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Abstract

It was recently shown that radiation, conduction and convection can be combined within a
single Monte Carlo algorithm and that such an algorithm immediately benefits from state-of-
the-art computer-graphics advances when dealing with complex geometries. The theoreti-
cal foundations that make this coupling possible are fully exposed for the first time, support-
ing the intuitive pictures of continuous thermal paths that run through the different physics at
work. First, the theoretical frameworks of propagators and Green'’s functions are used to
demonstrate that a coupled model involving different physical phenomena can be probabil-
ized. Second, they are extended and made operational using the Feynman-Kac theory and
stochastic processes. Finally, the theoretical framework is supported by a new proposal for
an approximation of coupled Brownian trajectories compatible with the algorithmic design
required by ray-tracing acceleration techniques in highly refined geometry.
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1 Introduction
1.1 The proposition

In corpuscular physics, radiative transfer can be described in the framework of the linear
Boltzmann theory for photon transport and this leads quite naturally to path-space formula-
tions. The Monte Carlo (MC) method then allows to estimate the quantity of interest by sam-
pling the paths according to their probability law so as to identify the contributing boundary
conditions or sources. This statistical method is the only one able to provide an unbiased esti-
mate along with its statistical uncertainty. Furthermore, as MC methods are able to handle
complex integration domain (spatial, angular, spectral. . .), it is widely used as a reference
method. Finally, the insensitivity of the method to the size and level of refinement of the geo-
metric scenes and volumic heterogeneities (see, for example, [1-4]) has further widened its
applicability, up to the industrial scale.

In the present paper, we give the theoretical basis for extending MC methods to problems
including coupled linear heat transfers. We aim at providing a complete framework for
describing, in a single MC algorithm, the coupled energy transfers as conductive, convective
and radiative paths, while retaining the flexibility of standard MC methods applied to linear
transport theory.

Our standpoint being here theoretical, we will not consider any implementation associated
with a specific system in practice. Starting from earlier developments [5], successful implemen-
tations have already been reported for several practical heat transfer applications. For instance,
using this framework to model detailed thermal transfers in cities has been proposed as a way
to improve climate services [6]. Applied works are also in progress in complex cooling systems
design such as power electronic systems that are cooled by air or two-phase exchangers [7, 8],
thermal receivers in concentrated solar power plants [9, 10], electric motors, or thermal hous-
ing issues. . . On a more theoretical level, [11-13] explores the benefits of propagating the
adjoint model and proposes suitable computational implementations: it is a matter of using
properties of MC methods that allow to estimate source influences in the sense of Green’s the-
ory. Considering implementation and performance of statistical methods, [14, 15] demon-
strate computational insensitivities to geometrical complexity on engineering applications in
porous media. These works are mostly based on a free-licensed library (the Stardis project
[16]) which implements most of the elements presented below. Although their common theo-
retical foundations are based on traditional linear physics, there is no written work yet that
combines them into a unique comprehensive framework, and fully exposes why and how MC
implementations of coupled heat transfers are now possible.

With this framework, the full power of the method is then made available both for compu-
tations and analysis. In the following, the idea of thermal paths is built up progressively using
different formal propositions, each of which is translated into a corresponding algorithm. In
the end, the physical images generated by our proposition should allow physicists and engi-
neers to renew their interpretation of the coupling of heat transfers in a given system. It may
also open didactic perspectives that will be discussed in forthcoming articles in educational
sciences.

1.2 Related works

Well beyond the work on kinetic models, there has long been an explicit intention to give a
probabilistic interpretation to the linear differential equations of physics (including, in particu-
lar, those relating to heat transfer in material media). As a precursor, the famous papers by
Courant, Friedrichs and Lewy published in 1928 (translated into English and republished in
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1967) [17, 18] sketched the first ideas of a statistical calculation of physical quantities by bring-
ing together random walks and boundary value problem of elliptic equations. A major advance
in this field was made by Feynman and Kac when they formally wrote the solutions of a class
of parabolic differential equations as an expectation taken over stochastic processes. This
immediately opened up the possibility of treating a set of linear problems initially formulated
in deterministic terms, through the sampling of Brownian path space [19, 20]. This was fol-
lowed by a large number of applications in different fields of physics associated with constant
and regular developments of Monte Carlo methods for solving linear differential equations;
the interested reader can explore the citation trees starting, for example, from [21-26]. Con-
nections are direct with the literature of Monte Carlo methods for solving linear algebraic sys-
tems when space-time discretization schemes are used as numerical approximations (see for
example the seminal work of [27]).

Regarding the diffusion equation (which is the usual representation of energy conduc-
tion phenomena), the random Walk on Sphere (WoS) algorithm introduced in [28] was
immediately perceived as a conceptual breakthrough due to its astonishing convergence
properties and became quickly a very popular method. For a Brownian process, its principle
is to sample a first passage point on the largest sphere contained in the bounded domain
(centered around the considered point) by probabilizing the Green’s function of the spatio-
temporal diffusion operator. From this principle, many nice works were born based on
comparable ideas to deal with situations with heterogeneous diffusion coefficients, or to
improve near-wall approximations, or even to extend to other types of elementary primi-
tives [29-36].

More specifically focused on applications to heat conduction phenomena, Hji-Sheikh and
Sparrow [37] popularized the concept of floating random walk [38], meaning that it is possible
to get rid of spatial grids previously introduced as a support for numerical resolution (meshless
methods). This work has rapidly percolated into the field of numerical computation (see for
example [39, 40]) from which many improvements have been developed such as the possibility
to treat anisotropic media [41], to take into account all types of boundary conditions (Robin or
Newman conditions) [42] or to include spatial dependencies on the conductivity tensor and
the source field [43]. For a more exhaustive entry in the subject, the last editions of Ozisik’s
book compile a state of the art of Monte Carlo methods for thermal conduction [44]. Echoing
quite naturally the applicative needs for tackling heat transfer in fluids, several works have
extended the previous proposals to cases where energy transfers are no longer only conductive
but result from advecto-diffusive phenomena [45-47]. Alternative approaches led to somewhat
different Monte Carlo algorithms for heat conduction based on the linear Boltzmann equation,
which is known to give back the diffusive phenomenology in the limit of low Knudsen num-
bers [48, 49].

Given the well-known ability of Monte Carlo methods to deal efficiently with complex
geometries, different authors have proposed to use this statistical approach to tackle thermal
conduction problems when geometrical refinements of the supporting scenes make the usual
numerical methods difficult to implement, if not merely unusable [50-52]. However, when it
comes to extending the idea to coupled thermal phenomena, there are no statistical proposals
in the literature that manage to retain both the flexibility and the decisive scaling properties.
Some works in the field of conducto-radiative coupling are quite relevant and allow consider-
able conceptual advances [53-57]—but they are somewhat distant from adjoint Monte Carlo
methods.

To our knowledge, apart from the contributions that allowed the development of the pres-
ent framework, no coupled conducto-convecto-radiative problem treated in a single Monte
Carlo algorithm in realistic geometry has been proposed so far.
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1.3 The theoretical framework

In this framework, the objective is to estimate a given quantity at so-called “probe points” such
as the temperature at a given point in space at a given time. Such probes can be as well quanti-
ties integrated over time, surface and volume, in which case the integral is estimated statisti-
cally, without solving the detailed integrand. It is therefore fundamentally different from the
“swarm” MC algorithms [58] or “direct” algorithms [59] that aim to evaluate the whole field
but are limited in their capacity to tackle high levels of geometrical, temporal or phenomeno-
logical complexity.

The main question is then to express the temperature at any location as the expectation of a
random variable in the pure filiation of the MC method as it is used in linear transport physics.
Indeed, expressing this quantity as a definite integral, which can be considered as a unique sta-
tistical estimator, is the guarantee that all the good properties of the method are preserved.
This practice of the MC method presents the advantage of preserving an intuitive understand-
ing by analogy with the underlying physics, while systematically providing the associated for-
malisation (for foundational references, see [60, 61]).

In Section 3 “Linearity and Propagators”, we show how to build this expectation for a par-
ticular physical study case, using propagation formalism [62-65]. The objective is to express
the quantity of interest at the probe point, as an integral over the boundary conditions (here
“boundary conditions” comprise the edge conditions and the initial condition) and the sources
in the field, using a propagator: the role of the propagator is to quantify the relative contribu-
tions by the boundary conditions and by the sources. Here, the corresponding formulations
are backward formulations and are generally built using adjoint-based methods. These integral
formulations are then reformulated as expectations in order to design MC algorithms. At this
stage, the generality of the approach, which simply reflects the essential property of linear
physics, should be distinguished from the ability to produce explicit calculations (in the analyt-
ical sense), most often limited to academic configurations where the propagator is explicitely
known [64, 66-73]. Many works have proposed quite useful and interesting extensions, some
of them in terms of applicability domains [34-36, 38, 74-79], but, as far as sampling is con-
cerned, addressing problems with high geometrical complexity remains either very cumber-
some or impractical.

To circumvent these difficulties, we turn to the theory of Stochastic Processes [80]. Building
upon the work of Feynman and Kac on the statistical representations of parabolic equations
[19, 20, 81, 82], we show how the temperature at the probe point can also be expressed as an
expectation over a stochastic process. Each realization of the process is a path that starts at the
probe point and ends at a boundary condition or at a source, thereby sampling the various pos-
sible contributions to the quantity of interest. Averaging a large number of contributions sam-
pled from either the propagator or the stochastic process yields an unbiased estimate of the
same expectation, that is, both methods converge to the very same value, although by sampling
different path-spaces. This strict equivalence means that stochastic processes can be used
instead of propagators, yielding two important advantages: first, stochastic processes can be
sampled efficiently even in the presence of complex geometry, and second, since different pro-
cedures can be designed to sample a given stochastic process, algorithms can be optimized.

In the part of MC literature that discusses Green’s formalism or stochastic processes, the
question of coupling phenomenologies of various physics is not an issue that is addressed as
such, and this is for very different reasons in each case. On the one hand, in Green’s formalism,
coupling by sources is self-evident due to the formalism itself, and there are no conceptual dif-
ficulties associated to this question. Yet, from an implementation point of view, if MC propos-
als are only based on this formalism, they are essentially limited to academic cases and do not
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fit in the present framework. On the other hand, in the stochastic processes formalism, the
path description conveys an intuitive picture by analogy with corpuscular tracking, but this
picture remains narrowly limited to the phenomenology that is being treated. In this case, the
coupling between different phenomenologies is an issue that has no self-evident formal trans-
lation. As a consequence, proposals of MC probe point algorithms for solving coupled thermal
transfers are scarce in the literature.

Any theoretical framework that claims to deal with coupled thermal transfers by MC must
articulate how paths should be sampled at the coupling locations. We make an extensive use of
the double randomization principle [83, 84] as it allows the sampling procedure to rely on a
local description of the probabilistic model at each step, including at the coupling locations,
whereas the integral approach of Feynman-Kac is built upon a global understanding of the
physical subsystems and is hence much more challenging to implement.

1.4 The particular model supporting the presentation of the theoretical
development

A particular heat transfer model has been chosen to support the exposition of the framework.
It is described in Section 2 and summarized in Eq (6). This choice of model is by no means
limiting, and various other choices could have been made, such as those described in [10, 14].

Each fundamental element of the proposal will be described in a general manner, and its
translation and consequences illustrated in this specific case. In particular, all the choices that
aim at preserving the good properties of the MC method, that is, its inherent power of analysis
and computational practicability (insensitivity to geometrical refinements, ease of
implementation. . .) will be emphasized. This practicability is allowed by the tools developed
for image synthesis: ray-tracing and grid acceleration, such that the computation time is
almost insensitive to the degree of refinement of geometrical data. As it is crucial for us to pre-
serve the ability of the MC method to scale up to infinite geometric complexity, we ensure that
our algorithms are compatible with the well-established tools developed in the computer
graphics community. This implies that the interaction between the algorithms and the geome-
try must essentially rely on scanning the scene through state-of-the-art ray-surface intersectors
[85-87]. To ensure both compatibility with ray-surface intersectors and flexibility of imple-
mentation, we show in the last part that the practical implementation of MC algorithms on
any geometry requires to formulate an approximation of the description of Brownian motions.
The proposed approximation is theoretically justified and validated on different application
cases. Notwithstanding, it could easily be replaced or modified in case of specific needs.

