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Abstract: This thesis is dedicated to a problem of heat transport where radiation
is taken into account. Models for such setting, although complicated, are very
important for industrial purposes.

We provide a derivation and explanation of the fundamental physical model for
radiative heat transport. The resulting system of radiative transfer equations
(RTE) is then approximated with so-called SP, equations. Here, we focus on
asymptotically deriving a simple set of SP; equations. Special attention is given
to Marsak-type boundary conditions which we formulate in a more precise form
than other sources.

Inspired by the float-glass forming process, we look into problems with multiple
domains with different refractive indices. For such an arrangement, there is a
need for transition conditions describing the behaviour of the solutions on the
interface between two domains of interest. By following an analogous procedure
as for the boundary conditions, we have managed to identify a natural set of
transition conditions that allow for discontinuity in the intensity variable. To our
best knowledge, these conditions have not been yet presented in the literature.

Finally, we present several numerical experiments of solving these equations in
Wolfram Mathematica software and compare them with benchmark results.
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Nazev prace: SP, aproximace rovnice radia¢niho prenosu tepla
Autor: Tobias Krupa
Ustav: Matematicky tustav UK

Vedouci bakalarské prace: RNDr. Ondrej Soucek, Ph.D., Matematicky ustav UK

Abstrakt: Tato prace je zamérend na studium a popis tlohy prenosu tepla, pri
které uvazujeme také prispévek prenosu zarenim. Jde o tlohu velmi dilezitou z
hlediska praktického vyuziti v pramyslu.

V tvodu prace podrobné vysvétlujeme odvozeni stézejniho systému fidicich rovnic
pro radia¢ni prenos tepla. Vzhledem ke komplexnosti tohoto systému pokracu-
jeme v dalsi casti predstavenim aproximace pomoci tzv. SP, rovnic. Zaméiime
se zejména na nejjednodussi sadu, SP; rovnice, které odvodime technikou asymp-
totického rozvoje. Zvlastni pozornost je vénovana okrajovym podminkam Mar-
sakova typu, které jsou v riznych zdrojich formulovany neptesné. Tyto rovnice
opét asymptoticky odvodime do spravného tvaru.

Inspirovani vyrobnim procesem tabulového skla se zajimame také o problematiku
s vice oblastmi o rozdilnych indexech lomu. Pro feSeni této tlohy je potieba znat
prechodové podminky popisujici chovani teploty a intenzity zareni na hranici
mezi studovanymi oblastmi. Obdobnym postupem jako v pripadé okrajovych
podminek se ndm podarilo odvodit prirozenou sadu prechodovych podminek,
které pripousti jistou nespojitost v intenzité zareni. Tyto podminky zfejmé do-
posud nebyly uvedeny v zddném ¢lanku zabyvajicim se timto tématem.

Praci zakonc¢ime ukazkami nékolika numerickych experimett v softwaru Wolfram
Mathematica, ve kterych srovnavame nase feseni s benchmarkem dostupnym v

literature.

Klicova slova:  radiacni prenos tepla, SPn aproximace, okrajové podminky,
prechodové podminky
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Introduction

In many industrial areas, it is crucial to monitor the temperature evolution of cer-
tain objects. Materials can change their properties dramatically when heated up,
thus it is in our interest to be able to predict and model heat transfer in complex
configurations. In the most simple setting, it suffices to simulate heat transport
via conduction, but we can come across problems where this simple model is not
accurate enough. Firstly, the material itself can be in motion changing form and
shape, in that case, it is obvious that heat transport by convection has to be
considered. Or the material could be at least semi-transparent allowing for heat
to be transferred by the means of radiation. The latter case is the main subject
studied in this thesis.

We take a look at the problem of heat transport between semi-transparent
materials, where we assume that the energy can be transferred not only locally
by conduction but is also continuously radiated in all directions. This additional
assumption dramatically complicates the model structure and the governing equa-
tions as well. The heat equation is no longer a mere parabolic equation, but
a complex integro-differential equation theoretically coupled with uncountably
many elliptic equations.

In this thesis, we are interested in such models and techniques that make them
solvable. In real-world applications, these models can describe processes like flat
glass manufacturing, see attachment [A] for further information.

Physical summary

Now let us summarize what kind of model structure we are looking for. We
are interested in the heat transfer between a stationary arrangement of several
immiscible mediums, in reality, they can be for example glass, tin, and then
surrounding gas, typically nitrogen. There are no heat sources, we simply let
the system cool down by exchanging energy with the outer reservoir via heat
conduction and thermal radiation. For such a problem, there exist a number
of approaches that couple thermal evolution with various approximations to the
problem of radiation transfer. Each technique brings its own challenges in the
form of identification of suitable boundary and transition conditions.

Goals

This thesis is in a sense sort of follow-up on the studies of the Department of
Mathematical Modeling, Charles University (Rehof et al.[[2017]) which did great
analysis of mechanical models of the glass forming process described in attach-
ment [A] Their work was motivated by the needs of a company Glass Service and
the main goal of this study is to integrate a certain approximation to the radiation
heat transfer into the evolution of temperature during the cooling of glass.

Although we have this vision in the back of our minds, this thesis operates
in rather general setting focusing on the derivation and analysis of the equations
without committing to any actual setup or real-world data.



Outline

The thesis itself consists of four parts. In the first one we derive the full governing
system of the partial differential equations that model our situation. It is achieved
thanks to the tools of basic ray physics, or rather optics.

In the key second part, we look at the problem from the numerical point of
view. We derive a simpler system of equations that is easier to solve and that is
actually used in industrial computing. Here we talk about SP, equations, SP; in
particular, and we describe their idea for a specific set of assumptions.

In the third part, we test the equations with our own implementation of
numerical solvers for such systems. We define chosen computing method and
make some modifications to the equations resulting in them being more suitable
for numerical calculations. Finally, we provide a comparison with benchmark
results adopted from the literature.

The final fourth part includes a discussion about the application of the model
to simple geometry setup and whether our equations are consistent. We also offer
a glimpse of SP, equations and on how they differ from SP;.



1. Radiative heat transfer

We begin our work with a brief overview of the subject, defining basic quanti-
ties and principles. Full analysis of the pivotal ideas regarding this matter can
be found in a book written by Martin Frank and Axel Klar (Frank and Klar
[2011]). It is well-known that heat can be mainly transported by three distinct
mechanisms: heat conduction, material convection, and radiation. We will briefly
summarize certain aspects of all of them, special attention will be then dedicated
to radiation.

Heat conduction

We start with the principle of each mechanism. Conduction can be at a suffi-
ciently fine scale described as energy transfer due to particles” interactions. These
interactions are happening on an atomic length scale, 107 m (Frank and Klar
[2011]). One can visualize a collision of two point-like particles, during which they
exchange their energy, thus transporting it through space. According to Fourier’s
law, the heat flux is proportional to the local temperature difference, or rather a
spatial derivative (gradient).

Qeon = _kVTa (11)

where k is thermal conductivity of given material. Usually, £k is taken as a con-
stant, although it doesn’t have to be totally precise and in reality, it may slightly
vary with temperature. However, to simplify the model, we will use constant-
value approximation. Therefore in our equations, k is a constant.

Convection

This process is omitted in the models we will focus on, so we do not discuss it
in detail. Convection is an energy transfer process that is directly related to the
motion of the matter itself, in other words heat is carried along with the moving
material. As such, the process is also local in the sense that its effectiveness
depends on the local velocity and the local thermal gradient.

To illustrate this, consider a vessel full of liquid with heterogeneous tempera-
ture distribution. If there is a peak in thermal energy on one side of the vessel,
by the convection and also conduction, the thermal energy has to be "passed on”
through the material to reach the other side. Certain point affects only its close
neighborhood.

Thermal radiation

This mechanism is not like the previous two. It is realized by travelling photons,
not material particles themselves. Of course, the matter has its influence on the
radiation, but it is rather inhibiting. Energy can be transferred by radiation
without the need for any medium. If we again picture a situation, this time with
two vessels (or simply bodies) separated with vacuum, there is no way that any
energy would be transported via conduction or convection. But an exchange of



energy would still occur because of radiation. And similarly, within only one
vessel (body), the hot right side immediately affects the cold left side.

As we can see, radiative transfer can be really effective. Another reason for
that is so-called Stefan-Boltzmann law. It states that energy flux leaking out of
volume through radiation is proportional to the fourth power of temperature:

E=oT! (1.2)

This means that radiation will have a significant impact when dealing with high
temperatures, which is characteristic for the application we consider (see .

We can see that thermal radiation will dramatically change the solution to
the heat evolution problem. However, it is clear that we do not get by with
just differential equations, since radiation is not a local process. A single point’s
temperature is at each moment affected by the temperature of every other point
in the material. The governing system will have to contain an integral, meaning
we will deal with integro-differential equations.

On the other hand, we are able to kind of get around integrating over the
whole volume of the vessel, but at the cost of implementing a new unknown
function that represents a direction-dependent field of radiation.

1.1 Radiative transfer equation

As we hinted above, there are several typical functions that we have to introduce
first before we start deriving the radiative transfer equations (RTE). There is a
wider spectrum of them actually, but we will settle with only a couple of them
that are actually needed in this thesis (for further information see [Frank and Klar
[2011] or Howell et al.| [2021], p. 4-42).

1.1.1 Physical quantities
Spectral intensity

The most important quantity in this entire work is spectral intensity, de-
noted I. It describes the radiative transport of energy at a given point (x,1)
in space and time. It is also dependent on specific direction € (unit vector) and
lastly, on frequency v at which the radiation propagates.

