,a)o)eﬁvll X=Xl

I %1 =oll o
+/ ka,vlsq(T(J_c'))eﬂvll F=%oll g
0

[l 3 =%oll Lo
+ / kg, < / Psca,v()_c',é')’lc_éo)lv(?c',c?)')d&')'> Pl X=%oll g
0 4r

(28)

The first element of the aforementioned equation rep-
resents the attenuation of absorption and scattering, also
known as extinction, that occurs between the points X; and
X, in the direction of @;. The second term relates to the
reinforcement through emission, whereas the last term refers
to the reinforcement by scattering.

A.2. Spectral radiative intensity in an absorbing
and scattering semi-infinite medium
In order to solve the above equation Eq. (28) using the
Monte Carlo method, it is necessary to reformulate it in a
statistical fashion. The integral from 0 to ||X; — X,|| can be
equivalently expressed as an integral over R by employing
the Heaviside function .

wo W Wo
/ | / /
Zo xl. o Zo
Toi(i) A
Z—('q Ir'q Z—('q X1

vleft

v left vleft Xj};l

Figure 13: Different examples of contribution to the radiative
intensity calculated at a location X, and direction @, ; (left) -
Reinforcement due to radiation emitted at the boundary I:"?eft
and attenuated along the path ; (center) - Reinforcement due
to radiation emitted within the volume 729(x,) and attenuated
along the path ; (right) Reinforcement due to a contribution

scattered from a direction @, at a location X;.

+oc0
1,(Xg, @) = / dl,p,e PV H(R, € 0Dy,) I
0

v,left

+H(%, € D)k, LT G)))dl e P

+H(Z, € D)k, </ Psca’v(&')l,cﬁo)lv(fl,él)>
4r

(29)

The aforementioned equation can be given a statistical
interpretation by incorporating probabilities (highlighted in

"Details are not given here, a more comprehensive understanding,
please refer to the Chap 2. Sec 1.3. of Y. Maanane’s thesis [26].

blue) through the multiplication and division by the extinc-
tion spectral coefficient g, [11], as follows:

+o0
1,(Rg. @) = / dl p,e P H(E) € 0Dg) T.9
0 ,

N ku,v
+ H(xl S D) ﬂ

LT (Z)))dl, p,e P
v
k.

+H(X, € D)2

v

(30)

T,(Xy, @) is hence expressed as the expectation of a
random variable. In order to obtain a sample of this random
variable, the optical paths are sampled backward starting
from the initial position X, and following the direction @j.
The sampling process continues until the path intersects with
either an emission location within the volume (as described
by the second term of Eq. (30) and center picture in Fig. 13)
or an emission location at the left boundary (as described
in the first term of Eq. (30) and depicted in the left picture
of Fig. 13). This is the principle of a reverse Monte Carlo
algorithm to estimate T, (X, @). [16].

In the context of a scattering event (as indicated by the
third term of Eq. (30) and the right picture of Fig. 13) the
trajectory continues and the quantity 7,,(X;, @;) can also be
represented as the expected value of a stochastic variable.
This recursive term can be developed similarly to Eq. (30),
for j > 1 may be expressed as:

v,left

+oo
1,(%;.8;) = /0 dl; Bye M H(R ) € 0Dy I00

- ka €q - —p1;
+H @y € D)ﬁ—lv (TG} )dl frePlin
v

v

+H(E € D) </ Psca,v(&)}j+l’a)j)1v()_éj+l’5)j+1)> dl e Pl
4z

By
€29}

The spectral radiative intensity can be mathematically
represented as the expected value of the spectrum blackbody
radiative intensity at the specific site where photon emission
occurs.

1,y @g) = BTSN (X o)) (32)

dljePh

Where X4 is the random variable associated to the
emission location at the end of the path.

B. Examples of optical paths sampled with the
Monte Carlo algorithm
Two examples of typical Monte Carlo path are given in

Figs. 14 and 15. On the first path example (see Fig. 14),

the path starts at the location Xy, in the jM radiative
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Figure 14: First example of a random path within the plate
according to the algorithm represented in Fig. 4.

mesh element (@), with jy,« = Jj. Then a direction @, a
frequency v and an extinction length / are sampled and the
current position is set at a location X; <« Xy + /] @

(). The current position X, is still in the volume D ()

and a scattering event occurs in this position (). Hence,
the path goes on, new direction and extinction length are

sampled () and as previously, the path moves on to the
next location X, < X; + I, @, within the volume D ().
Once again a scattering event occurs () and the path still
goes on (). This time, after sampling new direction and
extinction length () and moving to the location X3 «
X, + I3 @3, the path meets the left boundary ( then @).

A reflection event occurs at the location y, hence a direction
is sampled uniformly on the hemisphere and the path goes

on to the location X, « Y + ||y — X3|| &, ( then

). Eventually the path stops at the location X4 = X,

absorbed in the medium. The final index j.,4 is set equal to
the index 1 of the first radiative mesh element, where the path
has been absorbed. The corresponding Monte Carlo weight
is equal to wy = 4rk, 6, (1,7() - ;' (1)) with Z;%(1)
depending on 7| and computed with Eq. (5) (T} being the
mean temperature of the first mesh radiative element).

end

Figure 15: Second example of a random path within the plate
according to the algorithm represented in Fig. 4.