2 The thermal model

The thermal model used below for illustrative purposes is fully described in the present section.

Throughout the text, the symbol 8 is reserved to designate temperatures (with notably
extended meanings for the radiative model). For all other symbols, we give a full nomenclature
in S1 File.

The conductive and convective transfers are linear and the radiative transfer is linearized
around a reference temperature 0. The thermophysical parameters are (possibly constant)
functions of space. The geometry is arbitrary and the spatial representations are three-dimen-
sional. If necessary, the formalism also allows to reduce the descriptive dimension according
to the symmetries of the system.

These choices are motivated by our intention of proposing a linear heat transfer model that
gathers most of the conceptual difficulties with respect to the objective of the paper: demon-
strating how the coupling between the transfer modes is carried out in a probabilized
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Fig 1. Illustration of a conducto-convecto-radiative configuration. The solid domain Qg is shown in gray, m fluid
cavities Q, are shown in light blue, and the surrounding fluid cavity Q... is shown in dark blue. Radiation is present
within the whole scene and the system is entirely semi-transparent. Conduction takes place only in solids.

https://doi.org/10.1371/journal.pone.0283681.g001

formalism. Of course, this could have been done with somewhat different models (especially
for the convective and radiative parts). For example, here, radiation takes place in a semi-trans-
parent medium rather than exchanging between opaque surfaces; the convective cavities are
described with an unsteady model and perfectly homogeneous temperature, rather than by an
advecto-diffusive description of the temperature; Neumann-type boundary conditions (heat
flux imposed at the boundary), as well as situations with volumic power sources only, are left
aside (their consideration is a bit different but is not a source of difficulty).

As an example, Fig 1 presents a geometrical abstraction of a configuration with solid sub-
systems and fluid cavities where the three types of heat transfers can operate in a coupled man-
ner. This type of configuration, associated with the chosen model, depicts a whole diversity of
situations encountered in physical or technological questions.

2.1 Radiative heat transfer

From the point of view of radiative transfer, the system is entirely semi-transparent (both in
the solid and fluid parts). The radiative transfer equation that governs this phenomenology
allows to take into account the effect of absorption and scattering of radiation within the sys-
tem, even where optical properties are heterogeneous.

The radiative transfer equation (RTE) is given with the following two restrictions:

o The refractive index is uniform throughout the system (no ray curvature within solids, no
refraction/reflection at solid/fluid interfaces). The writings are simplified and none of our
conclusions would be impeded by alleviating this assumption.

o The equation is linearized around the specific equilibrium intensity at a temperature 6,.r.
This assumption is fundamental to remain in the framework of linear heat transfers, and it is
widely used in applications where the temperature differences in the system are small com-
pared to the absolute temperatures.

Under these assumptions, the radiative model is given by the usual radiative transfer equa-
tion written in monochromatic specific intensity I, = I (¥, i, t) at position ¥, in direction # at
time ¢ and at frequency v (Eq (64) in Appendix A).
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To ensure formal coherence for the coupling with the other transfer modes, we replace the
specific intensity by its translation in terms of radiance temperature 0, . (also known as bright-
ness temperature, which is widely used in the experimental field). Appendix A presents how
the version written in monochromatic radiance temperature in the # direction reads:

iV, =Ko, +k0+k /S D) O (1)

where k!, k!, k! = k! + k! are the monochromatic absorption, scattering and extinction coeffi-
cients, p, is the scattering phase function, and S* denotes the unit sphere in a three dimension
space.

It should be noted that even if the radiative equation is taken to be stationary, the radiance
temperature 0}, (¥, t) depends on time because 0 evolves in the system due to the coupling
with conductive and convective processes.

The energy conservation equations for solid and fluid parts (heat equation for a semi-trans-
parent medium) are formulated below in such a way that the radiative contribution appears
through the radiative power density Y, = (X, t) defined as the difference between the
absorbed and the emitted power densities. Under the stated assumptions, it can be written in
the following form (see Appendix A):

b=t [ pta [ ai(6,-0) 2

where { = 16k,00 , is the linearized radiative transfer coefficient and py(v) is defined by Eq
(75).
The complete formulation of the radiative model then reads:

lﬁR = C<9R - 9)
1
QR —Lzﬁdu QRJ? (3)
UNOy; =—k0u;+k0+k / po(id|i")dii'0,
s? '

The temperature Oy is often called the radiative temperature (the angular integral of the radi-
ance temperature).
To close the radiative problem, an incident radiance temperature 6, ,, ; is imposed at a fic-

titious boundary OQy enclosing the whole domain, with # entering the domain (i € S*).

2.2 Heat equation for solid sub-domain
The thermal model for the solid is established by combining diffusive energy transfer with the
radiative source term described above. The conductive energy flux density vector is classically

given by the Fourier law j = —\V 6, in which A is the thermal conductivity of the material and
05 = 04(x, t) is the local temperature of the solid.
Thus, the local energy balance in the semi-transparent solid is written as follows:

pCO,0; = _6'(_7‘695) + {(0p — 0y)
—_—— N—— (4)

conductive exchange radiative exchange
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where p and C are the mass density and the heat capacity of the material. { and 8y were defined
in the previous section.

As illustrated in Fig 1, the material medium under consideration is not necessarily con-
nected but is bounded by a surface denoted 9Qg where two types of conditions can be imposed
(Neumann-type boundary conditions are not considered in this text):

o Dirichlet-type boundary conditions: 05 = 0y, on the interface 0Qp, where 0, is the imposed
temperature,

« Robin-type boundary conditions: —A#.V 0, = —A%5 = h,(0, — 05) on the complementary
surface to 0Qp noted 0Qs\0Qp.
#i is the incoming normal to the solid surface, 6 is the temperature of the fluid whose model
will be given in the following section and A is the local convective exchange coefficient.
Robin’s condition specifies the coupling constraint between the solid and the fluid by simply
stating the continuity of the flux at the solid-fluid interface.

The initial condition at time t; is generically noted 0, = 0,(¥).

2.3 Heat equation for fluid sub-domain
As illustrated in Fig 1, the fluid domain is composed of m cavities noted Q; (i € {1,2,...,m})

and of a domain Q.. partially or totally enclosing the Qg solid domain. The fluid domain is
therefore the union of these m + 1 domains:

Q,=0, UQ, U---UQ, UQ.

In each cavity Q; (of volume V) and each surface 9, the fluid is assumed to be perfectly
mixed by convection at each instant and the heat flux density at the solid walls is modeled by a
linear transfer law (Newton’s law). Under this assumption, the temperature of the fluid con-
tained in the i cavity, noted 0y, is spatially uniform and varies only as a function of time. The
mass density p;, the heat capacity C; and the linearized radiative heat transfer coefficient {; are
also spatially uniform.

The temperature of the fluid contained in the enclosing cavity Q... of surface 0Q,.. is
imposed, it is noted 0, and can depend on time.

The energy balance of the semi-transparent fluid inside the i cavity is as follows:

do, ) . o )
POV GO =0 [ 00 0,000+ [ hGI0G 0 0,005, .

radiative exchange convective exchange

{ and 0y are defined in the section on radiative transfer. The initial condition at time #; is 0.

In this correlative model, which is widely used in industrial thermal issues, the convective
exchange coefficient hr summarizes the phenomenological complexity of the exchanges
between the fluid and the wall (here hr depends explicitly on the position at the wall; it may
also depend on time with no additional difficulties). Many works in the literature aim at pro-
viding correlations adapted to different study cases, generally parameterized with a set of
dimensionless numbers [88, 89]. As mentioned above, diffusion-drift models for temperature
could have been chosen without changing our main message. As an example, the work
described in [14] is focused on the MC resolution of convective-conducting-radiative coupled
models using a local heat equation for the fluid (with a prescribed velocity field).
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2.4 Summary: The coupled model
Let us define, for any domain Q;: the adherence Q; = Q, | J 0, and the interior

[¢]
Q, = Q, \ 0Q,. For boundary surfaces, the complementary of 9, to 0 is denoted
o = 09, \ 0Q.

As illustrated in Fig 1, the domain consists of:

« an enclosing fluid cavity Q.. of boundary 0Q,.., in which the temperature 0. is known;

« m fluid cavities noted Q. of boundary 9, ;

+ asolid domain Qg of boundary 9Q, = 9Q,, U 9Q with a Dirichlet condition on dQp, and a
Robin condition on 9 = 9Q;.. U", 892;

« afictitious boundary to handle the radiative boundary condition 9Qg.

Let 6 denote the spatio-temporal temperature field, solution of the following system:
a) Solid & Fluid

b) Solid, i € {1, ..., m}

pCOO, = —.(—AV0,) + L0, —0) REQ,  te]h, ool

0, =0, L% € Qq, t=t

0, :agD Fea,, tet, +oo o)
155 = (0, — 0,) J €00, telt,+oo

—k% = hp(0p — 0y) ¥ €0Qp., tElt, +oo

¢)Fluid,i € {1, ..., m}
a0, ) i}
p:iCVr T = Cz/ (0x(%g, t) — O (1))d%,
i t QFI i

+ / B35 (05 s 1) — 0, (1))
20, M0

(]
+ /m G005 0) = 0, (1)45,E €8t €l +oxl
C F[m(‘ D

)
0, =0,cQ, =t
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d) Solid & Fluid
o
/ —diil0, (%, 1) ,X€Q, telt, +oof
SZ
TAV (i) i 2 e e (6d)
U.V0,, —k, 0, +k,0+k, pguu )di'0, 0 X €Qu €S, t €]t +oof
Or = Or o0 ¥ € 0Q,, 1 € Si, t €]t;, +o0[

In the following sections, we present the two fundamental proposals that will permit:

to express the temperature 0(¥, t) at position ¥ at time £, solution of System (6), as the expec-

tation of a random variable. This first proposal proceeds from the rewriting of the problem
in Green’s formalism. The theory will first be given in full generality (Section 3), then applied
for each of the three heat transfer modes separately (Section 4), and finally to the coupled
model (Section 5);

to define the thermal paths that ensure that this random variable can be sampled by a
MC method. This second proposal introduces the notion of trajectory from the theory of

stochastic processes and yields the construction of a path space for sampling. The theory
and its application to the thermal model under consideration are first provided (Section
6), and then a practical proposition for sampling the conductive paths is developed (Sec-
tion 7).

3 Linearity and propagators

The objective of this section is to produce a probabilization of the expressions in order to write
the quantity of interest as the expectation of a random variable. The link with the MC method
is made explicite by pseudo-algorithms that describe the sampling procedure of this random
variable.

3.1 The formal proposition

The thermal sub-models described in the previous section by Eqs (3), (4) and (5), along with
their respective boundary conditions, are all linear and can be formally written in a similar

way. This leads to a system of linear integro-differential equations representing a well-posed
boundary value problem, which can be written generically in the following operational form:

(%, 0D, (, 1) + L) (W, 1) = a(@, O)f,, (B,8)  ,t€[t,+oo] ,HeEW
Loy (f) (W, 1) = fo (W, 1) ,t €]t 00| weow (7)
f(w, 1) = fi(w) WEW

where the temporal dimension of the problem is specifically marked and the corresponding
variable is noted t. The non-temporal part of the integration domain on which the model is
built can be of any dimension and noted W; the vector w represents a way to name a point in
this space. Depending on the model, YV may simply be the geometric space, as in the model
for solids, or the space of locations and directions (phase space) in the case of radiative trans-
fer. The particular case where this space has dimension zero can be treated without difficulty
and is not the object of a specific development; it is typically the case for the fluid model. L and
L, are homogeneous and linear integrodifferential operators (here homogeneity means that
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there are no constant terms). f,,,, f;,,, and f; are source terms with the same dimension as f (they
are assumed to be prescribed functions for the moment).

Functions c(w, t) and a(w, t) are part of the problem definition and they are known. f, f,,,,
f>w and f7 are real-valued functions.

Based on Eq (7), we construct a generic form for the sub-models.