I(x,t,Q,v) (1.3)

Its physical meaning can be stated as the amount of radiative energy dFE that
flows through an area dA spread into solid angle d{2 over time dt in spectrum
band dv. Another way of perceiving this quantity is as rays of photons traveling
through a medium in a given direction at a certain energy level (frequency). This
image will help us later motivate processes like absorption or scattering.

Let us emphasize here that the key feature of intensity that allows it to model
complex radiative transport is the direction-dependence. It results in a quite
complicated set of equations, but the complexity is naturally embedded in the
problem itself. Note that we are not actually interested in knowing the shape of
the intensity function. Later we will see that it will be more relevant to compute
its moments, resp. directional averages.



For starters, let us define total intensity I(x,t,€2), as summed intensities
across the whole spectrum.

I(x,1,9) = /OOO I(x, 1,9, ) dv (1.4)

Taking the integration one step further, we get another important quantity.

Energy flux

Next, we establish energy flux E(x,t), or rather p(x,t) to be consistent with the
literature. It will be essential for deriving the governing equation later because
as it often goes in physics, the equation is based on energy conservation.

It is defined:

o(x, 1) :/SQ I(x,t,9) dQ2 :/52 /0°° I(x,,9, v) dv dS2 (1.5)

It will also play a key role in our diffusion-based approximation, where we
employ the reduction of one of the variables, direction 2. Since we are not
interested in intensity after all, it does not bother us to calculate with its integrals
only. We will see the point in chapter

Radiative heat flux

Analogously to the conductive heat flux q given by Fourier’s law, there is a
vector quantity that describes net energy transport by means of radiation. To be
consistent with the literature, let us denote it F and it is defined as

F(x, ) :/52 QI(x,t,9) dQ:/S2 /OOO QI(x,t, 9, v) dvdQ (1.6)

We could also define spectral radiative flux dependent on frequency by omit-
ting the integral over the whole spectrum, but it will not be used in this paper
anyway.

Blackbody intensity

A very important milestone in this field was Planck’s distribution law. It describes
the behaviour of an idealized object called a blackbody. It serves as the first
approximation for any body that radiates energy.

We can visualize the energy transfer as rays of electromagnetic radiation.
Any regular object is able to emit and absorb radiation within its volume and
emit, absorb or reflect it at the boundary. The behavior is determined by the
properties of the studied object and the energy level of the radiation. The basic
relation £ = hf states that energy is proportionate to the frequency of the
electromagnetic wave. After radiation hits an object, depending on that exact
frequency, the ray is either reflected back or transferred inside.

Then, in the bulk region, the radiation can experience some sort of attenua-
tion via absorption by individual molecules. This results in different degrees of
transparency.

The blackbody approximation assumes that all the radiation that arrives at
the object’s surface is absorbed, ergo no radiation is reflected. Hence the name
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blackbody, because due to the absence of reflection, it would appear as totally
black. On top of this, the radiation emitted by this body is again through the
whole spectrum and also isotropic (equal in all directions).

In this paper, we will not be spending time on deriving the formula for the
blackbody intensity B(v,T) (for details, see [Frank and Klar| [2011], sec. 2.2),
instead we content with knowing the formula

2th3 1
2
B(VaT):nl 2 hpv )

0 eksT —1

(1.7)

where T is the thermodynamic temperature at a certain point in space and time,
v is the frequency of the radiation, n; is the refractive index of our environment,
co is the speed of light in vacuum (cy = 299792458 m-s™!), hp is Planck constant
(hp = 6.626 - 1073* J-s) and kg is Boltzmann constant (kg = 1.38 - 10723 J.K™1).

Note that we will also work with mediums that have different refractive in-
dices, at those times mind the index that corresponds to the refractive index of
that medium, i.e. B; in medium with nq, By in medium with ny etc. If we con-
sider only one domain with a homogeneous medium, then we omit the index and
write just B instead of B; to be consistent with the literature.

1.1.2 Derivation

Now that we have defined the necessary quantities, we dive deeper into relations
telling how one influences the other. First, we look into the effects on intensity
in bulk regions.

Absorption

As we stated earlier, the radiation propagating through a medium is slowly and
partially reduced due to a number of phenomena, absorption being one of them.
This process can be explained by the image of photons colliding with atoms,
getting absorbed, and exciting them onto higher energy levels, thus the radiation
itself loses energy. The number of encountered atoms is clearly linearly dependent
on the traveled distance As. We simplify the situation by introducing a single
parameter s that describes the absorbing properties of the material. It tells us
the proportion of energy that is passed on from photons to atoms. If we now
imagine a ray of photons that travel distance As through a medium, we can state
simple relation for the decrease of intensity:

A
I(x+ QAs, t + —S, Quv)=1(xt,Qv)—rl(xt, Qv)As (1.8)
c
where c is the speed of light in considered medium (c = ).

Emission

On the other hand, there are also sources that increase the intensity, here we ex-
clusively mean the thermal radiating of the medium. Although thermal radiation
is mainly related to higher temperatures, it is (just like gravity force) constantly
happening even at the scale of everyday objects at room temperature (as long as

8



the temperature is not 0). Therefore, if we study the intensity field in a body we
do not get by with considering only incoming outer radiation that decays inside.
The overall field of intensity will be also magnified by inner radiation.

This emitted radiation will be referred to as emission and its intensity is in
the form of isotropic blackbody intensity. If we again keep track of intensity as we
move through the medium, the contribution of emission is linearly dependent on
that traveled distance (number of atoms come across). For the intensity balance,
we can set up a similar relation:

A
I(x—l—QAs,th—S,Q,V):](x,t,ﬂ,u)+mB(V,T)As (1.9)
c

We can see that we used the same constant  as in the equation ([1.8)). We can
validate this step by considering a blackbody-like material. If the absorption was

different from emission, there would spontaneously arise a magnifying intensity
field.

Scattering

For the sake of completeness, we have to mention also the process of scattering,
as it can also alter the intensity field. The key observation is that the intensity
I(x,t,€2,v) is direction-dependent and scattering is the process during which the
radiation is sort of randomly distributed into other directions. We recall the image
of a photon traveling in direction €' colliding with atom. If it is not absorbed,
it is instead redirected to other direction €2. Or in other words, photons from
various directions €2’ can be directed in €, the direction of interest (now the
notation makes more sense).

The "random” character of scattering is modeled by probability density func-
tion s(€2,€2’) that determines the probability of change of direction ' — €.
Since it represents the probability, it has to hold that:

/52 s(, Q) dY =1 (1.10)

where we integrate over unit sphere S2.

We again assert that the amount of scattered radiation is proportional to the
distance traveled by the ray of photons, let us denote the constant of proportion-
ality by o.

Similarly to the absorption/emission balance, we have the term contributing
to increase of the intensity in our direction €2, so called in-scattering term, as
well as the term representing the decrease, out-scattering term.

I(x+ QAs, t+ ﬁ,ﬂ,y) =
C
—I(x, 6, Q0) 4o (/ S(Q, QN I(x,, Y, 1) dQY — I(x,1,Q, y)) As (1.11)
S

The integral in equation accounts for all possible directions on S? from
which the radiation might be reflected. The out-scattering term —olAs is anal-
ogous to absorption or emission terms.

One thing we may be interested in is the actual form of the function s(€2, €2).
It turns out that isometric approximation is fairly accurate and, of course, it



simplifies the model. We will therefore in this paper consider s(€2,Q') = ﬁ.

Later, we will point out the step of derivation at which this assumption makes
the scattering effect vanish from the equations.

Now we consider all the previous effects (equations (1.8), (1.9) and (1.11))

acting at the same time and we get a balance equation for intensity I(x,t, 2, v):

[(X+QAs,t+§,Q,V) =I1(x,t,Q,v)+
c

K(B(V, T)—I(x,t,Q, V)>+
‘o (/ S(Q, Q) (x, 8, v) A — I(x,t, 9, V))} As (1.12)
S
We will gather the terms of the difference quotient on the left-hand side

](X+QA3,7H-%,Q,I/)—I(x,t,ﬂ,u)
As

= K(B(V, T) — I(x,t,9, I/)>—|-
+o (/52 s(Q, VI (x, 1,0, ) dY — I(x, 1,9, y)) (1.13)

and take the limit As — 0,

Full Radiative transfer equation

c ot
+o (/S S(9, ) (x,t, Q1) dY — I(x, 1,2, y)) . (L14)

Q-VI(x,t,Qv)+ 1g[(x,t,ﬂ,u) = K(B(IJ,T) — I(X,t,ﬂ,y)>+

Thus we got the Radiative transfer equation in its full form.

As we have hinted before, some terms will not play a significant role in further
derivation. Firstly, it is the scattering term which we assume to be isometric and
secondly, it’s the term with time derivative. The time that radiation needs to
propagate through a medium is much smaller than the considered time scale.
So, we neglect any momentary changes and treat the intensity at any time as in
its stationary state. We can also naively motivate this step by saying that the
coefficient % in front of that term is very small. After this reasoning, we get a
steady radiative transfer equation:

Q- Vix,t,Q0) = K(B(V, T) = I(x,t,Q, 1/))—|—
+o (/52 s(Q, Q) I(x,t,Q,v)dY — 1(x,t,9, V)) (1.15)

from which we later deduce the heat flux for the energy balance equation.