On the second path example (see Fig. 15), the path starts
at the same location X, in the j radiative mesh element
(@), with jg,. = j. Similarly to the first path, this path un-
dergoes multiple scattering events within the volume D from
X until X5. On the last scattering event, at the location X, the
path meets the right boundary ( then @). This time an
absorption event occurs on the right wall and the path stops

in Xepq = X (). The final index j,,q4 is set equal to the

teremc () ‘ turemc (5) tmc (8) ,Ft:ﬁ )
1[+]1] 6.209 1308x 10 [ 21.06
2 o [ 37x1072 [ 2504x 10% [ 6.749 x 10°
3]+ 6.253 2705x10° | 43.25
4 o ] 63x1072 | 457x10% [ 7.278x10°
7]+ 6.194 38.65 6.240
8 o | 045x107 [ 2221x 10° | 4987 x 10°

Table 1
Computation times for the pure absorbing case with black walls
(see Fig. 10).

index N4 Of the right wall radiative mesh element, where
the path has been absorbed. The corresponding Monte Carlo
weight is equal to wy, = 4rk, 8, (1,°() — I, (Npodes))
with I} (N,o4es) depending on Ty, and computed with
Eq. (9).

C. Computation times

All of the computation times regarding the finite differences—

Monte Carlo algorithm and the finite differences—Monte
Carlo algorithm are summarized in Tabs. 1 to 3. Each of
the following computation time is given for a laptop with an
Intel Core i5 - CPU @ 1.60GHz x 8, RAM : 16Gb.

The computation time needed to estimate the functions
with the finite differences—functional Monte Carlo algo-
rithm are noted f, ggpc, the computation time needed to
use the functions to estimate the temperature profile with
the finite differences—functional Monte Carlo algorithm are
noted #, ggpcs the computation time needed to estimate the
temperature profiles with the finite differences—Monte Carlo
algorithm are noted #c. A time gain, noted IILC, is the ratio

of the time #);c needed to estimate the temperature profile
with the finite differences—Monte Carlo algorithm and the
time fpgypc needed to estimate the temperature profile with
the finite differences—functional Monte Carlo algorithm. The
time pgpc is either equal to 7, ppyve +7, geMvc if the function
is computed for the first time and is used right after or only
equal to 7, gy if the function has already been calculated
and needs to be used to estimate the profile.

For the sake of clarity, the time computations are ref-
erenced with numbers corresponding to the previous cases
scheme in Fig. 10. The computation times are divided in the
three corresponding studied case from Viskanta et al.: times
presented in Tab. 1 stand for the pure absorbing medium with
black walls [46], those presented in Tab. 2 stand for the same
pure absorbing medium with grey walls [45] (see Sec. 3.1
and Sec. 3.2) and the times presented in Tab. 3 are for the
absorbing and scattering medium with black walls [44] (see
Sec. 3.3).

In average and for each of the three configuration stud-
ied, the computation time needed to estimate and use the

functions is around 6s, as indicated for the functions ,

and |7 |in Tab. 1, functions | 1 | (calculated only once in

the first configuration), @ and in Tab. 2 and functions
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feremc (5) ‘ turemc (8) tmc (8) ,Fl':ﬁ )
1(+]1 6.209 1.308 x 107 21.06
91+19 6.040 1.216 x 10? 20.13
10|+ |10 3.064 1.503 x 10? 49.04
Table 2

Computation times for the pure absorbing case with grey walls
(see Fig. 10).

feremc (8) ‘ ty.remc (5) tmc (s) ,F/':ﬁ )
3]+ 6.253 2705 x 102 | 43.25
6 o | 63x102 | 457x10° | 7278x 10°
1] +[11] 7.048 2.39 x 102 339
12 o [ 383x1072 | 5.842x10% | 1.526x 10*
13] + 3222 4.18x107" | 1.3x107!
14 o | 2x10° | 389x107 | 1.736x 102
Table 3

Computation times for the absorbing and scattering case with
black walls (see Fig. 10).

(calculated only once, as well, in the first configuration),

and in Tab. 3.

The computation time needed to use the function to
calculate the temperature profiles, whatever the case studied,
in always lower than a second. The computation time needed
to estimate the temperature profile with the MC/FD method
is in the order of magnitude of 102 seconds, in average. There

is an exception for the last cases and in which the
medium is perfectly non absorbing and purely scattering.

Regarding the time ratio, if the functions need to be
estimated with finite differences—functional Monte Carlo
algorithm the time gain of the latter algorithm compared
to the finite differences—Monte Carlo algorithm varies from
around 20, in the case of the pure absorbing medium case
with the black walls until around 40 in the other cases. If the
functions only need to be used, the time gain of the finite
differences—functional Monte Carlo algorithm compared to
the finite differences—Monte Carlo one varies from an order
of magnitude of 107 to 103
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