Restrictions. We will restrict the proposition to models which satisfy the second principle,
or H theorem, as it is understood in thermodynamics. More precisely, we only consider sys-
tems that exhibit an equilibrium solution (understood here as the uniformity of the ffunction)
for particular conditions on the sources. In the generic framework of Eq (7), this implies that
the model must satisfy the following property:

Val,aZ,a3 € R>fw = al?fi)W = a27f1 =a; = min(al,aQ, a:s) <f(ﬁ3, t) < max(alvam a:ﬂ) (8)

The thermal model that has been presented above in System (6) satisfies this property. Simi-
lar choices of generic models satisfying this equilibrium property could have been made. To
provide a counter-example, if the balance equation for the solid sub-domain was a diffusion
equation with a prescribed power source instead of the radiative term {(0x — 6s) (for example,
the contribution of an electric heater, without any loss) the equilibrium condition Eq (8) can
not be satisfied. The same conclusion is obtained with a non-zero imposed flux (Neumann
boundary condition). This does not mean that it is not possible to probabilize these models up
to a Monte-Carlo implementation, but the strategies to be implemented for this are quite spe-
cific and lead to ad-hoc propositions that will be detailed in dedicated papers (some proposi-
tions are already implemented in the Stardis library).

3.2 Expression for f(w, t)

Since the model is linear, one can write the solution of Eq (7) as

ft = + / 15, 0, ), (),
w
t
+/ /gaw(wat|waWataw) o (Wows to) Aty dW oy, 9)
ow Jy

t
n / / s (9, 1 ss 1) (o )
W J

where the functions g, g,,, and g,,, are the propagators for the different sources (respectively,
the initial condition, on the surface, in the volume).

Reading Eq (9) is quite intuitive as it combines the concepts of superposition and causality:
the observable fat point w and time f results from the effects of three sources in the sense of
Green’s theory (that is, the inhomogeneous (right-hand) terms in Eq (7)):

o the effect of the initial condition f; at any point in phase space w, € W and at time t;, pro-
vided by the propagator g,(w, t|w,, t,),

o the effect of the boundary conditions f;, at any point on the edge of phase space w,,,, € OW
and at any time t,,,, € [t,, t], provided by the propagator g, (W, t|W 4, to )

o the effect of the source f,,, at any point in phase space w,,, € W and at any time t,,,, € [t,, ],
provided by the propagator g,,, (W, t|W,,,, t,,).
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3.3 The Green function g(w, t|w', t')

In most non-academic systems, it is not possible to obtain the explicit form of the propagators.
Nevertheless, propagators are the solution of linear mathematical models which can most
often be written without much difficulty. The production of adjoint models, as well as Green’s
formalism, traditionally provide a unifying technical framework for this purpose.

Hereafter we briefly describe the Green’s formalism approach in the case of Eq (7). Techni-
cally, the contribution of the sources are constructed from Dirac distributions and convolution
operators. Since the equation is linear, the solution f can be reconstructed by superposition
(see [62, 90-92] for more details).

From Eq (7), the following system is constructed:

c(w,t)0,g(w, t|w' ') + L(g)(w, t|w', ') = (W — W) ot —t),

t,t €lt, +oo[,w e W, W €W

(10)

L, (g)(w, t|w',t) =0, t,t €)t,, +ool,w € W, W € OW

g(w, tjw' . t') =0, t<t,weW,wew

where the volume source f,,, have been replaced by a Dirac distribution ¢ in phase space and
time, centered at (w', ¢’), and where the boundary and initial conditions have been made
homogeneous (there is no source except f,,). Intuitively, g(w, W, t') can be considered as the
effect of a point source at (w',#) € W x R on the quantity of interest fat point (w, t). The last
line in Eq (10) ensures causality—it simply reflects the idea that an effect cannot occur before
its cause—and at the same time, it closes the problem by providing initial conditions.

Then, propagators g, g, and g, are directly constructed from g:

gz('_‘;v t‘wﬂ tl) = C(wn tl)g(ﬁ;’ t|ﬁ51, tl)

Sw(W, t|1_13w, tw) = a(ﬁ/’w, tw)g(w» t|’_‘;wv tw)

Low (W, t{ Wy, t5,,) does not have a generic expression without knowledge of the operator
L,,,; it will be addressed on a case-by-case basis later on.

3.4 Probabilistic reformulation

The following quantities are introduced:

po=nl) = [ g,
W
Pow = Paw(W, t[t)) :/ /gow(w»t|waw»t0w)dtawdwaw 11
ow Jy (11)
t
pw = pw(w,tlt) :A/gw(wvt|ww>tw)dtwdww
i

Using the restriction Eq (8) into Eq (9) leads to:
PitPowtpw=1 (12)

Indeed, Green functions only depend on the linear and homogeneous operator parts in Eq
(7) (left-hand side of the equations). This property can be demonstrated by considering any
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value for the sources, for example a, = a, = as. Eq (12) enables us to consider py, p,,, and p,, as
probabilities in the following.
Let us define the following independent random variables (r.v.):

B,(p),....B,(p)  are n independent Bernoulli r.v. with parameter p

w, is a r.v. with distribution py, (W, t|w, 1)
(Woms Tow) is a paired r.v. with distribution py_ =~ (W, t[W,,, t5,)
(Wi, Toy) is a paired r.v. with distribution py. 5\ (W, t[Wy, 1))

where probability density functions are:

PW,(Wv twit) = g(w tlw,t)/p,(w, 1)
P(Wew Taw)(w' t|w3W7 té)W) = gaw(wa t|wt)w’ taw)/Paw(Wv t‘tl)
Ww Tm( t|wW7 ) = gW(W,t‘WW,tW)/pW(W,ﬂtI)

Eq (9) can then be reformulated to write f (%, t) as the expectation of a random variable F:
f=E[F] (13)
with
F=B(p (W) + (1= B o) {Bo(02)fow (W Toy) + (1= By(p2) )y (W, Toy)} (14)

where p, = 20,

3.5 Monte-Carlo algorithm

Based on the above formulations, it is straightforward to construct the sampling algorithm for
F: i) sample one of the three types of sources according to the probabilities p;, p,,, and p,,, ii)
sample a location and possibly a time according to the corresponding probability density func-
tion and iii) keep the value of the source at this sampled location and time (see Algorithm 1).

The MC algorithm estimating f = E[F] consists in sampling a set of realizations f of Fand
estimating f as the arithmetic mean of this set.
Algorithm 1: Sampling algorithm for the random variable F at phase space position w and
time t. f is the corresponding realization of the random variable
Sample r; uniformly on [0, 1];
if r; < p; then
Sample w, according to the law of W,;
f=hw);
else
Sample r, uniformly on [0, 1];
if r, < p, then
Sample (Wyy,ty,) according to the law of (W, Tyy);
f JowWayy, tow) i
else
Sample (Wy,t,) according to the law of (W, T));
F =W ty)i
Fig 2 illustrates the proposition of probabilization in the simple case where the problem is
only time-dependent (there is no integration over WV in this case), as for instance in the fluid
sub-domain.
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Mathematical view point Probabilistic view point

Define the probabilities

Let us consider the equation: pr = gi(tltr)
& pw = l—pr
{ 2 ——a(f- £, teltr,+ool Prw(tltw) = g(tltw)/pw
ftr)=f which leads to
where « is a constant and f* = f*(¢). F(t) = Bpnfr+(1—Bpn) f*(Tw)
@) = E[F@)]

For t €]tr, +oo[,t" € R we get

where B is a Bernoulli r.v. with parameter pr and Ty

1d,
<] (tt') +g(t|t) =6t —t) is a r.v. with distribution pr,, .

hence

gtlt) =M (t > t’) aexp (—aft — t')) Algorithm: Sampling algorithm for F(t)

ar(tlt) = g(tlt)/ .Sample 7 uniformaly on [0, 1];
aw(tlt) = g(elt) it then
) ’ f=fn
and else
. L SAaInplc tw according to the law of Tyy;
F®) = gr(tltn) fr + / gwtlt) f* (¢)dt’ f=1w);
tr

Fig 2. Implementation example for the probabilization proposition in the case of a problem that is only time-
dependent.

https://doi.org/10.1371/journal.pone.0283681.9002

4 Implementation of the uncoupled thermal model

The previous section has exposed our probabilization strategy based on the propagative for-
mulation of the solutions of linear models when the equilibrium condition Eq (8) is met. We
propose here to directly apply the procedure on each submodel in Eq (6), considered indepen-
dently (i.e decoupled from each other). In this section, we will therefore consider that, for each
submodel, crossed variables ensuring the coupling are prescribed (for instance, if we consider
a fluid cavity, the solid temperature 0 at the interface is assumed to be known).

4.1 Fluid sub-domain

Eq (6¢) details the contributions on the fluid sub-domain boundary 0€Q, so that the coupling
can be expressed unequivocally. But the distinction between the different parts of the bound-
ary (0Q; N 0€;, and 9Q, N OLX) is useless here as we aim to first formalize the uncoupled
problem by assuming that the temperature is known on all of them. Thus, we just start from
the generic form provided by Eq (5) in which we write the development as if temperatures 0
and 65 were known and prescribed time-space functions.

This balance equation and the corresponding probabilization can be written in exactly the
same way as in Fig 2. To obtain the final propagative form, there is however an additional step
due to the fact that the source term of the differential equation involves integral terms. Appen-
dix B describes these developments that finally lead to the expression of the fluid temperature:

Opi(t) = &k (t]t;)0
/ / &r, s (tys, T)05(¥s, t)dygdr

+//gF,»,R(t“’_éR7‘C)0R(3—C'R,T)d?_éRd‘L'
uy Jog,

(15)
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where gr;, I, gri» S and gg;, R stand for the propagation to fluid subvolume €2, from initial con-

ditions, surface (Solid) and volume (Radiation) respectively.

A random variable whose expectation is the temperature 0, (t) is constructed following the

proposition stated in the general case (Eq (7) to Eq (14)), applied to the particular case where

the state variable is only time-dependant (as in Fig 2):
0y, (1) = E[O ()]
with

®F-(t) = Bl(pfi)el

i

+(1 = B, (i ){Bo(pi )0 (X7, TH) + (1 = By(pi ) 05(Y ', )}

To simplify the presentation, the complete definition of the random variables and probabil-

ities involved in this equation are reported to Appendix B.

Algorithm 2 describes the sampling procedure for ©,, defined as above, and Fig 3 illustrates

corresponding typical realizations.

Algorithm 2: Sampling algorithm for the random variable ®,, defined by Eq (17) assuming

the functions 6y and 65 are known. 0 r, is the corresponding realization of the random variable.

Sample r; uniformly on [0, 11;
if r <pf’ then
éFi =0,;
else
Sample r, uniformly on [0, 1];
if r, <py then
Sample (¥,,17) according to the law of (X§,T%);
éF,v = Oq(¥p, 7);
else

Sample (j,7) according to the law of (Y§,TH);

9}7,- = 0,(¥s,7)7

Fig 3. Illustration of the three possible realizations for ®, . Each realization represents one of the three

contributions that can be returned: initial temperature 6, a radiance temperature 6 and a boundary temperature with
the solid 6s. The notation (., f) means that the temperature of the fluid is not dependent on the location in the cavity

and that the probe can be positioned anywhere.
https://doi.org/10.1371/journal.pone.0283681.g003
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4.2 Solid sub-domain

For the solid sub-domain, we start from the model as described by Eq (6b). In the description
of the boundary conditions, temperatures 6p and 6g~ are known functions of time and space.
By contrast, temperatures 0, result from the whole coupling dynamics. As above, we consider

that, here, they are prescribed and known.
In agreement with the general form of Eqs (7) and (10), the Green function g =
gs(#, t]a, t') associated with Eq (6b) is solution of:

o o . o
pCOg — V.(0Vg) + (g = 0F — )t — ) .t €lt,+ool,F €6,
& =0 Lt €L, +oo[, % € 0Q,
(18)
A Og -
_h_Fa_rlS+gSZO ,tE]tI,—i—oo[,xGaQFD
& =0 <t

The solid temperature can thus be written as:

O0s(%,t) = /gs‘l(’_é»ﬂ’?n t)0,(%,)dx,
Qg
b [ ] gl )05 105,
' (19)
+ / /09 &s.00, (X, ¥, tp)0p,(F s 1) dY A1,

+

t
/ / goalF, 1T 1) (Fe 1) dF
t; JQg

where:
o gs1 = pCgs denote propagation from Initial condition,
* 5o = h,g, denote propagation from surfaces dQ corresponding to a Robin condition. In

this case, 0 takes the value 0, of domain i to which y, belongs,

* 800, = k% denote propagation from surfaces 9€2p which a Dirichlet boundary condition
(6p)s
* gsr = (gs denote propagation from volume radiation.