1.2 Energy conservation

In this section, we will finally discuss equations concerning temperature 7', our
desired quantity. We directly focus on the equation representing the conservation

10



of energy of incompressible fluid (we have adopted the formula from lecture notes
Matyska/ [2005]).

or

dp
P Cm—— % —pPmCmV - VT —V - q+aT<

BT +v- Vp) +tP - Vv + pmbhm

(1.16)

where p,, is the density of the medium, ¢, is its heat capacity, v is the velocity
vector, q is the heat flux, a is thermal expansion coefficient, p is pressure, t is the
Cauchy stress tensor and h,, represents inner sources of heat. There are quite a
lot of complicated terms, however, most of them vanish because we consider our
medium at rest, ergo v = 0. Plus, we do not consider any heat generated inside
our medium, h,, = 0.
These assumptions greatly simplify the equation into the form:

T
ot
One may think that we reduced the problem to a simple heat equation, but keep

in mind that q does not represent mere conduction, it includes radiative heat
transport.

PmCm

= -V-q (1.17)

q:qcon+F (1'18)
For q,,,, we can simply substitute from equation (|1.1)) and get:
~V-q,, =V (kVT) (1.19)

We can rewrite F according to our definition (1.6)):
V. F(x,l) = -V / /OO QI(x,t, 9, v) dvd (1.20)
52 Jo

Now we interchange differentiation and integration as they are independent and
then we use the relation from steady radiative transfer equation ([1.15]).

_V-F(x,t) = // Q- VI(x,t,Q,v)dvdQ

/S/ ( I(x,t,ﬂ,y)> dv dQ+

/2/ (/ (Q,Q)1(x,t,Q,v)d¥ —I(X,t,ﬂ,u)) dv dS)
S (1.21)

We will take a closer look on that second integral term and recall the assump-
tion of isotropic radiation scattering:

/S/ (/ (2, Q) (x,t,Q,v)dQ —I(x,t,ﬂ,y)> dv dQ =
o ([ s s )

—0 /;I(xtﬂ’)dﬂ’dﬂ—a/ I(x,t,9)dQ =
S2

S2 S2
1
:a</ 16,1, 9)dsY - [ a0 - / xtQ)dQ>:
41 Js2 52
. (/ I(x,t, Q) dg —/ I(x,t,9) dQ> —0 (1.22)
S2 S2
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At this point we see that for isotropic scattering, the in and out scattering
terms cancel out, this is what we have insinuated earlier. Therefore substitut-
ing everything back will give us the final form of governing bulk equation for
temperature.

Temperature evolutionary equation

oT (x,t)
ot

PmCm

=V . (kVT(x,t)) — /oo /2 H(B(l/, T) — I(x,t,9, u)) S dv
" (1.23)

1.3 Boundary conditions

So far, we have obtained two time-dependent partial integro-differential equations,
and (1.23), for unknown functions I(x, ¢, 2, v) and T'(x,t). Naturally, there
is a question of initial and boundary conditions present. First, we look at the
boundary condition for intensity /. In this section we still follow the work of
Frank and Klar (Frank and Klar| [2011]).

1.3.1 Intensity boundary condition

As an electromagnetic ray hits an object’s boundary, one of two things must
happen. Either it is reflected according to law of reflection back into the same
material, or it is transmitted through to the other material behind the boundary.

We consider a flat (for simplicity) boundary between two mediums, M; and
M, and radiation passing through it, see figure Their refractive indices are
ny and ns, respectively. We can assume that n; > ns because in the real case,
our goal is to model a glass panel (M) surrounded by air or other gas (My).
We would like to determine intensity at boundary point x € M in direction €2
aiming into medium M.

Reflectivity

First, let us establish the basic notation. As we know the ray of electromagnetic
radiation changes on crossing the boundary its direction. This change is described
by Snell’s law:

ny sin(fy) = ny sin(6s) (1.24)

where 6, and 6, are the angles at which do directions of the ray meet with
the normal line passing through x in M; and M resp. Let us then denote
n a unit normal vector at point x pointing into My (n-Q < 0) and €; (for
incident) the direction that gets transformed on the boundary into €. Then
cos(01) = cos(f) = |n - 2] and cos(6s) = cos(6;) = |n - ).

Naturally, not all the radiation hitting a boundary gets transmitted to the
other side. Transmittance of a boundary can be for simplicity characterized by
a single parameter: reflectivity p. It represents the ratio between the number
of photons which are reflected and the total amount that hit the boundary. It
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p1(pe)

p2(p)

generally depends on the angle of incidence, particularly on the quantity |n - Q|
since we care about the slant of €2 instead of its orientation.

However, what really does matter, is on which side of the boundary we con-
sider the reflection happening. For example, above the critical angle 6., the
reflectivity on one side will be equal to 1, while the same does not apply to the
other side. It can also be shown directly from the formula for p(|n - €|) itself. We,
therefore, have to distinguish between reflectivity p; that describes the behavior
of a ray coming to the boundary from medium M; and analogous reflectivity p,
in Ms. For each one, we are able to put together an explicit formula, a. k. as
Fresnel equation (Howell et al. [2021], p. 90) (¢ = |n- Q| = cosf; in equation

(1.25) or pp = |n - €| = cos by in (1.26))):

3 2 2
nip—ng 17(22) (1—p2) ny 17(712) (1—p2)—nop

3 ; + ;
n1u+n2\/1—(2;) (1-p2) m\/l—(;g) (1—p2)+nap

(1.25)

2
1 n2,u—n1\/1— 22) (1 — p? nQ\/l— —2 1—,u)—n1u
-1 () (1.26)

ng,u—l—nl\/l— H—Q) (1—p? ng\/l— 2 — 12) +nip

The formula for intensity at boundary point x in direction {2 aiming into
medium M, reads:

I(x,t,9Qv) = Les+ Ly (1.27)

It means that the intensity at the boundary is solely merged from two separate
components.

First is the intensity I,.s originally heading out into medium M, but reflected
back. The initial direction can be easily deduced from the law of reflection. If
the final direction of our intensity is 2, then the initial direction has to be

Q'=0Q-2(n-Q)n (1.28)

Of course, the reflected intensity is only a portion of I(x,t, €', v) as part of
it is transmitted into Msy. The ratio is given by aforementioned reflectivity

pi(|n - ]) € [0, 1]
Lep=pi(n- QNI(x,t,Qv) (1.29)

The second term, I, is a bit trickier. It represents the contribution of intensity
that is transmitted through the boundary from M. Here we deal with radiation
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\ + 1 ¢:(Q)

Figure 1.1: Boundary between mediums M; and M

that comes over from the environment with a different refractive index, hence
2, # Q. However, the direction is not the only parameter that changes. If
we take a look at the bundle of rays in solid angle df2; when passing through
the boundary from M, into M, they all change direction as expected, but the
resulting cone narrows down, in other words, the solid angle gets smaller. This
phenomenon is well described in (Howell et al.| [2021], p. 836-838) Rigorously we
can describe this shrinkage as follows:

sin(0y) = L sin(6;)

No
cos(fy) dfy = " cos(6) db,
U
. ny\ 2 . ny\?
cos(8) A€ — cos(0,) sin(6y) dby dj — () cos(6y) sin(6:) dby do — () cos(6y) dQ2
U

" (1.30)

Once again, we use the conservation of energy which we express from definition
of intensity.

dEy = I (x,t,Q,v) dA; dQ dt dv (1.31)
dEQ = [1 — p2(|n . Qz’)] ](X, t, Qi7 l/) dA2 dQZ dt dv (132)

Note that the area dA;, resp. dAs, is meant in plane perpendicular to €2, resp.
;. If we consider infinitesimal area dA in the boundary plane at point x, it
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holds dA; = costy dA, dAs = cosfy dA. Energy must be conserved, hence:

dE, = dEs
I (x,t, Q,v) dA, dQdt dv = [1 — pa(In - ])] I(x,t,Q;,v) dAs dQ; dt dv
L. (x,t,92,v) cos(01) dAdQ2 dt dv =
[1— po(|n - ])]1(x,t,Q;,v) cos(fz) dA dSY; dt dv
I (x,t,82,v) cos(0y) dAdQ2 dt dv =
1 — polln - ]I, £, R, v) (T)Qcos(el) dAdQdtdy  (1.33)
2

From this, it follows that:
1y 2
(%, £, ,0) = [1— po(|n - )] () I(x,t, %, v) (1.34)
U

Putting together formulas ([1.27)), (1.29)), and (1.34)) we obtain the final form of

the boundary condition for intensity.

Boundary condition to (RTE)

I(x,t, 92, ) = py(|n - ) I(x, 1, ) + [1 — po(|n - ])] (Z;)zl(x,t, Q,,v)
(1.35)

1.3.2 Temperature boundary condition

We try to come up with suitable boundary conditions for our modified heat
equation . We consider a region of interest containing medium M in which
we calculate the evolution of temperature 7. Let it be surrounded by medium
M, with its own temperature T,. We are not interested in fixing the temperature
T at a constant value at the boundary, rather we want to model the heat flux
that flows through the boundary. We do that using a parameterization of heat
transfer across thin layers, standard in engineering:

k(- V)T (x,t) = h (Ty(x,t) — T(x, 1)) (1.36)

where h is a parameter describing the boundary properties and is determined by
experiment.