A random variable whose expectation is the temperature 0¢(%¥, t) is constructed following
the proposition stated in the general case (Eqs (7) to (14)), with the domain WV consisting in
the geometric space Qg. It is thus possible to write:

05(%,t) = E[O4(%, t)] (20)
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Op(¥p,tp)

Fig 4. Illustration of four realizations of ©4(X, t)): An initial condition 6; at point X, a radiance temperature 0y at
point (¥, t;), a fluid temperature 0 at time #z and a temperature 6, imposed at the boundary at point (y,, ).
For clarity, we represent only one fluid cavity.

https://doi.org/10.1371/journal.pone.0283681.9004

with

®s(’?7 t) = B, (pf)gr(iﬁ) + (1 - B, (pf))62(p§)9}z(ilsv T;)
+(1 = B,(p}))(1 = B,(p3))B,(p5)0,(Y3, T%) (21)

+(1 = B,(p})) (1 = By(p3)) (1 = By (p3))0, (Y3, T5)

To simplify the presentation, the definition of the random variables and probabilities involved
in this equation are reported to Appendix C.
For given values of X and ¢, Algorithm 3 describes the sampling procedure for ©g defined as
above and Fig 4 illustrates corresponding typical realizations.
Algorithm 3: Sampling algorithm for the random variable ©g defined by Eq (21) assuming
the functions 0 and 6z are known. 0 s is the corresponding realization of the random variable.
Sample r; uniformly on [0, 11;
if r, <p} then
Sample ¥, according to the law of )_fls,
05 =0,(%,);
else
Sample r, uniformly on [0, 1];
if r, < pj then
Sample (%,,1,) according to the law of (X$,TS);
O5 = 0p(¥z, 7o) 7
else
Sample r3 uniformly on [0, 1];
if r, <p} then
sample (J,1;) according to the law of (¥$ T%);
05 = 0:(¥p, 75)7
else
sample (J,,7,) according to the law of (Y$,T°);

és = 0p,(¥p,Tp)7
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4.3 Radiative transfer in fluid and solid sub-domain

We start from the radiative transfer model described by Eq (6d): here phase space is the union
of the sets of positions and directions, and boundary conditions are given by the known func-
tion 0y yq, ; on the fictive surface 9Qx. The temperature 6 which appears in the equation is
either a fluid temperature, or a temperature in the solid, and results from all the coupling
dynamics. As in the two previous paragraphs, we are going to consider first that 6 is known
and prescribed so that we can build the probabilization on the uncoupled model.

In agreement with the general form of Eqs (7) and (10), the Green function g, =
gx(#, %', u') associated with the model in Eq (6d) is solution of:

()
Vg, +kg,— /ps (i) dii'g, = 0(% — ®)o(ii — W), X€Q, i €S

&% =0, ycoQ, ucS

Radiance temperature in the fluid and solid domains is therefore written as:

= [ [l )0, a5,
(23)
[ uon, B0, G )5,
Qg Js%

where gr 4 = gr(k, — ks) = grk, stands for the propagator from the temperature in the solid or
fluid volumes (Absorption) and g 5o, = g stands for the propagator from the radiative
boundary condition on Q.

A random variable whose expectation is the radiance temperature 0, ;(¥, t) is obtained fol-
lowing the proposition stated in the general case (Eqs (7) to (14)):

Oa(%,1) = E[O;(%,1)] (24)
with
O (%, 1) = B(p} (%, #)0(X3, 1) + (1 — Bk (F, #)))0; 0, 0, (Yir ) (25)
To simplify the presentation, the definition of the random variables and probabilities
involved in this equation are reported to Appendix D.

A new random variable is defined in order to formulate the temperature 0, (¥, t) as an
expectation:

O (%, 1) = Oy 5(%,1) (26)
where U follows a uniform law on the sphere, hence:

/S i, (%,1) = E[0,(%,1)] (27)

For given values of X and ¢, Algorithm 4 describes the sampling procedure for © defined as
above and Fig 5 illustrates corresponding typical realizations.

4.4 Summary

In this section, we have built probabilized forms for heat balance equation inside fluidic cavi-
ties, heat balance equation inside solid matrix and radiative transfer equation. This was done

PLOS ONE | https://doi.org/10.1371/journal.pone.0283681  April 6, 2023 18/54


https://doi.org/10.1371/journal.pone.0283681

PLOS ONE Coupling radiative, conductive and convective heat-transfers in a single Monte Carlo algorithm

Oro0pin(YR 1) fo_

Fig 5. Representation of three realizations of O: A radiance temperature imposed on the boundary 6, ,,_ ., at
point ¥, (at this point, the boundary 0Q coincides with 9Qg), a solid temperature s at point ¥, and a fluid
temperature 0. We note ¥, = ¥;and 0(%,, t) = 0,(¥,,t) if ¥, € Q;,and ¥, = ¥, and 0(X,,t) = 0,(X,.,t) = 0,(¢) if
X, € Q,. For clarity, we represent here only one fluid cavity.

https://doi.org/10.1371/journal.pone.0283681.g005

by partitioning the model: for each case, an uncoupled form was considered, i.e all the vari-
ables involved in the coupling between submodels were assumed to be known. Under this
assumption, we obtained a random variable whose expectation is the temperature of interest
within each submodel, with a corresponding sampling algorithm. Practical implementation of
these algorithms is not discussed at this point; it will be the object of Section 7. We focus now
on re-coupling the three submodels.

Algorithm 4: Sampling algorithm for the random variable O defined by Eq (27) assuming
the function 6 is known (depending on the location, 0(X,, t) corresponds to a fluid tempera-

ture or a solid temperature). 0 x is the corresponding realization of the random variable.

Sample # according to the law of ﬁ;
Sample r uniformly on [0, 1];
if r < pf(%,i) then
Sample ¥, according to the law of Xﬁ;
OR =0(x,,1);
else
Sample (¥, U,) according to the law of (172, (_}R);

0 = HRﬁﬂR,ﬁR (}_;R7 t);

5 The coupling

Under the decoupling assumption, there exists for each submodel a random variable whose
expectation is the temperature we are looking for, with a corresponding sampling algorithm.
The key point is that we built formulations in which the re-coupling can now be done solely
through sources in Green’s sense, i.e through inhomogeneous terms in the descriptive equa-
tions. It will allow us to solve the whole coupled system by building random walks switching
from one algorithm to another; this translates in probabilistic terms how we handle the recur-
sivity of the implicit formulations.

To illustrate this question, the propagator equations are summarized below, keeping only
the basic structure of the partitioning/re-coupling (Eq (15) for the fluid temperature, Eq (19)
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for the solid temperature, Eqs (27) and (23) for the radiative temperature):

0. = gFi,IQI + / dug 0y + / dug; 505
AtUQp AtUOQp

d:ugs‘,ReR + /

90D
AtUOQy

0, = /Q dug, 0, + dﬂgs,mggzr +/ d'“gSﬁQDQD (28)

AtUQg AtUOQp

1 1
0, = du—3g, 0 du— 0
R /S2ugus2 :u47_EgRA bys T /S%mRusi M47_EgRﬁﬂR RO

where 4 is the measure associated to each integration space, r is the generic form for a fluid
temperature whatever the cavity, and 0/ stands for the fluid or solid temperature according
to the location in the domain.

Each equation in System (28) involves prescribed terms (known initial conditions 6y,
boundary conditions 0p, or 0, ,, ) and cross-coupling terms between solid, fluid and radiative
temperatures, which are space-time functions. Formally this system of integral equations is a

Fredholm equation of the second kind for the vector 6 = (0,, 0, 0,):
0=f+Z(0) (29)

where f contains the prescribed terms and Z isalinear integral vector operator acting on the
temperatures vector 6.

By construction of the model in Eq (6) the integral operator Z has contracting kernel,
which enables to apply the iterated kernel technique to establish solutions in the form of inte-
gral Neumann-series. Thanks to this property, solving Eq (29) fits into the standard of the MC
method [93-95]. With this approach, contributions of the terms in the infinite Neumann-
series expansion are statistically sampled, leading to the algorithmic construction of random
walks providing unbiased estimation of the solution. In this regard, solving Fredholm equation
of the second kind with MC can be considered as the functional extension of classical MC
methods for algebraic linear systems of any dimension [96-98]. From a practical point of view,
such methods estimate a probe quantity and in no way the whole field (in continuous cases) or
the ensemble of the unknown (in discrete cases). Typically, when solving algebraic linear sys-
tems with MC, one of the unknown is estimated without assessing the others, but the imple-
mented random walk statistically crosses the entire set of equations in order to ensure the
exactness of the result. In the present case, we will estimate the temperature at a given location
and time, without having to estimate the entire fields of temperature, thanks to the implemen-
tation of random walks switching from one submodel to the other.

5.1 Double randomization: A key point

As in MC methods solving Fredholm equations, we base our proposition on the estimation of
potentially infinitely nested expectations: for example, the random variable ©g, whose expecta-
tion is the temperature in the solid, is a function of the temperatures 0, in the fluid cavities,
which are themselves expectations of random variables ® .. To understand the recursive
mechanics of probabilized coupling through nested expectations, it is interesting to isolate the
essential MC property that is classically named double randomization [83, 84]. This property is
trivial but leads to a subtle gesture that is very powerful because it enables to think the question
of the nesting (or the coupling in the present case) locally, i.e when the question is raised, at
one point of the random walk sampling.
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The following elementary illustration contains all the features of the double randomization:
We consider an observable 0;, written as the expectation of a random variable B, which is
itself defined as an algebraic linear operator £ on the function 6, of a random variable X.

91 = E(B)
{ B = £(0,(X))

(30)

In this case, the sampling algorithm for B is trivial:
Algorithm 5: b is a realization of B in the case where 0, is an explicit and known function

(Eq (30))
Sample x according to the law of X;

b = L(0,(x))
Double randomization takes place as soon as the function 0,(x) itself is expressed as an
expectation of another random variable A(x) parametrized by x.

0,(x) = E[A(x)] (31)

In a naive approach, one could think that it is required to evaluate the expectation of A(x)
for each realization x of X in order to be able to use the Algorithm 5 to sample B.

Yet, the law of iterated expectations enables to define a new random variable B such that

0, = E[B] )
B = L(A(X))

which leads to the following algorithm to sample B:

Algorithm 6: b is a realization of B in the case where 6, is defined from an expectation (Eq

(31))
Sample x according to the law of X;
Sample a according to the law of A(x);

b = L[a]

In practice, this double randomization operation is invoked whenever it is necessary to esti-
mate a quantity written in the form of an expectation at a step of random walk sampling. Dou-
ble randomization is essential in standard MC practice but often, it is not made explicit
because the processes which make the algorithmic proposal analogous to physics rely on an
intuitive vision that enables to circumvent formalization. For instance, in linear transport
physics, when intuitively sampling multiple scattering paths, at each scattering event, the path
continues in only one randomly sampled direction: this is the hallmark of double randomiza-
tion. If, by contrast, probabilization of Fredholm integral equations is the starting point, then
double randomization allows for an increased range of flexible application by simply avoiding
to address systematically the whole Neumann-series expansion.

This property vanishes as soon as the operators combining the expectations are no longer
linear [99-101]. However, recent works [102, 103] have shown that it is possible to extend the
proposition to nonlinear cases, by expanding the nonlinear functions as a Taylor-series and
then writing each monomial in the series as the product of independent and identically distrib-
uted random variables.

5.2 A recursive algorithmic approach: Towards a coupled path space

For each equation in System (28) taken independently, a probabilistic version was built by
defining random variables whose expectation are the temperatures of interest (Eqs (17), (21)
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and (26)). To find the solution of the coupled system with an iterative procedure, we now face
the fact that the different functions 6 of the random variables are only known at the boundaries
of the overall problem (temporal and spatial); everywhere else they are themselves the expecta-
tion of new random variables. Double randomization is here used to address this question.
The strength of this approach is that double randomization can be used in a nested manner, as
many times as necessary, whenever the situation arises. Hence, random processes are going to
interlock recursively until an outcome is found, at a boundary or an initial condition.

The algorithmic translation of this proposition becomes trivial from the algorithms defined
for each uncoupled equation (Algorithms 2, 3, 4): the estimation of unknown 8 functions (05,
0 or Of) at a given location and/or time is simply replaced by a call to the corresponding sam-
pling procedure. Then, the iterative sequence switching from one process to another (based on
explicit probabilities) is ended as soon as an initial condition 6; or a boundary condition 85, or
O o0, 1s met.