The next remark is quite important and has a significant impact on the dis-
cussed problem. It turns out naturally that glass does not allow radiation to
propagate across the whole spectrum. Below a certain threshold, a frequency vy,
the material starts acting like blackbody material, I = B. We call this part of the
spectrum the opaque band. The behavior of intensity in the opaque band has a
significant impact on bulk equations. Firstly, the equation does not make
sense in the opaque band since it has been posed for direction-dependent intensity
field instead of isotropic intensity B. And in equation , the integrand on
the right-hand side vanishes for all frequencies v < 1.

The last note is about intensity boundary condition in the opaque band. It is
clear that the behaviour is not the same as described in the previous section. For
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example, at the boundary of a blackbody object, there is no reflection of incoming
radiation, everything is absorbed. So, instead of complex intensity combining, the
material simply radiates energy in the form of blackbody intensity corresponding
to its temperature 7" and absorbs incoming blackbody radiation at surrounding
temperature T5, with no reflectivities involved. Since all this radiation is coming
from and going to medium Mo, it is in the form of By (mind the index). We can
consider the resulting heat flux and include this phenomenon in the temperature
boundary condition.

We need to calculate the normal component of the heat flux which is fairly
straightforward since By(v,T') does not depend on €2.

n'Fout(th):Ayl /HQH'QBQ(V,T)deV:/

H2

n.QdQ/V1 By(v,T)dv =
0

= [ cos(0)sin(0) df do /Vl By(v,T)dv = W/Vl By (v, T) dv
. " " (1.37)

H? denotes the hemisphere with rotational symmetry around the vector n.
F,, is calculated in a similar way and after calibrations needed due to refractive
indexes n; and ng, we obtain full boundary condition for temperature.

k(n - V)T(x,t) = b (Ta(x,t) — T(x,)) + an /0 " Bo(v, Ty) = Bo(w, T)dv (1.38)

We have not fully derived this formula, we only hinted possible way, the rest is
adopted from (Frank and Klar [2011]). Here, « is so-called hemispheric emissivity
and it is defined as

1
a= 2n1/0 1—p1(p)du (1.39)

1.4 Governing system

Now let us summarize our development in the derivation. We have derived two
bulk equations, the radiative transfer equation and heat equation (|1.23]).
And together with that, for each unknown function we have also obtained equa-
tion that describes its behaviour on the boundary. Let us rewrite this system
for specific setup. Consider a volume of medium M; with refractive index n;
surrounded by medium My, which is a thermal reservoir. The outer radiation
coming from My to M is Planckian in distribution. To emphasize the difference
between the nature of domain M and reservoir M, at the end of this section we
denote quantities associated with the reservoir by lower index b (blackbody-like).
M, or rather later My, has refractive index ny, = n;, and ps = p,. We assume
that M, is at constant temperature T, = Tj. Intensity By gets redenoted too, in
fact we start denoting By = B, and T, = T, immediately from now on, just to
keep reminding us that they are associated with blackbody-like reservoir.

16



Full radiative transfer equations (RTE)

T (x,t)
ot

PmCm

_V . (kVT(x,t)) - /°° /S ,@(B(y, T — I(x,t,ﬂ,u)) 402 dv
b (1.408)

Q- VI(x, Q) :ﬁ(B(V, T) — I(x,t,Q, 1/)>—|—

to (/ S(Q, QN I(x,t, ¥, 1) dQY — I(x,1,Q, y)) (1.40b)
5’2

for all inner points x € Mj.

Boundary condition to (RTE)

k(n - V)T(x,t) = h(Ty — T(x,t)) + ar /0 * By, T3) — By, T) dv

(1.41a)
I(x,1, 92, ) = po(|n - X)I(x, ¢, Xv) + [1 — po(|n - ])] (ZZ)Q Bo(v, Th)
(1.41D)

for all points at the boundary dM;. Since the equation ([1.40a)) is evolutionary,
it has to be accompanied with initial condition

To(x) :=T(x,0). (1.42)

Note that in equation (|1.40b)) we allow only for frequencies v > 1.

This system accurately captures the temperature evolution as the energy is
partially transported via radiation. However, even though we have made some
strong simplifying assumptions during the derivation, it is still incredibly difficult
system of equations to solve.

The main cause of difficulties has proved to be the directional dependence of
the intensity function and the integral coupling. It makes the system in essence
contain continuous set of functions for each direction separately, and only then
coupled in the equation (I.40a]). Not to mention similar problem with frequency
spectrum. We have to therefore further simplify our model and try to obtain
reasonable equations. We will achieve this by diffusive approximation for the
intensity field.
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2. SP,, approximation

In this section, we assemble a simpler system of equations that is actually used in
industrial computing, the methods used for derivation are adopted from article
written by Edward W. Larsen et al. (Larsen et al. [2002]). These approximations
yield so-called SP, equations, simplified P, equations. In spite of their name, the
connection between SP, and P, equations is somewhat vague and indirect. In
this paper, we avoid the formulation of P, equations altogether and derive our
system of SP, equations completely independently of them.

The idea is to consider an optically thick medium with a great absorption
coefficient k. In this environment, it is not absurd to assume that the radiation
is propagating in a diffusion-like manner, rather than via an elaborate (ray-type)
transport process. We therefore aim at obtaining a diffusion equation that would
reasonably describe the behavior for all directions at once.

Our approach in deriving SP,, equations is based on an asymptotic approxima-
tion as described for example in (Larsen et al. [2002]). Another known procedure
is by variational analysis (Brantley and Larsen [2000]), but it turns out to be
more formal and less illustrative.

We start with reformulating the governing equations into a dimensionless form
that allows us to rigorously neglect small terms. We establish two referential
scaling relations

Tref Iref
tref = ConPbiref T, kref = (2.1)
ffref KrefTref
according to (Larsen et al. [2002]). If we then denote
1
£=—r (2.2)
RrefZref

we get dimensionless parameter € which can be used to rewrite equations (|1.40al),

(1.40b)), (L.41a]) and (1.41D)) like this:

gQaTg;’t) — 2V (kYT (x, 1)) — /OO /S K,(B(I/, T) — I(x,t, 9, u)) 42 dv
1 (2.3a)
£Q-VI(x,1,Q,0) = K<B(y, T) — I(x,t,Q, y)) (2.3b)

for all inner points x € M; and

ck(n - V)T(x,t) = h(Ty — T(x, 1)) + ar /0 " By, Ty) = By, T) dv (2.40)

2
n
1(x,1, 92, 0) = po(In- Q) I(x, 8, ) + [1 — pol|n - ])] (nl) By, Th) (2.4b)
2
for points on the boundary OM;.
Note that we have again neglected the scattering effect, we plan on integrating
over a sphere so it would vanish anyway, see (1.22)). Let us proceed with the
derivation itself.
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2.1 SP; model derivation

We start with our derivation by rewriting equation (2.3b)) in a special form.
(1 +ia. v) I(x,t,9,0) = B, T) (2.5)
K

Now we invert the operator via a mathematical trick, known as the Neumann
series for operators (Larsen et al.|[2002]). Let us note that the whole procedure
of deriving the SP,, equations asymptotically is only formal and we do not examine
its mathematical correctness.

—1
I(x,1,9,v) = (1 +ia. v) B, T)
KR

K

I(x,,9,v) = [1 + (—gﬂ - v) + (—ZQ - v>2+ (—29 - v>3+...] B, T)

2 3

£ £

I(x,t,Q,v) = [1—(Q-V)+;(Q-V)2

. (Q-V) +.. ] B(v,T) (2.6)

3
Now we integrate both sides over a unit sphere.

2 3

/S2IdQ:/S2 [1_8(Q'V)+;(Q'V>2—;(Q'V)g—i—...]BdQ

K

B € g2 5 €3
0 = SQ[I—(Q-V)—FKQ(Q-V) —

3
- e (Q-V)' +.. ] dQB  (2.7)
On the left-hand side we obtain spherical intensity average, or in other words:
energy flux. At this moment we have to dedicate some time to modify the right-
hand side. First, we are able to move blackbody intensity out of the integral as
it does not depend on direction €2.
The next step involves employing an integral formula

2T
" 2.8
n -+ 1v ( )

/SQ(Q-V)"dQ =1+ (=1)"]

In this chapter, we only show its application in deriving desired equations, the
proof of the formula is provided in the attachment [B]

2.1.1 Governing equations

In this section, we use result ([2.8)) to further simplify equation ([2.7]).

4 |1+ €2V2+€4V4+ €6V6+ B (2.9)
= aT — - f— e .
4 3k BriY | TkS

Here we use notation V2 =V -V = A. The absence of odd terms allows for
the desired diffusion approximation. However, we want the operators to act on

the unknown function, ¢ in this case, not on B. We therefore invert everything
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back to the left-hand side using the Neumann series once again.

47 B

T L v R
+ — 57 +ﬁ + ... )

3

€ gt b
ArB=|1—-| —V?+ I v ST v ST
T (3 5 V—|—76V+ )—i—

2 2
[ 6 —
+<3 V+54V 76v >

3
<3 2V2+—V4+—V6 ) +... (2.10)

76

Here we step in with the classic approximation technique, we neglect high
order terms in our expansion. First, we clean up our formula a bit by gathering
all the same order terms together and then we introduce ”big O” notation.

2 4 4 44 6
AmB = [1 SRR vE i - (2.11)

6 8
32" 45ed Y 045 Y ] o+ 0E)

For illustration, we calculated the first three terms with error of order O(g?).
Depending on the order of error, i.e. which terms we choose to neglect, we get
different SP, models. This paper is further dedicated mainly to SP; equations
which correspond to approximation up to O(e?).