The result of the coupled procedure for a full realization is therefore to generate from the
probe at ¥ and at a given observation time, a sequence of points that move in space and back
in time toward the initial condition. This sequence of points creates a thermal path consist-
ing of a succession of sub-paths associated with each transfer mode. These sub-paths sam-
pled according to Algorithms 2, 3, 4 will be named convective path, conductive path and
radiative path respectively. At this stage a sub-path is defined only by its origin and its
endpoint.

If X is within the solid, the first step in the MC algorithm consists in sampling a conductive
path. If ¥ is within the fluid, this first step is a convective path. There are also situations where
the first step is a radiative path, typically when producing an infrared image by simulating a
camera sensor. In all cases, at the end of this sub-path, either the temperature is known and
the algorithm stops, or the temperature is unknown and a new path is sampled:

« if the unknown temperature is a solid temperature, the new path is a conductive path within
the solid,

if the unknown temperature is a fluid temperature, the new path is a convective path within
the fluid,

if the unknown temperature is a radiative temperature, the new path is a radiative path that
may travel through both the solid and the fluid,

The process is continued until a sub-path ends at a location and time for which the temper-
ature is known. This succession of sampled conductive, convective or radiative paths will be
named a recursive path. An illustration of such a sequence is proposed in Fig 6.

In the proposition made here, we do not discuss the practicability of sampling the different
random variables. In particular cases where propagators (and therefore the probability density
functions) have an explicit and known form, building this sampling is undemanding. It leads
to an easy and very efficient numerical implementation providing an exact solution in the sta-
tistical meaning of the term (this is the case for the model in fluid cavities for example). How-
ever, in most situations involving complex geometries, the analytical expressions of the
propagators are inaccessible. This situation is often encountered in MC methods and indeed,
sampling paths does not always require the functional form of the propagators to be explicit.
The following section will focus on this question. The main difficulty will be related to the dif-
fusive component appearing in the energy conservation equation within the solid sub-domain
(Eq (6b)). To overcome this difficulty, we get into the theory of stochastic processes, in relation
with Feynman-Kac formulation.
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Fig 6. Illustration of a realization of a recursive path starting from (¥, t) in the framework of model (6).

Information first spreads by conduction in the solid domain, until it reaches the fluid domain. Once in the fluid, it

propagates by convection until it reaches the solid boundary at point (¥, t} ). Back in the solid, information continues

to spread by conduction until reaching a radiative source at (X3, t;). Then it propagates by radiation until being

absorbed in the solid at point (X%, t;), before finally reaching by conduction the point (X, t;) where temperature is
known. Through this example recursive path, the contribution to temperature 0(¥, t) is the initial condition 0,(X,).

https://doi.org/10.1371/journal.pone.0283681.g006

6 Feynman-Kac approach and the definition of continuous sub-
paths

The Green approach of the three previous sections is self-consistent in the definition of a cou-
pled heat transfer MC algorithm. The recursive nature of this algorithm is a way to address the
propagator of the overall system from a statistical reading of separate conduction, convection
and radiation propagators.

When describing this recursivity, we defined recursive paths made of random successions
of conductive paths, convective paths and radiative paths. At this stage, these paths are not yet
fully defined, since only the sub-path ending and succession probabilities p;', py, ps, pS, pS and
PR have been provided (Eqs (17), (21) and (25)). Hence, the Green formulations of Eqs (15),
(19) and (23) define propagators, from the sources (at the boundary and within the domain) to
the observation location, but with no time-resolved path-like interpretation.

In this section, the path definition is completed using a stochastic interpretation of the very

same physics. Three processes are introduced, X R and U, together with four random vari-
ables, T, T, €, and €. They can be used to write a set of three coupled Feynman-Kac formu-
lations of the solid, fluid and radiative temperatures in strict correspondence with Eq (6) and
the propagators are built from the statistics of these sub-paths.

& is defined on a domain Q that is either a solid or a fluid connex domain, Q = QsorQ =
Q. The notation %" If" is for 2 at time P> conditioned to reach location ¥ at time ¢ (i.e.

Z #t = ¥). The associated random variable t%;' is defined as the time at which 4 hits the para-
bolic boundary (Q x {t;}) U (0Q x [t t]).
6.1 Conductive path

When located inside a solid domain, 2 is designed to allow a Feynman-Kac formulation of
the solution of Eq (6b) and defines a conductive path. Eq (6b) is a source-diffusion equation
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with Robin boundary condition (the particular situation of a Dirichlet condition is, by con-
struction, included in this case), which leads to a Partially Reflected Brownian Motion

(PRBM) with Z solution of the following Stochastic differential equation (Skorokhod stochas-
tic process, for further details see [104-106]):

dﬁ”p =dw, + n(‘g_gp)I_If)ﬂs('%-P)lP )

where W is a three-dimensional Brownian motion, I, a local boundary time process, 7 a func-
tion on Qg and Hy, (¥) = 1if ¥ € 0Q.

6.2 Convective path
When located inside a fluid domain, 2 is designed to allow a Feynman-Kac formulation of
the solution of Eq (6¢) and defines a convective path. Eq (6¢) can be rewritten in probabilistic

form (Eqs (15), (17) and Appendix B) which leads to the definition of Z as a white noise uni-
formly distributed on Qp that hits the boundary with a constant rate y = h,.#, (h; is the aver-

age hr over the boundary 0Qp of area .%,) at locations 17? =% ., distributed according to

oy mG)
PYIS”()’S) - L (34)

6.3 Radiative path

2 is defined on the whole system, i.e. the union of all solid and fluid connex domains, i.e.
QUQ UQ, UQ, ... UQ and % is defined on the unit sphere.

These two processes are designed to allow a Feynman-Kac formulation of the solution of
Eq (6d) and define a radiative path. Eq (6d) is a stationary linear Boltzmann equation, which
leads to a Stochastic Transport Process, i.e. the standard Markov process of linear transport
theory [107, 108]:

A%, = % ,dp (35)

where c is the speed of light and %% jumps according to the single scattering phase function at
instants given by a Poisson process of rate [ k, (?/_:’f’) dv, that is, the duration between two

consecutive collisions is exponentially distributed.

6.4 Coupling

These three definitions lead to the following three coupled functional integrals, that are strictly
compatible with Egs (6b), (6¢) and (6d):

X eQtelt,+oo] :

0(5.1) = E| a(@%, Sexp - [ AT p)dp
Z '{x't (36)
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XeQutet,+oof :

t
0.0 = E| g (F% Fexp( — [ a7 p)p
& (37)
+/< w(ZF, )0y qu’,p)eXp</ a(ﬂz‘”’f‘t,V)dV>dp]
T;t P
t € [t;,+oo[ :
0,(%,1) = E[ éR@{g,,ﬂz}f;t,r;f)exp< [ B2, p)dp>
% % @ (38)
+ [ B( Tﬁ’f,pwm(@ﬁ-:p)exp( — / ﬁ@f%v)dv) dp ]
Z r
with
0,(%) if t=t, ¥ecQ
qs(%,t) = 0.(%,t) if t>t, ¥€o (39)
0,(%,t) ift>t, ¥€0Q,
0,(%) ift=t, ¥€Q,
ar(x,t) = { (40)
0,(%,8) if t>t, ¥e€oQ,
_ ¢
o= C (41)
B =k (42)

where 0, = Ok o0, 18 the directional radiative temperature in incoming directions at the limit
of the composite domain, and Ops is either the temperature of the fluid 0 or the temperature
of the solid 65, depending on the position.

These sub-path statistics then achieve the objective of completing the spatio-temporal
description of section 4 on decoupled models for each of the three heat transfer modes
separately.

6.5 Switching from one mode to the other

Of course, Eqs (36), (37) and (38) are coupled: 0y appears as an integrated source in Eqs (36)
and (37) and 6 as an integrated source in Eq (38). To recover the recursive path description of
Section 5, this coupling must be translated into thermal paths switching from one mode to the
other (whether in the domain or at an interface). Following a very standard MC approach, this
is achieved by defining random variables €, and €, that turn the source integrations into

expectations. When conditionned by ¥ and ¢, %}’ is defined on [¢%}}, t] with a probability
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density

pe=exp( [ A5 p)p Jole— )+ a(FE e - [ u(FTp)p) (13

Similarly, €5 is defined on [¢}}, {] with
t t
paile) = exp< - / ﬁ(«%}f’ﬂp)dp>5(e — 1)+ B#, e)exp( - / ﬁ(%ﬁﬂp)dp) (44)
ro] €

Reporting these definitions into Eqs (36), (37) and (38) leads to

XeQqtelt,+oo| :04%t) = E[ rs(é”’?;ﬂ,e}’t) ] (45)

6(%,
XeQ telt,+oof : 0, 1) = ]E[ re( 2550 } (46)

E(JZA
t € [t;, 00| : 0% 1) = IE{ ro( %% Q5L f) } (47)

‘@ ‘@

with
0,(%) if t=t¢, ¥eQ

0.(%,t) if t>1t, €0
0,(%,t) if t>¢, ¥e0Q,

0.(%,8) if t>1t, ¥

0,(%) ift=t, ¥eQ,

re(%,1) = 0,(%,8) if t>¢, ¥€0Q, (49)

0.(%,t) ift>t, ¥XeQ,

0,(% @,t) if ¥ €,
(X, 0,1 = 0,(%,1) if ¥ € Q (50)
0.(%,t) if xeQ,

Eqgs (45) to (50) allow to find the same recursive structure as the one described in Section 5:

o In Eq (45) the solid temperature is defined as an expectation that involves the fluid tempera-
ture at the boundary, via 0x in Eq (48).

o In Eq (46) the fluid temperature is defined as an expectation that involves the solid tempera-
ture at the boundary, via 65 in Eq (49).

« Both equations involve the radiative temperature of Eq (47), itself an expectation that
involves both the solid and fluid temperatures, via 05 or 0 in Eq (50).
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Now, the recursivity is expressed in terms of processes, such that the physical picture of ran-
domly alternating conductive, convective and radiative paths is justified.

Through coupled stochastic processes, we have then developed a probabilized path space
that makes the propagation viewpoint of the previous section operational. Scanning these
paths according to the laws of the corresponding stochastic processes leads to strict sampling
of the random variables defined by the Eqs (17), (21) and (25). Fig 7 illustrates both visions for
the realization of a path. A MC algorithm of the coupled problem can then be designed based
on the recursive sampling of the sub-paths defined by stochastic processes. Algorithm 7 gives
the corresponding algorithmic prototype.

6.6 Sampling paths

In Algorithm 7, the “Sample a convective path starting at (¥, t)” part does not raise any specific
issue, and has been described in the Algorithm 2.

We can simply mention that the ®,, random variable can be sampled using the null-colli-
sion technique [109-111] as soon as the convective exchange coefficient hr is spatially hetero-
geneous. The “Sample a radiative path y starting at location X at time tz” part consists in the
realization of a stationary radiative path, as described in the previous section by “the standard
Markov process of linear transport theory”. The realization of such a path in the presence of an
absorbing, emitting and scattering medium has been widely described in the literature (see for
instance [3, 4, 112]). Numerous radiative transfer simulation codes have implemented this
path sampling technique, and various nuances and subtleties are presented in reference books
[113-116].

As mentioned above, the main remaining issue for an efficient algorithmic implementation
in a confined environment is to generate Brownian trajectories coupled to a radiative source
field in a solid medium. We present our choice of implementation in the next section.