4nB = [1 — 32V2] ¢+ O (2.12)

We can see that we have obtained an equation not for the original unknown
function I, but its spherical average ¢ instead. An important fact is that this
new quantity is no longer dependent on direction, so if we are able to adjust the
coupling of governing equations, we successfully get rid of one of the problematic
variables.

Here we hugely appreciate the genius behind this method. The coupling term
that relates equations (2.3a) and (2.3b)) reads

/:O /32 ’{<B(V7 T)—1(x,t,9, V)) dQY dv. (2.13)

The only form in which the intensity is present here is exactly in its directional
average over the unit sphere. We can simply replace it with the new unknown
function ¢ and completely forget about direction-dependency.

/ AdrkB(v,T) — kp(x,t,v) dv (2.14)
This term can be finally modified by substituting from ([2.12)

o ]
2 / V() v+ O) (2.15)
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We can now install new coupling term ([2.15)) into (2.3a)). We can see that in
reality, this equation is only O(e?) after cancellation.

0T (x,t) % 1

2 b oo, 2 2 4

&y eV - (kVT(x,t)) + ¢ /u1 3/<¢V o(x,t,v)dv+ O(e%)
oT(x,t) © 1 _, 9
5 V- (kVT(x,t)) + /V1 —SRV o(x,t,v)dv + O(e7) (2.16)

If we combine this result with equation (2.12), we get complete bulk SP;
equations

Bulk SP; equations
oT (x,t)
ot
1
—&’V - 3?V<p(x, t,v) + kp(x,t,v) = k(4rB(v,T)) (2.18)

00 1
= V. (kVT(x,1)) + / V- —Vip(x,t,v) dv (2.17)

Note that we have rewritten the Laplace operator in the original form of a
divergence of gradient, putting the coefficient  inside. This is the correct form
for situations when « is spatially dependent coefficient. In chapter 4, we conduct
several numerical experiments also considering setting with non-constant x, then
this modification becomes necessary.

2.1.2 Rosseland approximation

Before we proceed with complementary boundary equations, we stop to investi-
gate an interesting idea. Because the equation (2.18]) is approximation of order
O(g?), nothing goes wrong if we substitute from relation

4nB = p + O(?) (2.19)

with the same order of error. This equation is easily obtained from equation

by neglecting every but one term in expansion. By this maneuver, we

eliminate the complex intensity field altogether and we are left with a simple

blackbody approximation. It means that the problem is significantly simplified
and reduced to only one unknown function 7'(x,t) and one diffusion equation.

o7 (x,1) 47

== :V-(kVT(x,t))+/V1 Voo

Using the chain rule results in a simple heat equation only with one extra
term representing a contribution of thermal radiation. The full system, known
as the Rosseland approximation (Frank and Klar| [2011], p. 96), when written
including the (thermal) boundary conditions reads as follows

VB(v,T)dv (2.20)

Rosseland approximation

oT(x,t) 4 > dB(v,T)
= <k+3H / S dv ) VT (x, 1) (2.21a)

ek(n - V)T(x,t) = h (Ty — T(x, 1)) + ar /0 ? By, Th) — By(v, T)dv  (2.21D)
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2.1.3 Boundary conditions

We may have switched the unknown function from I to ¢ in bulk equations, but
our boundary conditions still remain in the old form with direction as one of the
variables. In this section, we derive desired boundary condition for quantity .
This is one of the main contributions of this paper because the procedure is not
trivial at all. We proceed with asymptotic derivation which is not commonly
discussed in literature. As we stated at the beginning of chapter 2] one can
approach the whole (RTE) system with tools of the calculus of variations and
end up with SP, equations. The same holds for the boundary conditions and
that is usually the resource for most papers regarding this topic.

Here, we present, in a detailed manner, a procedure how to obtain the same
equations via asymptotic expansion. It allows us to get a clearer insight into in-
dividual terms in the boundary conditions and additionally, our derivation makes
it possible for us to constitute even transition conditions on the interface between
two mediums with different refractive indices for multiple-domain problems.

Let us start with the derivation. Our goal is to transform an equation (1.41b|):

2
I(x,1,9,0) = po(In- ) I(x, 1, ) + [1 — pol|n - Q)] <Zl> BTy (2.22)
2
into one concerning .

The idea is to calculate the normal component of the radiative flux generated
by intensity terms. We are driven by the vision of an integral average of intensity.
But since we are situated on the boundary, it turns out that we do not have to
integrate over the whole sphere, but hemisphere orientated into medium M,
(n- € < 0) does suffice. Let us denote this hemisphere H2. Although we say we
integrate over this hemisphere, our spherical variables ¢ € (0,27) and 6 € (0, %)
in fact parametrize the other half. In other words, we consider €2 to equal

cos(¢) sin(0) 0
Q = | sin(¢)sin(0) |, specially n = [ 0| . (2.23)
— cos(f) 1

We are interested in knowing the normal part of the heat flux, we multiply
the equation ([2.22) by (n-€) and then take an integral over H%. Quick note, we
omit excessive function arguments for the sake of simplicity of notation.

/Hz(n HI($) A :/ (n - Q)p1(jn- ) 1(Q) dQ2+

H?
nq 2
[ pin- ] (2) Ba (220
H? N9

Let us now dissect this equation ([2.24)) term by term and rigorously calculate
the result. Right at the first integral on the left-hand side we bump into a problem,
we don’t know the intensity I as a function of €2, hence we can’t calculate that
integral. Here we apply the first trick, we employ the asymptotic expansion ([2.6])

again as promised and deduce this relation

Q) = {1 - V)} B. (2.25)
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Note that there is an error of order O(¢?) which is exactly the order we aim
at with SP; equations, see .

We can substitute this in and make it at the very least possible for us to
try to calculate those integrals. The following pages contain in-depth derivation
of the SP; boundary conditions, they are summarized in on page 28.

Left-hand side

First, we calculate the integral on the left-hand side.

/HQ(n QI d= [ (n-Q) {1 - Z(Q : v)} BdS (2.26)

H?
The blackbody radiation function is together with the nabla operator no longer
dependent on €2, so after splitting into two integrals it can be factored outside of
the integral.

3

...:/HQ(n~Q)dQB— /H2(n~Q)QdQ~VB (2.27)

KR

The first integral is already trivial, in the second one the integrand is a vector,
therefore we integrate every component separately.

_ /O u /O ? _ cos(0) sin(6) df do B

e r2m % cos(¢) sin(0)
_ 7/ /2 —cos(0) | sin(¢) sin(f) | sin(f) ddd¢ - VB =
K JO 0
— cos(0)
1 = 0 2e
= or [ pdpB 2" [ pdp (0] VB=rB-ri(m-V)B  (228)
1

In the process, we adopted a simple substitution p = cos(f) that simplified
our notation. Note that the first two components in the second integral have
vanished because we have integrated cos(¢) and sin(¢) resp. from 0 to 2.

Right-hand side

At the beginning of this subsection, we stop to define auxiliary integrals that
appear in our results.

o _ ! m_ [

rt = ) e dp o’ = | Hpa(p) dpe (2.29)
1 1

= | i) dp 5 = | () dp (2.30)
1 1

= [ i) dp = | i pa() dp (2.31)

Remind ourselves that p;, resp. po, is reflectivity of the boundary for radiation
incoming from My, resp. M. In our case, we of course work with My being a
blackbody-like reservoir, ergo M,, so its moments will be later (in final formula

(2.54)) renamed to 7“,51) and so on.
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We continue with the first integral on the right-hand side of equation ([2.24)).
/Jmﬂmmywwmmm (2.32)
HZ

Recall relation (1.28) and see that
cos(¢) sin(0)
Q' = | sin(¢) sin(h) | . (2.33)
cos(f)
After substituting from (2.25) the integral reads
[ @pr(n- ) 1= S V)| Bas -
H? K
:/Jmﬂﬁﬂmﬂﬂﬂw—%/meMMmQﬂQMLVB (2.34)
H? HZ
Let us resolve the first integral. It is useful to realize that
n-U=n-(Q-2n-Qn)=n-2-2n-Q)(n-n)=-n-9Q, (2.35)

meaning in absolute value, they are the same. We can therefore write

[0 (- dQB = [ (n-Q)pi(n- ) 2B =

— /Ozn /0E — cos(0) p1(cos(0)) sin(0) df dpB = —27 /01 o1 (i) duB =
= —2mr{" B, (2.36)

where we got to use the notation introduced by relation ([2.29)).
We continue with the second integral.

N % /H (n-Q)pi(In- N dQ- VB =
e 2 % cos(¢) sin(6)
— _;/0 /0 —cos(f)p1(cos(0)) | sin(o) (5;1)1(9) sin(f) df d¢ - VB =

= QW% /02 cos?(0)py(cos(6))sin(f) dd(n - V)B =

1
= QWE/ p2p1(p) du(n - V)B = 27T£r§2)(n -V)B (2.37)
K Jo K

For the vector integration, we have employed a procedure similar to (2.28). By
putting (2.36)) and (2.37) together, we obtain

/HQ (- Q)py(jn- XNI(Q)dQ = 2701V B + 2w%r§2)(n V)B  (2.38)

Now we turn our attention to the last integral from ([2.24)),

[ )= pn- )] () Bae (2.3

2
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We notice the presence of direction €2; in argument of reflectivity p,. Unlike
Y it has no simple relation to 2, thus integrating with respect to € is not ideal
(there is a way to do it discussed at the top of p. 27). We rewrite the integral in
form

(2)2 /0% /0 —cos(0) [1 = pa(cos(6:))] sin(0) df do B, (2.40)

The main problem here is that due to the difference in refractive indices be-
tween M; and M, the hemisphere H? parametrized by direction € does not
correspond well to hemisphere parametrized by €2;. We know that if we take
full hemisphere in the optically thinner medium, then it transforms only into a
spherical sector determined by a critical angle from Snell’s law. This reminds us
of our discussion about the shrinking cone of rays. In fact, we can use substi-
tution and after assigning 6; — 6,60, — 6; transform our coordinates into
hemisphere parametrized by €2;.