Algorithm 7: The complete recursive algorithm evaluating temperature at location ¥* and
time #* with a full conduction/convection/radiation coupling. X¥* and ¢* may be within the
solid or within the fluid. N recursive paths are sampled, starting at ¥, backward in time from
t*. The estimator is m and s is its statistical uncertainty. The points where coupling operates
are stressed by the keyword coupling.

sum = 0;
sumOfSquares = 0;
foreach recursive path i in 1:N do
Set X =%" and t = t*;
Set recursion to true;
while recursion do
case (¥ is within the solid) do
Sample a conductive path starting at (55, t) (see 6.1 and 7);
case (X is within the fluid) do
Sample a convective path starting at (¥,t) (see 6.2 and algo 2);
case (the path ends at an intial condition) do
Get the location ¥, of the end of the path;
w=10,(%,);
Set recursion to false;
case (the path ends at a radiative source) do
Get the location ¥, and time ty of the end of the path (coupling);
Sample a radiative path y starting at location ¥, at time ty (see
6.3);
Get the location X, and the direction @, of the end of the radia-

tive path;
if (i:'y is at a radiative limit) then
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(b) Stochastic process method

Fig 7. (a) matches Fig 6 for which only the points corresponding to the end of sub-paths (coupled propagators) are
defined. (b) illustrates the whole path for each transfer mode, starting from the observation point (¥, t) until finding a
prescribed temperature (here a temperature at the initial condition at ¥,). Brownian paths are black lines, radiative
paths red lines and convective paths by blue dotted lines. The illustrated sequence is: conduction — convection —
conduction — radiation — conduction. While only the beginning and the end of each sub-path is shown in (a), a
detailled example of the sub-path for each transfer mode is displayed in (b). The standard illustration (see [117]) of the
multi-scattering radiative path results from the iterative sampling of scattering free path lengths and propagation
directions. (a) Green functions method and (b) Stochastic process method.

https://doi.org/10.1371/journal.pone.0283681.9007
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w=0,,t);
Set recursion to false;
else
Set ¥ =X, and t = tg (coupling);

case (the path ends at a boundary) do
Get the location ¥, and time t. of the end of the path;
if (the solid or fluid temperature 6 is known at the end of the
path)
then
w= 9('7_60 tC);
Set recursion to false;
else
(see 5.2)
case (the path is a conductive path) do
Set X, as belonging to the fluid;
case (the path is a convective path) do
Set X; as belonging to the solid;
Set ¥ =%, and t = t. (coupling);
sum = sum + w;
sumOfSquares = sumOfSquares + w?;

s = 1 (sumOquuares _
=xm"=

m?);
7 The practice of sampling Brownian motion with confinement and
radiation coupling

The issue of sampling Brownian motion in confined environments with heterogeneous
sources is well documented in the literature and is the subject of active research (the Appendix
E gives an overview of the most popular approaches to confined Brownian motion). Here we
make an alternative choice which is not directly derived from the most standard first passage
approaches. It is motivated by the desire to stay as close as possible to path-sampling proce-
dures that are compatible with the efficient ray-tracing techniques developed by the computer
graphics community. Our proposal, denoted d-sphere random walk for conductive paths, can
be summarized as follows:

1. The diffusion equation is transformed by approximating the Laplacian term by its finite dif-
ference version while remaining entirely continuous.

2. Near the boundaries the random walk is adjusted to guarantee a certain level of accuracy,
the scheme being exact for linear temperature profiles at steady state.

3. The continuity of the heat flux that ensures the coupling condition at the interfaces is
treated with the same level of approximation as the steps described above.

The advantage of reformulating the model with this set of approximations is that once the
probabilization is done, it can be solved exactly in the strict MC sense. It allows to separate the
approximations of very different nature: on the one hand, the part associated with the rewrit-
ing of the model and, on the other hand, the statistical uncertainty of the unbiased estimator of
the corresponding expectation. The result in terms of ray tracing and trajectories is illustrated
in Fig 8. Let us note in particular two rays of opposite directions at each step of the conductive
random walk, jumps of variable size near the boundaries and standard multiple scattering tra-
jectories for the radiative part. We develop in this paragraph the theoretical considerations
that lead to this particular scheme. In order to justify the complete random walk scheme in a
didactic way, we will separate the steps as follows:
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Fig 8. Illustration of thermal path sampling in a confined environment with a 6-sphere random walk for
conductive paths. The bidirectional arrows represent the fact that an intersection test must be performed in two
opposite directions at each jump, in order to obtain the local § step value. In red: the walking step is smaller than in the
rest of the field, and the walk ends exactly at the boundary. At position X, the conductive path switches to a radiative
path until position ¥,.

https://doi.org/10.1371/journal.pone.0283681.g008

 Approximations of conducto-radiative coupled system in an infinite medium.

» Modifications to the scheme to account for confinement (essentially with consequences near
the boundaries).

o Additional steps related to boundary coupling conditions

7.1 The approximation of the coupled conducto-radiative system in an
infinite medium

We start with the model 6b rewritten in an infinite geometric space of dimension », with con-
stant thermophysical properties:

pCO,0, = MAO, + (0, — 05) , (£, %) €]t,, +oo[xR"
(51)

0,(%,t,) = 0,(%, 1) ,XeR"

From previous sections, 0y (required for the radiative coupling) can be expressed from a
process that completely defines a path space over which it is possible to formally write the tem-
perature as an expectation:

HR(’_":a t) = ” pr(y)d795<£ya t) ’ (ta "?) G]tl, +OO[XRn (52)

in which 2. = 2.(X) represents the radiative path space of origin ¥ over which the path ran-
dom variable I' = I'(¥) of density pr-is defined. It is worth noting that the temperature
retained at the end of the y path, X, is taken with no modification of date ¢, which means that

radiative processes are considered at a stationary state, because they are very fast compared to
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the other processes involved. Sampling this path space is straightforward using MC methods:
sampling of the I" random variable is easy no matter the complexity of the underlying radiative
physics (for instance, taking into account multiple scattering or multiple reflections in all
kinds of situations).

The only required approximation in Eq (51) consists in replacing the Laplacian operator by
its centered finite differences counterpart. In order to obtain an expression that does not
depend on a given cartesian basis, the finite difference is averaged over all possible basis orien-
tations. The retained approximate model is finally:

ansnfl —yl dﬁésﬁ — 2nés
pCO,0, =L "*152 +{(0,—05) (£, %) €]t;, +oo[xR"
) (53)
05(x,1;) = 0,(x) X €R
éR(ic’v t) = Pr(V)dVés(’?yvt) ’ (taz) E]tl,—FOO[XRn
Ir

where ., | is the surface of sphere "' in dimension n and 0, = 0, (¥, t) = 04(% + dii, t).
It was chosen to use the 6 notation for the temperature that is a solution of Eq (53) to specifi-
cally mention its dependence to the § parameter.

In Appendix F, the model 53 is analytically studied in an infinite medium. Its consistency
with the exact model of Eqs (51) and (52) is discussed, as well as the convergence of the solu-

tion 0 towards 6s.

7.2 Walk on o-sphere without radiative coupling

In order to understand the approximation proposition, this paragraph first describes the ran-
dom walk in pure diffusion (i.e. on the only mechanism that is approximated in the field, the
radiation being treated in an exact manner). The first equation of (53) without the radiative
term (which is the case when { = 0) can easily be reformulated as a second kind Fredholm inte-
gral:

H(z — 1)0,(%)

+oo
0G0 = [ pio o (54)
0 + H(t—r)/ pU (4)du0 (X + o, t — 1)
Snfl
That can be re-written as an expectation:
O5(%,t) = E[H(T — 1)0,(%) + H(t - T)E[0(¥ + 6U, ¢ — T)]] (55)

where pr is the density probability of T that follows an exponential law of parameter 2nD/&°,
where D = ,,Lc is the thermal diffusivity of the material and pU is the density probability of the
U random variable (uniform over the sphere of dimension 7 — 1). Notation H(x) stands for
the Heaviside function, that takes a value of 1 for x > 0 and a value of 0 for x < 0.

Temperature 0, at position % and at time ¢ is expressed as the expected value of a linear
function of an expectation; the double randomization principle can then be invoked in order
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to express the temperature as a unique expectation.

0s(F,1) =E[0,(Xy)] (56)
with:
e Xy=%+63,,0,0,=0,T=0,

e N=min{ne N;>} T, >t—1t}

variables (IID) respectively for T and U.

It should be noted that X n can be read as a process that replaces the Brownian process W
that was defined in the previous section. Eq (56) is a Feynman-Kac equation in the study case.

Algorithm 8 gives the simple way in which the sampling of 6,(X ) is done for given ¥ and t.
Algorithm 8: §-sphere algorithm in infinite medium without coupling. w is the generic

notation for a realization of the sampled random variable
while t > t; do
Sample 1 according to the law of T;
t=t¢t - 1;
if t < t; then
w=0,(%);
else
Sample # according to the law of l_j;
X=X40u;

7.3 Walk on o-sphere with radiative coupling

Eq (53) is now considered with its radiative coupling term. From a formal point of view, there
is no additional difficulty to obtain a version of this equation as a second kind Fredholm equa-
tion:

H(t >t —t,)0,(X)

o ) (57)
0 + H<r<t—t,>( pe / pU (i) didl (% + dii, t — ) +p,<f@rpr<v>d~/es<f.,,t—r>)
Snfl

That can be re-written as an expectation:

H(T — 1)0,(F)

0,(%,t) =E

. . . (58)
+ H(t = T)(B(p)E0s(* + U, t = T)] + (1 = Blpc) JE[0(%y, t — T)])]
where pris the density probability of T that follows an exponential law of parameter (2nA +
8%/ (pC&z); pc= (2n\)/(2nk + 8%, pr=1-pcand pﬁ is the probability density of the U ran-
dom variable (uniform over the sphere of dimension n — 1). B(p,.) is a Bernouilli random vari-
able of parameter pc.

Similarly to the no-radiation case, the double randomization principle is used in order to
evaluate this expectation by MC. It consists in writing:

0s(%,1) =E[0,(Yy) (59)

The random variable Y , is not formally defined here; the Algorithm 9 for the sampling of
0,(Y ) for given X and t is sufficient to clarify its meaning.
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Algorithm 9: §-sphere algorithm in infinite medium with radiative coupling. w is the
generic notation for a realization of the sampled random variable.

while t > t; do

Sample 1 according to the law of T;

t=¢t-1;

if t < t; then

w = 0,(3);

else

Sample r uniformly on [0, 1];

if r < ps then
Sample # according to the law of ﬁ;
X=X40u;

else
Sample y according to the law of I'(¥);
X=X,

Property of our d-sphere scheme. At steady state without radiative coupling, Eq 54
becomes 0(X,t) = [, pU (#)dii 04(X + i) which is exact since fg is an harmonic function
solution of Afg = 0 (take { = 0 and 0,05 = 0 in Eq 51). The error committed in general cases, as
a function of the & value, is provided in Appendix F.

7.4 The approximation of conductive path near the boundary

The §-sphere random walk has been detailed in an infinite medium. Coupling with radiative
transfer does not require any approximation, nor does it introduce any additional difficulty.
Remains the question of approximating the Brownian walk in a confined medium, more pre-
cisely, how the diffusive random walks deal with boundaries. As in any “Walk on Sphere”
method [28, 31, 118, 119], the J-sphere walk never really ends at a boundary. With a small
enough value of J, it could be considered that, when the random walk crosses the boundary,
the intersection position is the final position of the path. An alternative to this trivial solution
is proposed here, that reduces the numerical error for a given value of the walking step.

We keep the constraint of using only random walks built upon ray-surface intersections,
since our J-sphere random walk aims at using computer sciences methods for identifying the
intersection between a ray and a scene defined by a huge number of geometrical primitives.

To deal with the boundary, we propose a scheme that is exact in the case of linear tempera-
ture profiles at stationnary state.

To that purpose, the value of the walking step is adjusted along direction u:

6 = 8(%, i) = min{,, 3,0, (%, 1))

where &, represents the maximum step of the random walk, and d,, (¥, #) is the distance to
the closest boundary in directions # or —u. Indeed, any linear function 0(¥) = d@.X + b satis-
fies

0(x + 5if) + 0(F — oif)

5 (60)

0(%) =

In the case when the temperature profile is not globally linear, a value of the § parameter
that locally ensures a linear profile can be found in almost all cases; this makes the d-sphere
random walk a good approximation, including during non-stationary phases.

From an algorithmic point of view, the proposition is rather straightforward. After sam-
pling a direction #% and before enacting the displacement, the value of the random walk step
has to be evaluated by testing the distance to the boundary in both directions # and —. The
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random walk will therefore always use a value &,¢ for positions far from the boundary; and for
positions that are close to the boundary, the value of the walking step will be automatically
reduced (see Fig 8). In the spatial sub-domains where & is lower than 6., the random walk will
therefore statistically stop at the boundary half the time. If the temperature of the boundary is
known (Dirichlet limit condition), the random walk ends at the boundary. Otherwise (Robin
limit condition), a specific treatment must be performed, that is described in the following
paragraph.