However, for the sake of rigor, we first employ the following identity

pa(cos(8:)) = pa(cos(6), (2.41)

which follows directly from Snell’s law ((1.24]) and Fresnel’s equations (|1.25]) and
(1.26)) after incorporating relation

cos(f) = \/1 - (712)2 (1 — cos(6;))”. (2.42)

ny

Then the integral reads

(Z:)z /Ozw /Og —cos(0) [1 — py(cos(6))]sin(0) d dp By. (2.43)

If we take a closer look at formula (|1.25), we can deduce that the bracket here
in integrand is zero for € (0., 5 ), where 6, is so called critical angle defined as
2
sin(f.) = 72 <= cos(f,) = /1 — (Z—f) . That means nothing changes if we set

0. as upper integration limit instead of 7.

() [ [~ con@ 1~ prtcos@)sm@) o B, (2.4

Now we can use substitution (|1.30)) and with proper rescaling of integration
interval we obtain

/027r /075 —cos(#;) [1 — p1(cos(0))] sin(6;) db; dop By, =

— /027T /075 —cos(6;) [1 — pa(cos(6;))] sin(6;) db; do By, (2.45)

This integral can be split into two and calculated in a similar fashion as the
previous ones.

2T g 1
— / / cos(0;) sin(6;) d; d¢ By, = —27r/ wdp By = —m By (2.46)
o Jo 0
2 g ) 1 1)
/ / cos(0;)p2(cos(6;)) sin(6;) db; dp B, = 27r/ pp2(p) du By = 271y’ By,
o Jo 0
(2.47)
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A little side comment, as we have hinted in this case the coordinate trans-
formation can be avoided. If we have just calculated the integral from (|2.43))
directly, we would obtain the result

- (7“)2 (1-2r") 7By, (2.48)

N2
2
where the factor (m) has not disappeared, because there is no substitution
involved. However, it can be shown that

("1>2 (1—2r") = (1-2r{") (2.49)

U

giving us the same result and confidence about the correctness. The proof is
quite straightforward, once again it utilizes substitution (|1.30)) and the procedure
described on the previous page:

) 120 =22 () -2 (2 [emi
<n2) (1 27’1)—2 n) 2N =2 " /Ou pp1(p) dp =

=2 <n1>2 /og cos(d) (1 — p1(cos(d)) sin(0) do =

_ (Z;)Z /0 " cos(8) (1 — py(cos(8)) sin(8) df =

. /0 % cos(0:) (1 — p1(cos(6)) sin(6:) dbs —

jus

=2 02 cos(0;) (1 — pa(cos(6;)) sin(6;) db; =

=2 | u (1= pa) dp =2 (; - 7“5”) = (1-2r") (2.50)

Why we have chosen to prefer the coordinate transformation technique in
the derivation of boundary conditions will be clear when we get to the general
setting where the incoming radiation is direction-dependent. Then it is necessary
to make this step to proceed.

We have successfully integrated the boundary equation and obtained
several minor results that need to be reassembled. Particularly, we have calculated

formulas (2.28)) on the left-hand side and ([2.38)), (2.46)) and (2.47) on the right-
hand side.

2
—mB — 7r3—€(n V)B = —2ar\VB + 27TET'§2)(H .V)B — 7B, + 275" B, (2.51)
K K

We continue with some basic operations.
) 2e @\ (. V)B = (1— 27V
(1-2r{") B+ - (1+3r?) (n-V)B = (1-215") B, (2.52)

Note that equation (2.52)) does not involve quantity ¢ whatsoever for which
we want the boundary condition to apply. We resort once again to the asymptotic
expansion and use modified relation ([2.19)),

B= % +O(e). (2.53)

27



The error order of O(¢?) we hold for the entire SP; formulation and is therefore
sufficient.
Thus we gain the final form of SP; intensity boundary condition.

SP, boundary condition

2
(1—2r") p(x,t,v) + 3—2 (1+3r7) (- V)p(x.t,v) = (1 - 2r") dnBy(v, Ty)
(2.54)

Formulation (]2_54J) is similar to the ones presented in the literature, for ex-
ample (Larsen et al| [2002], eq. (3.2)), only nuance is in term (1 — 2r£1)) on
the right-hand side. It correctly accounts for the difference in refractive indices,
reflectivities and their moments. In mentioned article, there is just (1 — 27"&”)
instead of it.

Temperature boundary condition does not require any modification.

2.1.4 Transition conditions

Up to now, we have only considered a simple problem of one domain with evolving
temperature while the optically different surroundings is being fixed at constant
temperature. Plus the incoming radiation is Planckian in distribution, ergo not
direction-dependent. Such problem is fairly accurately described by many authors
(Larsen et al||2002]; Larsen et al| [2003]; Frank and Klar [2011]) in literature.
Still we have managed to make several improvements concerning the boundary
conditions, see (2.54)).

However, now we turn to a little different setup. We still consider two mediums
M and M, with different refractive indexes in contact, but we allow the temper-
ature to evolve freely in both of them. The heat transport is again modeled by
conduction together with radiation, the only difference is that blackbody-like ra-
diation from M is no longer good enough approximation and in both mediums,
we consider direction-dependent intensity function, I; and I, resp.

In the bulk regions M; and My not much changes. Equations (|1.40a}) and
still hold and can be approximated with equations (2.17) and ({2.18). Of
course, now that we think of medium M, as full-fledged domain of interest, we
introduce a new set of parameters for M; and Mo, respectively; naturally x; and
ko absorption coefficients, k; and ks thermal conductivity coefficients. In M, we
solve bulk equations with one set of parameters and in My with the other. In
essence, we could say that the parameters x and k became spatially dependent,
although this dependence is very simple - piecewise constant functions.

The individual domains of M; and My are bounded and on parts of their
boundary which they do not share we can prescribe boundary conditions discussed
in the previous section. In other words, we regard them as being surrounded by
a reservoir M, at a constant temperature. We can also picture the first setting
with just one domain of interest divided into two optically different parts and
a proper description of temperature and intensity behavior near the interface
between them is required.

We shall start with the derivation of the transition conditions. We are looking
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for equations to correctly couple functions I; and I, across the interface between
My and M. Let equation ((1.35) be our starting point after distinguishing in-
tensity for both sides of the interface.

ny

L(x, 6,9, 1) = pr(|n - U L(x, 6,9, 0) + [1 = po(|n - ))] (W>212(x,t, Q,,0)
(2.55)

Not much has changed here compared with because we have already
accounted for the refraction in the first setting. Only, I, does have direction
as an argument and Bj, does not. This makes our calculation a tiny bit more
complicated but not too much.

In our SP; bulk equations we work with average (, hence we define

o1(x, 6, 1) = /S L(x.1,9Q,0) 02 (2.56)

02(, 8, 1) = /S Iy(x.1,Q,0) 02 (2.57)

and we would like to gain a relationship between these two functions at the
interface. They are two functions each solving second-order differential equations
on separate domains. To couple them, two equations are required.

Since we have treated simpler boundary conditions with care, the ideas and
techniques can now be applied also to the current setting. Therefore we proceed
by calculating the radiative flux running through the boundary. We multiply the
equation by (n-€) and integrate over the unit hemisphere H2. All the notation is
the same as introduced in section [2.1.3] (also we omit evident function arguments).

/HQ(n-Q)]I(Q) a0 = /Hz(n-ﬂ)pl(|n~ﬂ’|)ll(ﬂ') dQ +

ni

" ()2 /Hg(n Q) [1 = pa(|n - )] [2(€2:) €2 (2.58)

no

We can see that integrals involving I; are identical to ones in equation (|2.24))
and we can straight write results analogous to (2.28)) and (2.38).

/HQ (n-Q)1(2)dQ = —7B; - W?)Qg(n -V)By (2.59)

R1

/HQ (n-Q)pi(ln- YD) dQ = —270r VB, + 20 =+ P (- VB, (2.60)

R1

Note that we distinguish also between B; in M; and By in My as they do
have refractive index nq, resp. ng, in their definition, recall ((1.7]).

The only thing left to do is to calculate the integral that has altered a bit.
Now there is a direction-dependent function I5(£2;) instead of B.

(") [0 ) 11— pallm - 1)) 12 a2 (2.61)

U2
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According to the technique described within equations (2.40) up to (2.45)) we
transform the integration variable to €2; and thus simplify the expressions.

(m>2/2ﬁ/g(“ Q) [1 = pa(|n - )] L($2:) sin(0) dO do
( ) /%/g (n- Q) [1 = pr(|n- Q)] () sin(6) dO do
<Z;) /0 /0 (n-Q)[1 - pi(|n- Q)] () sin(6) do do

/027r /og(“ ) [1— po(In - )] () sin(6;) db; dp

/H2 (- ) [1 = po(jn- Q)] B(R:) dQ  (2.62)

We proceed with substituting from asymptotic expansion

(%) = 1= (% 9)| By (2.63)
and obtain integral
[0 201 = paln- ) [1 = =(2- V)| B (2.64)

which can be split into four simple integrals and resolved individually.

H? H2
£ 3
_— Q) QA VB — [ (0 Qi)pa(ln- Qi) Q- VB, (265
Lm0 in VBt S [ e Q0plin - )R VB, (265
All techniques used have already been explained in the previous section [2.1.3

1.
2 g ]
/H , (0 €2) dB, = /0 /0 — cos(6;) sin(6;) d6; dpBs =

1
- —277/ (dpuBy = —7B, (2.66)
0

—/ n-Q)ps(|n - Qi) d4B, =

/QW/ — cos(0;) p2(cos(6;)) sin(6;) db; dp By =

=2m /0 ppa () duBy = 27y By (2.67)

~ S Q) QdQ VB, =
Ko JH?2
o oE cos(¢) sin(6;)
c / ? _cos(6:) | sin(p)sin(6;) | sin(6;) dd; de - V By =
070 —cos(6;)
2
- —27; /M dj(n-V)By = —wgi(n V)Bs (2.68)

R2
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Ki [ (- Q)po(In- Q) i d, - VB, =

o cos(¢) sin(6;)
= / —cos(6;)pa(|n - €)) sm(gzﬁ)szr;()@) sin(6;) db; d¢ - V By =
—27r—/ 12 oo () dp(n - V) By —27r—7“2 (n V)B; (2.69)

Now let us assemble the whole equation together. On the left-hand side, we
use our prepared result (2.59) and on the right we add to earlier calculated ([2.60))

new findings, from (2.66‘1 up to (2.69)).
2¢ (1)

— 7B — 7r3—(n V)By = —27mry ' By + 27r—7“1 (n V)B:—
K1

2
— 7By + 21r$V By — WS—g(n V)B; + 27T—r2 '(n-V)B,, (2.70)

R2

which can be rewritten in the form

(1-2) Bit = (143 (0 )8y = (1 - 24") B,
1
2e

T P, (1 — 3 ) (n-V)B, (2.71)

R2

Now we make a final touch and substitute ¢ for B according to relation (2.53)).

(1 — 27“51)) o1+ 2 (1 + 37“?)) (n-V)p, = (1 — 27“5”) ©a

3K1
+ 32; (1-3r) (0 V)go (272)

Here we stop and think about our current result. We have stated that there
is a need for two controlling equations to properly couple our elliptic equations
, so far we have got one of them, . Quite naturally we ask ourselves
how we can obtain the missing counterpart.

Note that the equation is not entirely symmetric, the sign in front of
one of the terms with normal derivative is flipped compared to the other side.
This is a glimpse of hope that if we look at the boundary from the other side’s
perspective, we get another equation that is not degenerated and brings us useful
information.

Let us do it rigorously, the flipped perspective yield equation

Q; )} (W)211(x,t,ﬂi, v),

n (23 )IQ(thvﬁ/’V)—i_[l_pl(i n
1
(2.73)

which is altered (2 - Pay attention to our notation at the moment Q represents
the direction of the ray going from boundary to medium M, Q' is the direction
that gets reflected into €2, it sort of stands for established direction £2;. On the
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Figure 2.1: Boundary from other side’s perspective

other hand, Q; is the direction coming from M, that gets partially transmitted
through. And 1 is flipped normal vector, n = —n. Every is depicted in figure

21

The equation is multiplied by (@ - ) and integrated over a hemisphere H2
where Q -1 < 0.

L@ n@d= [ @ p(n-2)LE) @+

)] <)211(Qi)d9 (2.74)

With the left-hand side integral and the first integral on the right-hand side,
there is nothing extraordinary, we have already calculated such integrals before.

With complete analogy, we refer to integrals (2.59) and (2.60)).

(@ Q) () d2 = 7B, — 7r326(n VB, (2.75)

R2

V() d2 = 27V By + QWKETQ (@-V)B,  (2.76)
2

EINE
|

| N

Qo[-

The last integral does call for coordinate transform so we integrate with re-
spect to €;. For that we recall substitution ([1.30]), the angles playing roles are
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now 0y = 0 where cos (?) = —n-Q and 0; = 6, where cos (@) =-n-Q,.
/ (n- Q) {1 — pa(

( ) /27r/ _cos 1—p1(* Q; )} Iﬂﬁ)sm( )d&dgzﬁ
/0271'/0 i _Cos(gi) [1 - P1(‘ﬁ-ﬁi )] I(Q; )sm( )d9 do
/2ﬂ/g_cos gi 1—p1(‘ﬁ.ﬁi )} Il(Q)sm( )d9 do
/H2 (m- ) {1 — pa( } )| 11(82;) dS2; (2.77)

This final integral is also familiar. It is analogous to one from (2.61) and
calculations can be carried out as follows in (2.62) up to (2.69).

2
= B, +2m\VB, — 7T3—6(n V)B; + 2P @m- v)B, (2.78)
K1 K1

al)] () n@)

ni

We can see that by switching the perspective to the other side, the calculations
themselves do not in principle change a bit. In fact, we could just take equation
(2.70) and interchange indices 1 and 2 regarding mediums M; and My and we

would obtain same result.

2
— mBy — W—g(n V)B, = —27TT§1)B2 + 27rir§2) (m-V)By—
3Ko K2
2e
— 7By +2mr\VB, — 7r3—(n V)B; + 27r—7“1 ‘@ -V)B, (2.79)
R1

However, we are dealing with somewhat new theory and formulas not written
in available literature, thus rigor is our priority.
After reassembling the terms, we get the equation into a more condensed form.

2e

(1-28") B+ o (1+3r?) @ V)By = (1-2r{") By

2e (2 _
o (1 —3r?) (@ V)B; (2.80)

We would like to compare this equation with (2.72) (here we write again
for better clarity as ), the one transition condition already obtained. We
therefore switch sides of the equation, substituting ¢; and ¢, according to (2.53)).
Lastly we see the derivative n -V still differs from n -V, to solve this we just use

relation n = —n and obtain the second transition condition
oMY = 22 (3@ (. Vo — (1 — oD
(1 2ry )<p1 3 (1 37’1 )(n V)pr = (1 21 )apQ
25

— (143) (- V)ga. (281)

R2

Here we state the first condition (2.72]) as a reminder:

(1 — 27’51)) w1+ 321 (1 + 37“%2)) (n-V)p; = (1 — 27“51)) V2
L= (1-3r8") (n- V)pr (282)
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We have achieved our desired goal that is obtained two independent transition
conditions for functions ¢; and ps. We can subtract or add those equations to
get form that is a little more clear and does not seem fully arbitrary.

SP; transition conditions

(- V)r = (- Ve (2.83)

2¢e 2e
(-2 o1+ ZePm-Dher = (1-28) 2 - S Vg (289

where p1 = p1(x,t,v) (same for ¢y) and these equations hold for all x on the
boundary between mediums M; and M.

After all manipulations, a subtle asymmetry still persists in formula . It
looks like there has to be an error deep in our thinking when we got an asymmetric
result. Common sense tells us that if M; and M, are identical regarding x and n,
then functions 1 and ¢, should be identical, in other words, the whole situation
should be symmetric along the boundary. Here we can be relieved because in our
model, once there is no difference in refractive indices n, and no, the reflectivities
p1 and psy are both zero functions and the system behaves as if there is no boundary
whatsoever. At that moment the transition conditions and become
simpler and read

(n-V)pr = (n-V)p, (2.85)
1 = P2 (2.86)

This means that derived equations are also consistent with the basic assump-
tions we lay on the model. The asymmetry in transition conditions stems solely
from the specified direction of n.

2.1.5 SP; summary

Let us now summarize the idea and formulas of SP; approximations. The full
(RTE) system properly describing radiative heat transport is very difficult to solve
directly, therefore we need simpler theoretical approximations. One of the many
possibilities are just the SP, equations. Using them, we consider the complex
transport of radiation being replaced by a diffusive one and thus allowing the
direction-dependency to disappear.

We have asymptotically derived the bulk SP; equations by following steps
discovered by other authors in the literature (Larsen et al.|[2002]).

Then we supplemented them with appropriate boundary conditions which we
derived asymptotically on our own. These are applied to boundaries between two
mediums where one represents the problem domain itself and the other is just a
thermal black-body reservoir.

On top of that, we have also generalized the boundary conditions for interfaces
between two mediums within the domain of interest with each having its own
refracting index and coefficient of absorption. These are the transition conditions.

Note that the temperature function is not directly affected by multiple refrac-
tive mediums. The only impact is through a complex intensity field that plays its
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role in the evolutionary equation. Therefore we do not need any special temper-
ature transition conditions and we use the traditional assumptions of continuity
of temperature and of the normal heat flux.