It should be emphasized that Eq (55) is still perfectly valid, even in the presence of bound-
aries. The main difference in this case is that, in a confined medium, the § parameter and the
random variable T both depend of the random variable U. This will translate in terms of algo-

rithm by the fact that the first sampling must be performed for random variable U. The algo-
rithm for sampling random variables for ¥ and ¢ is described in Algorithm 10.
Algorithm 10: §-sphere algorithm in bounded domain without radiative coupling. w is the

generic notation for a realization of the sampled random variable.

while t > t; or ¥¢0Q, do
Sample i accordind to the law of l_j;
Compute the distances d* to the boundary in the =i directions;
5 =min(S,er d);

Sample T according to the law of T~ £(%P);
t=¢t -1,
if t < t; then
w=0,(%);
else

X=X+40i;
if ¥ € 0Qg then
w= 0095(’?’ t);

7.5 Interface conditions and flux continuity

The temperature at the boundary is generally unknown, except in the particular case of a
Dirichlet condition (set temperature). When the temperature is unknown, a discretized ver-
sion of the flux continuity relation for the interface between two media is used, in order to
express the boundary temperature as an expectation. The double randomization technique
then makes it possible to continue generating the recursive thermal path, as previously shown.

The continuity of the surface flux density over an interface with a Robin condition is writ-
ten as in Eq (6b):

= 0 Hs = D
Mi.VO; = —x% = h.(0, — 0) , (1, %) €]t;, +00[x 00y (61)

where # is the incoming normal at the surface of the solid and 0 is the temperature of the
fluid.

As for the field approximation, the normal derivative at the boundary is translated into its
finite difference counterpart:

3 0s(%.1) — 0,(F + ,N, 1)
9

= (0:(6) = 0(%,0) L (£F) €, +oo[x0Q  (62)

From which the boundary temperature is obtained:

05(%,t) = p;, 0(% + 8, 1) + p0,(t) (¢, %) €]t;, +00[x0Q (63)
. + e
w1thpo-b = g—;th and p, = ),_b+—*hF
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Op is a numerical parameter just like d. In some cases it may be useful to be able to impose
Oy and & separately but in many applications &, = § is a relevant choice.

Expression 63 is interpreted as the expectation of a random variable ©, (%, t):

04(%,1) = E[©,,(%,1)]
with:
©,,(%,1) = B(p,,)05(% + 8,7, t) + (1 = B(p,,))0,(t)

It was previously shown that the temperature at any position in the solid and the temperature
of the fluid can be interpreted as the expectation of well defined random variables. The double
randomization technique is then used once again in order to deal with nested expectations; by
doing so, the thermal path continues either in the fluid or in the solid, at a distance ), from the
boundary.

7.6 The path space with random walk on é-sphere

All items are now available in order to completely define the thermal path space. The Brown-
ian process in the field and the connecting condition between the solid and fluid are the only
mechanisms that are approximated. Other processes, as well as all couplings in the field, are
treated in an exact manner.

Fig 9 completes Fig 7 by adding a representation of the conductive paths under the approxi-
mation of §-sphere random walk.

8 Conclusions and outlooks

The proposal of the present text combines several points of view over MC methods with one
leading intention: benefiting from the solid foundations laid in a vast literature. As far as prop-
agation, stochastic processes and integral relations are concerned, the formal background is
well established and the corresponding probabilistic description provides a common language
that supports simple algorithmic proposals. The presentation was focused on coupled thermal
transfers for their very wide application significance, but the illustrated framework is nonethe-
less much wider than this particular disciplinary field and other linear coupled physics can be
studied similarly (see for instance [120-122]). Of course, many questions about coupled path
spaces are still widely open, which were left out from the present article. Several of these ques-
tions are getting addressed in ongoing works that already started to provide insightful perspec-
tives, as for instance:

» computing spatial gradients or parametric and geometric sensitivities; solutions are starting
to emerge from a better understanding of the information carried by thermal paths that is
available for further quantitative analysis [11, 123-126];

« the question of non-linearly coupled physics; several theoretical advances in the domain may
lead to practical solutions for probe computations, which preserve the essential properties of
the present methodology [103, 122, 127-129].

o in a very general way, revisiting physical intuitions using path integrals that include coupling
has consequences in terms of analysis because of the possibility to read the structure of the
coupling inside a single trajectory space.
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(c) Stochastic process method

Fig 9. Fig 7 is completed by the representation of a diffusive random walk under the approximation of a J-sphere
random walk. (a) Green functions method, (b) Stochastic process method, and (c) Stochastic process method.

https://doi.org/10.1371/journal.pone.0283681.g009
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APPENDIX
A Radiation linearized in temperature

We start from the stationary radiative transfer equation formulated in terms of monochro-
matic specific intensity I, = I (¥, i, t) at position ¥, in direction # at time ¢ and frequency v:

iNI = —KI + kI —KI +k / P! (@) I’ (64)
where k! is the absorption coefficient, k! the scattering coefficient, p! the scattering phase func-
tion, I' = I(¥,4',t) and I = [*1(6(%, t)) the specific equilibrium intensity at temperature
6(%,t) of the sohd or fluid. Although the radiative transfer is stationary, I, depends on ¢ due to
the evolution of the solid/fluid temperature.

Assuming that at all times and positions, the solid/fluid temperature remains close to a ref-
erence temperature 0, the temperature dependence of the specific equilibrium intensity can
be linearized:

I\eq(e) ~ I‘e'q(erea + aﬁlfq(eref)(g - eref) (65)
Equilibrium properties allow to write:

S 7 " Y / P (iiid') I (66)

Introducing the notation I, = I, — I*(0),,,) for the perturbations and subtracting Eqs (64)
and (66), the radiative transfer equation under the assumption (65) can be written as follows:

GV, ~ KT+ k9,1(0,,)(0 - 0,,) — K1, +k / P (i) I di’ (67)

We choose to rewrite this equation using the radiance temperature 0, ; in the direction #.
This radiance temperature is a spectral and directional quantity defined as the temperature for
which the equilibrium specific intensity is equal to the specific intensity:

L0 (%, 1)) = 1,(%, 4, 1) (68)
Using Eq (65),
I, = I9(0, ) + 0p1¢1(0,) (O i — 0.p) (69)
and therefore,
I, 2 0)1(0,) (03 — O,0) (70)
Eq (67) becomes:
V0, ~ —k 0y, +K0—k0,, +k / pr (|0, , did’ (71)

In the energy conservation equation, the radiation balance term yr, is defined as the differ-
ence between the absorbed and emitted power densities, Yr = Wapsorbed — Wemittea With

+oo
"pabsorbed = / dl—i/ dV k; v (72)
4n 0
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and

“+oo
lpemitted = / dﬁ/ dV kZI:q (73)
4m 0
Using the Stefan-Boltzmann law,
+o00 004
eq — _ ref
/0\ Iv (Qref)dv P
and the previous assumptions, we can write:
+00
— [ [ akom0.00,-0)
4n 0
/ dii / Ak D, (0.)0 ( / dii / dvk'd Ifq(Gref)> 0 (74)
= 16k,00°, <</ —du/ dvp(v) ) >
with
K,
puln) = 2R 75)
where
G O
— v Ie! 76
Pl =" (76)
and
+00
b= [ poark 77)
0
We finally retain:
Y = C(HR - 9)
1 +00 (78)
= /Mﬁdu/0 dvpy(v)0;
with { = 16k,00’,
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B Definitions for O (¢)

Eq (5), which is a first order time equation for the fluid temperature variable, fits perfectly into
the illustrative case described in Fig 2 and can be reformulated as:

T 6) = =, (0,0~ 0;,0)

Lt g, G
P piCi,j/F,»

, CiJoy, Ox(Frs 1)A% R + foq, 1e (V)05 (Vs 1)y
B (i’y/F,- + faQFth(J_"s)d}_”s

OCF
(79)

The development then leads to the same probabilistic formulation as in Fig 2, with © r, the

random variable whose expectation is 0, :
i

6,(1) - B(pff)eﬁ(lzs(pff))e;(ﬁf) (80)

0,(5) = E[©,()] (81)

where:
. pii= exp(—szi(t - tl)); with ¢; the initial time.

« B(p) is a Bernoulli r.v. with parameter p

« T% isar.v with an exponential distribution of parameter o,

Meanwhile, expressions provided by 80 and 81 are not fully satisfactory because the source
term 0, (¢) involves integrals of both temperatures 6z and 6s. It is thus necessary to carry out
the probabilization of 0, (¢) by writing the temperature of the fluid as the expectation of a ran-
dom variable which takes either the value of 65 or that of 65 (or 6;).

Such an expression will be compatible with the final objective, which remains the coupling
between submodels. Indeed, the temperatures 0 and 6, which are prescribed here, will be the
coupling variables when solving the whole model in Eq (6).

Let us define the area S of the domain €, and h n =, o0, hy(¥s)dys/S;, the convection

coefficient hy averaged over the boundary. Hence:

LV / 1 S, ho(5s)
0 (1) =——— [ —0,(X,, t)d%, + P / L7820.(¥, t)dy
F,( ) (Ve + Sy o Ve R(Xr, 1)dxp (Ve + Sy o, B S, s(Fs; 1) dys
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Which finally leads to the expression of the fluid temperature (Eq (15)):

eFv(t) = gF,vJ(t|tI)01

t
+ / / 815175 7)04(Fs, )07t
f Jogy,

+ / /Q 8, 1 (%R, )0, (¥, 7)dX pdt
t 5

where

¢ gF[.I(t|tI) =P

¢ Gt ) = (1= pi) 120 exp (a0, (t = 7))

 Zoaltln ) = pf Viocp,.exp(—ap,,(r =)

(iVE
(Ve +hE Sg;”

with py =
Defining the two independent variables

(J’s)

« Y4 arandom position variable following the distribution on the surface 0Q,

« X4 a random position variable following the uniform distribution ﬁ on Q.

we can write Eqs (16) and (17) which define the temperature of the fluid as an expectation:

with

®F-(t) = Bl(pfx)el

i

+(1- B0 ) { o)+ (1560 oo |

When dealing with coupling, we will then work, for each fluid subvolume €, , with the ran-
dom variables ©, (¢) rather than o} 5 (1)

C Definitions for O((X, t)

This appendix aims at providing the definitions of the random variables and probabilities that
appear in expression 21, reported here for the sake of clarity:

Oy(%,1) = B,(p})0,(X) + (1 = B, (p})B,(p3) 0 (X3, T3)
+(1 = B,(p)) (1 = B, (p9) By (p3)0,(Y3, T5)
Jr(l - Bl (P?)(l - 82@3))(1 - B3(p§))en(?§)7 Tg)
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« Definition of the probabilities:
P = [ g0,
Qg
t
R = [ [ gl )
i JQg

t
/ / gs,eJQE (Ev t|}_;F7 tF)d}_;thF
t Joal °

t
P, Fotlt) = / / G5 (17 1) A7 pdlty
ty Joop

Phap .11

with the relation (under the restriction conditions defined in Eq (8))
P+ Pr+ Phap + Poa, = 1
so that the following quantities can be considered as probabilities:
s_ P

P = and p} —71)39?
*ol-p Pol-pip

o Definition of the probability density functions:

Pt t) = g(F 1o 1)/pi(E. )

p(ii.Tﬁ)(£7 t"’_ém tR) = gS,R("_é’ t|"_éR7 tR)/plsz(-’_é? t|t1>

p(}*';ﬁTf‘)(iv e tp) = &s.000 (%, ] tp)/ngg (%, tt)
)

P(?f),Tf))(i typ ty) = &s.00, (%, t|yp, tD)/P?)nD (%, t]t;)

o Definition of the random variables:
« B(p) is a Bernoulli r.v. with parameter p

« X$isar.v. with distribution Pxs

« (X8, T%) is a paired r.v with distribution Ps.1s)

. (17;, T}) is a paired r.v with distribution p ys ;s
F'°F

o (Y3, T}) is a paired r.v with distribution Ps 1s)

which are independent from each others.
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D Definitions for O, ;(X, )

This appendix aims at providing the definitions of the random variables and probabilities pres-
ent in expression 25, reported here for the sake of clarity:

O (%, 1) = B} (%,i0))0(X5, 1) + (1 — B(p§ (%, #)))0r 0, (Y. )

« Definition of the probabilities:

pEa = [ [ g mdie
QJs?

/ / Sron, (X, ]y, d')du' dy
IR J S

with the relation (under the restriction conditions defined in Eq (8)):

patpr=1

pr(X, i)

o Definition of the probability density functions:

pa sy = ([ i, a0, ) 0
S
p(ig.ﬁR)(faﬁl)_”mﬁR) = gR.OQR(f’ﬁ|yR7ﬁR)/p§(E7ﬁ)

« Definition of the random variables:
o B(p) is a r.v with parameter p

« X% is the r.v with distribution py«
A
. (f’g, [7R) is a paired r.v. with distribution p yz 5,
R

which are independent from each others.

E Random Walk on Sphere and equivalent

For sampling Brownian motion in a confined environment, there are almost only approximate
methods that use numerical parameters on which the accuracy of the method depends [38,
80]. Among the most popular applications, it is worth mentioning the elegance of so-called
“first passage of a trajectory over a fictitious boundary” methods [130, 131].

The most common approach when it comes to sampling contributions according to the
conductive Green function, in a close domain Q with a Dirichlet boundary condition, is the
Walk on Sphere proposition [28, 31, 118, 119]. It consists in the random sampling of a point
(both in space and time) over successive spheres of maximal radius, centered on the current
position, as illustrated in Fig 10(a) (spheres are tangent to the boundary of the domain, and
entirely fit inside the domain). From the first passage Green function over a sphere, it is possi-
ble to deduce:

1. a distribution of exit times,
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(a) WoS (b) Walk-on-rectangle-parallelepiped

Fig 10. Illustration of methods based on Green’s function first-passage algorithms. (a) WoS and (b) Walk-on-rectangle-
parallelepiped.

https://doi.org/10.1371/journal.pone.0283681.9010

2. adistribution of exit positions over the sphere (that follows a uniform law when conductiv-
ity A is uniform!)

3. adistribution of positions inside the sphere, given that information is confined to the inside
of the sphere during the time elapsed from the initial condition.

The numerical strategy in order to find a exit position over the boundary of the domain
consists in setting an arbitrary thickness € to the boundary. As a consequence, a position is
considered to have reached the boundary as soon as its distance to the boundary is less than €
(this is necessary, since the contact between the sphere and € is most of the time reduced to a
point).

With this approximation and using the previously described three distributions, the contri-
bution associated with the current sphere can be sampled. In this case, three situations must be
considered:

« either the initial condition has been reached inside the sphere, and the MC weight is the ini-
tial temperature for the corresponding position, sampled using the distribution of point 3.,

« or a position is reached at the surface of the sphere located at a distance smaller than e from
the boundary, in which case the MC weight is the known temperature at the boundary,

« or a position is reached at the surface of the sphere located at a distance greater than e from
the boundary (at a time that is per construction closer to the initial condition), in which case
recursivity occurs.

A “walk” over spheres therefore emerges, until a boundary condition is reached. First,
thickening the boundary using parameter € is a source of uncertainty. This approximation is
not, in fact, an issue, because the average number of jumps that is required to reach the bound-
ary increases as [log(e)| [31, 130]; it is therefore possible to imagine a value of € that is compati-
ble with the numerical accuracy inherent to the representation of numbers, which is the
limiting approximation. Secondly, the implementation needs, for each jump, to solve an opti-
mization problem: identify the sphere of maximal radius contained in Q and centered on the
current position. This optimization problem may be computationally expensive for a high
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level of geometric complexity. Current research on this topic has already been translated in
more efficient intersection libraries [132, 133].

In the same line of thought, recent advances [34, 35, 76, 77] propose an effcient methodol-
ogy in order to sample contributions in a general polyhedral domain with a Dirichlet boundary
condition, as illustrated by Fig 10(b) (the strategy is similar to the Walk on Sphere, but with
parallelepipedic rectangles). This proposition consists in computing the Green function within
a parallelepipedic rectangle of arbitrary dimensions, in order to obtain:

1. adistribution of exit times (that depends on the probe position)
2. a distribution of exit positions (that depends on the probe position and the exit time)

3. adistribution of positions inside the rectangle, knowing that the information remains con-
fined to the inside of the rectangle domain during the time period from the initial condition
(that depends on the probe position and the observation time)

The proposition then consists in a practical and ingenious process to generate parallelepipe-
dic rectangles contained in the polyhedron and containing the probe position, while maximiz-
ing the contact area between this rectangle and the boundary of the polyhedron. It is then
possible, from the three distributions, to sample a contribution associated with the rectangle.
In each case, three situations have to be examined:

« either the initial condition inside the rectangle is reached, and the MC weight is the initial
temperature at the corresponding position,

o or a position is reached at the portion of the surface of the rectangle that is shared with the
surface of the polyhedron, and the MC weight is the imposed boundary temperature,

« or a position is reached at the portion of the surface of the rectangle that is inside the polyhe-
dron (at a time closer to the initial condition), in which case recursivity occurs.

A “walk” on rectangles emerges, until a limit condition is reached. Contrary to the Walk on
Sphere, there is no thickening parameter, making this approach a reference method since the
various contributions are sampled in a exact way. One of the remaining questions, that is cur-
rently not addressed on a theoretical point of view, is the capacity to generate such parallelepi-
pedic rectangles efficiently enough in a complex geometry. Nonetheless, even if it was possible
to produce these volumes in an optimal way, accounting for couplings and heterogeneous
parameters is a consequent additional work that remains to be conducted.

Attempts to address this question were made, notably by trying to sample contributions in
a domain with non-uniform conductivity, as for instance in the case of a discontinuity at an
interface [36, 74, 78, 79], or with Robin or Neumann boundary conditions [104, 134, 135].

F Consistency of the approximate d-sphere random walk on infinite
domains

In order to investigate the consistency of the approximate model and the convergence speed of

0 s towards 8 as a function of 6, a solution to the coupled conducto-radiative tridimensional
model provided by Eqs (51) and (52) will be proposed, while specifying the radiative physics of
interest.

Eq (52) can be seen as the solution of a radiative transfer equation that is obtained after
describing the underlying process. A rather simple way of obtaining this formulation consists
in reformulating the differential radiative transfer equation under its integral form. In the con-
sidered radiative physics, the collisional term is associated to absorption and scattering
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processes for spatially uniform radiative properties. For the needs of the computation pre-
sented in this appendix, the phase function is chosen isotropic. The radiative transfer equation
under its integral form can then be written as:

+o00 k k .
/ — dii / ke *dl <k“ 05+ GR) ,(£,%) €]ty +oo[xR*  (82)
4 e |(R-+iilt)

e

Note that using the iterated kernel procedure over the Fredholm Eq (82), the solution
appears as a development of a Neumann series, which formally defines the integration path
space as described by Eq (52). This additionnal step is not useful for the needs of this
appendix.

Using Eq (82), 0s and 0 ¢ are respectively the solutions of coupled Eqs (83) and (84). For the
original model,

pCO,05 = MAO + £(0, — 0,) , (£, %) €]t;, +00[ xR’

0,(%,t,) = 0,(%) X R’

+o00
/sl —diu / ke *!dl %95 + %0R> , (£, %) €]t;, +oo[xR?
¢ ¢ |(F+iilt)

(83)

and for the approximate model,

6f§1 duHSu 60

pcat(js =M 52

+ (0, —0) ,(t,%) €]t,, +0o[xR?

/—du/ ke *dl 0 +Rg ) ,(t,%) €]t,, +00[xR?
k, |(&-+iile)

where k,, k;and k. = k, + k; are respectively the absorption, scattering and extinction coeffi-
cients. Let us recall that 0 i = 0,(% + oii, t) and that S” is the unit sphere of dimension two.

Fourier expansion

0,(%, t) is obtained by a development over a Fourier basis, in order to get the dispersion rela-

tion for the approximate model. Notation 0 S(E, t) is used for the component on the basis asso-

ciated with the wave vector k (Fourier transform).

t x+6u
/S - / (. \ak

pC, / 0.k etk ) = | — = / 0,(K, )e**dk (85)
R? 0" Jrs
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that is reformulated as follows,
/pcaé (K, )e<dk =
R3

Using the fact that {#—e* ¥}, ., is a Hilbert basis, a relation for each component of the associ-

ated wave vector k is obtained:

2 6D 2 2 2
8,05 (/ 7dﬁ "Sku_1>05+pcc<0R_05)

” D ik —iok.ii P - -
00, =% ( 1 gy e +e —1>05+£(0R—95)

s2 2n pC
(87)
2 6D ! 2 ¢ /2 2
0,0 :y</o d¢/ sin(0)d0 cos(5||k||cos(0)) — 1)05+p—c(0R—03)
2 6D sin(0||K||) 2 oz 2
0,0 ——=——-1)0,+—=—(0,—0
i =R ()i (6, -0)
where D = A/pC is the thermal diffusivity. Similarly, the Fourier transform for 0, is straightfor-
ward:
k,arctan <||k |>
b = i % -
||IK|| — k arctan< )
Combining Eqs (87) and (88):
GII) _ kam( )
2 6D (sin(d||k 2 14 2
0,05 = ?( = )0 —C —— 1] |0 (89)
Ok | P [[K]]
||K|| — k arctan p
from which it is deduced that:
o, (k. t) = 0,(k, t)e )" (90)
where the characteristic time 7 associated to k verifies:
I_C. -1
5 k arctan (Hk ||>
| (( 1) 1) L ) o1)
0\ olkll PCl e L3
k|| + k.arctan P
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Altogether, the analytical solution for 0 is:

0,(%,t) = / (A)I(E, t)e(tft[)/feil;fd’_é (92)
RS

In order to perform a similar development over the 0,(¥, f) model, the Fourier transform of
the finite differences operator has to be replaced by the Fourier transform of the Laplacian
operator:

—0.6

0o 01 02 03 04 05 06 07 08 09 1 0o 01 02 03 04 05 06 07 08 09 1
z/L z/L
(a) 6= L/2 (b) 6= L/5
0.4 0.4
s U
0.3 = 0.3
0.2 ——MC 0.2
0.1 0.1
< <
-0.1 -0.1
—0.2 -0.2
-0.3 —-0.3
—04 = - — —-0.4 = = =
0o 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
z/L z/L
() 6 = L/10 (d) § = L/20

Fig 11. Each fgand 0 s curve are the exact solutions of respectively (83) and (84). Points that are denoted MC and
associated errorbars are the solutions of a numerical resolution by MC over the approximate model. The initial

temperature field is: 0,(¥) = 0, + Acos(E.E). Results have been obtained for a characteristic time 7 and for position x

ref
€[0,L],y=z=0withk = (2n/L,2n/L,2m/L), for each figure. The only differentiating parameter for the four figures
is the value of & that is taken respectively in the {L/2, L/5, L/10 and L/20} set. The scattering radiative coefficient is null
(ks = 0) and the reference temperature 6, that is used in coefficient { is chosen so that a equivalent weight is given to
conduction and radiation, through the constraint D| |E I’ = o arctan (”"”). (a)6=L/2,(b)6=L/5,(c) §=L/10,and

pCllK| ke
(d) §=L/20.
https://doi.org/10.1371/journal.pone.0283681.9011
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where the characteristic time 7 associated to k verifies:

— -1
k,arctan (@)
T= D||E||2—£C : -1 (94)

||K|| + karctan <||:—|>

e

The consistency of the approximate model is now straightforward:

T = lim?
0—0

and the approximate model converges as 5°:

1 D||k||"
R Q'k” 5+ o(5") (95)
T !

The 6, model approximation only finds its origin in the Laplacian associated to the diffusive
process. The radiative part is evaluated exactly, which means that in parametric regions where
radiation dominates over conduction, the approximation of the temperature field is nearly
independent of the walk parameter 6.

For illustration purposes, and without seeking completeness, Fig 11 shows how 0 and 6
temperature fields behave for a given set of parameters that correspond to radiative processes
without scattering (k, = 0) and equivalent weights for the conductive and radiative processes.
It is worth mentioning that, without surprise, the MC computation behaves exactly as the
approximate model whatever the value of the walk parameter 6 (MC reconstructs Eq (92)).
Furthermore, it should be noted that for a walking step equal to 1/20 of the characteristic
length, the approximate model and the exact model agree within an outstanding level of
accuracy.
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