SP, approximation

Bulk equations
oT(x,t)
ot
1
—£%V - 3—/{Vgp(x, t,v) + kp(x,t,v) = k(4rB(v,T)) (2.87b)

~_ 1
:V-(k;VT(x,t))+/ V- 2 Vip(x, t,v) dv (2.87a)
V1

Temperature boundary condition

ek(n- V)T (x,t) = h (Ty — T(x, 1)) + an /Oyl By, Ty) — By(v,T)dv  (2.87c)

Temperature transition conditions

Ti(x,t) = Th(x,t) (2.87d)
]{?1(1’1 : V)Tl (X, t) = k?g(n . V)TQ(X, t) (2876)

Intensity boundary condition

(1+3r?) (- V)p = (1-2r{") 4xBy(v, 1) (2.87)

=€
3K

Intensity transition conditions

1 1
—(m-V)p; = —(n-V)ps (2.87g)
K1 K9
(1) 2¢ () (1) 2e (2)
(1-2r") o1 + LT Ve = (1-2r8") o - T2 (Vg (287h)
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3. Numerical experiments

In this chapter, we briefly comment on some of the results that we have obtained
during numerical experiments. Our vision was to show that the SP, equations
are indeed viable resources for modeling heat transport when radiation is counted
in.

In this paper, we discuss only experiments done on a simple 1D problem. The
setting can be interpreted as an infinite slab enclosed between two plains, x = 0
and z = 1, in 3D space. Since this slab domain is infinite in y and z—direction
and we start from a homogeneous initial condition, the temperature evolution
and intensity field do not depend on those coordinates. The temperature and
intensity functions have nontrivial dependence only on one spatial variable along
the z-axes. Thus the problem reduces into 1D problem.

3.1 One-domain setting

The basic setup is the one where our domain is formed by one medium M; with
constant refractive index n; and constant thermal conductivity k. The surround-
ing medium M, has refractive index n, and emits blackbody-like radiation B,
corresponding to fixed temperature T;,. Coefficients k, and x; for M, are ir-
relevant since we do not consider bulk equations to govern temperature in its
volume.

The medium M, is originally at constant temperature 7; and then let cool
down.

We have implemented a script for solving radiative heat transport problem
by Rosseland approximation ((2.21a)) and also SP; equations ((2.17), ([2.-18)).
Walfram Mathematica 13.0.1 has been the software used for this purpose.

Before we jump to our results, there are some important notes about the
implementation. We set up an equation for the function ¢ = p(x,t) with only
spatial and time dependency, no frequency. It resembles the total energy flux
defined at the beginning of section 2, it just does not take frequencies from the
opaque band into account.

o)

px1) = [ plxtv) dv (3.1)
V1

By this, we create an auxiliary function, with fewer arguments. However, for
this averaging to be valid in our equations, the coefficient x, which also appears
inside the integral (see (2.87a])), needs to be constant.

For more accurate results we have the option of introducing several spectral
bands (v;,v;41), assigning each one with different k,, coefficient and defining
separate intensity functions ¢,,. The coupling is then realized via their sum.

1

Ri

oT (x,t)
ot

=V (kVT(x,t)) + Z V- 3 Vo, (x,t) (3.2)

In the article (Larsen et al. [2003]) authors use 8 frequency bands to properly
capture the behaviour of molten glass.
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3.1.1 Rosseland approximation implementation

For the Rosseland equation, which is really just a single partial differential equa-
tion, the implementation was fairly straightforward.

In this approximation, we have eliminated the function ¢ from calculations
and we consider radiation B(v,T) instead. For this case, we also work with an
average over the transparent spectrum. The expression

/ B(v,T)dv (3.3)
v
can be precalculated as a function of T'(x,t).

As for the actual solving technique, we employed the standard NDSolveValue
function that was able to deal with a nonlinear partial differential equation with
nontrivial mixed boundary condition. For the discretization, we set the solver to
use so-called Method of lines. There were not many obstacles during these tests,
we have kept the discretization at the default setting with spacing between grid
points Az = 0.0lm and time step At = 0.000 O1s.

We have conducted a couple of numerical tests and compared our results to
benchmark from the literature (Larsen et al. [2003]).

Here is a list of values for every coefficient needed.

o« T, =300K, Ty =1000K, k=1W-m ' K h=1W-m2-K! n, =1.46,
np =1, =428 10 Hz, v, = 9.99- 10 Hz, 0 = 0.92, e = 1

It is quite a peculiar fact that our allegedly small parameter ¢ is not in fact
that small. It is true that the smaller parameter ¢ is, the more sensitive and
unstable the solving process gets. Plus as it turns out, even approximating with
quite large e value (=~ 1) gives quite satisfying results. After all, the SP, and
Rosseland equations can be derived without an asymptotic approach (McClarren
[2010]; Brantley and Larsen| [2000]).

Note that we are still to specify the x coefficient. In our experiments, we have
varied this parameter according to the article (Larsen et al. [2003]) to be able
to compare the results. Here we actually computed with the two-band scheme,
hence the frequency 15 listed among the coefficients. For each experiment we
choose different k,, for frequencies from (14, 12) and k,, for the rest from (v, 00).

In the following graphs that have been adopted from the article (Larsen et al.
[2003]), we can see the data, the temperature functions, as presented in the
literature, including original plot legends. Our results are depicted with thick
dashed red line. The coincidence between their and our Rosseland outcomes is
quite good, thus the graphs overlap and are harder to see.

What is actually being displayed is temperature distribution in studied inter-
val (0, 1), a cross-section of the slab, at time ¢,,,, = 0.001 s.

Although it may seem like everything worked out perfectly, there is one little
glitch. The agreement between our results and the benchmark shown in figures
from to only holds, if we set all blackbody radiation B, even in medium
My, to be equal to By associated with n, = 1, in other words, the same refractive
index n = 1 was used both for the external and internal medium

2hpr3 1 2hpr3 1
B=1? ZV o , as oppose to B=n? ZV . (3.4)
QO erpT — 1 €  eRpT — 1
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After carefully checking our code, we are convinced that in the considered
reference, the authors computed with a different setting than the one claimed.

Rosseland testing, «,, =2,k,,=1
1000 W T T T T T T T L] T W w T

-—— -—— . m = = e
-—— - —— —_ —— .

900
H _----—----—.-'.
8 L - '-r.,.'"‘
2 800 ~..
gg i §.~-
O
[N
g k
= 700
----- Rosseland
E - - GSP2
600 --- SP2
. — RHT

position x

Figure 3.1: Test of heat transport in slab geometry - Rosseland equations - Tem-
perature (T'[K]) distribution (x[m]) at ¢t = 0.001s for k,, =2m™', k,, = 1m™!

3.1.2 SP; equations implementation

The next challenge was to test the more complex diffusive model, SP; derived
in this paper. These equations, although they are themselves approximation to
(RTE), do carry a lot of difficulties. Compared to Rosseland, we now face a system
of nonlinear partial differential equations with complicated boundary conditions.

We are able to get rid of the frequency dependence according to and ,
this time with only one spectral band. However, a simple method of lines does
not suffice. Here we had to engage a more sophisticated approach to solving this
system and we have implemented so-called Rothe’s method for the discretization
of the PDE.

First, let us analyze the system at our hands. The bulk equations and
(2.87b)) are different in nature. The first one is a parabolic evolutionary equation
for temperature, on the other hand, the second one is a stationary elliptic equation
determining the distribution of intensity. Due to their coupling, we are forced to
solve them simultaneously.

This might give us an idea to discretize the time variable and obtain two
stationary equations with unknown functions dependent only on spatial variables.
Now our system consists of two elliptic equations that can be solved subsequently
for each time level.
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Rosseland testing, «,, = 20, «,, =10
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Figure 3.2: Test of heat transport in slab geometry - Rosseland equations - Tem-
perature (T'[K]) distribution (z[m]) at ¢ = 0.001s for ,, = 20m™?, k,, = 10m™!

Rosseland testing, «,, =100, k,, = 50
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Let us denote 7}(x) the temperature function at time ¢; (j-th time level) and
analogously ¢;(x) the intensity function. The discretized (in time) form of the
SP1 system then reads:

_ 2y ?;wj(x) 4 ki (x) = n/w inB(, Ty for x € My = (0,1)
(3.5a)
(1 - 27‘%1)) ©;(x) + ;Z (1 + 37“52)) (n-V)p,(x) =
- (1 - 27»51)) /: 47 By(v, Ty)dv  for x € OM, = {0,1}
(3.5b)

Tja(x) = Ti(x)
At

=V (kVTj1(x)+ V- ;chj(x) for x e M; =(0,1)
(3.6a)
ek(n-V)Tj11(x) = b (T = Tja(x)) +

+an /0 By, Ty) — By(w, T;(x))dv  for x € M, = {0,1}
(3.6b)

Here the equations are in atypical order with intensity equations first and tem-
perature second, but it is only natural like that because it is the way they have
to be computed. Starting with Ty(x) = Tp, we are able to obtain function ¢q(x).
This function is then used to complete the equation for temperature T;(x) and
this process repeats. To solve equations (3.5a)) and (3.6al), function NDSolveValue
uses Finite Element Method.

First, we conducted two experiments to replicate the benchmark that was
published in the article (Larsen et al.|[2002]). The parameters are set to

e« T, =300K, Ty =1000K, k =1W-m ' K h=1W-m2-K ! n =1.46,
ny = 1, v1 = 4.28 - 108 Hz, a = 0.92, r\" = 0.285574, r{¥ = 0.145208,
ri) =0.04293, k = 1m™*

This time we limit ourselves only to one spectral band (v, 00), but on the
other hand, between the experiments we alter parameter ¢ from value 1 to 0.01.
The first case is similar to the setting for Rosseland tests, the latter models
optically thick diffusive environment.

Same as before, we observe the temperature distribution at time t,,,, =
0.001s. One of the reasons for the more complicated implementation of Rothe’s
method was the option of properly regulating the resolution of our computational
grid.

In the case with € = 1, there was no need to make any alternations, we stuck
with A = 0.000 01 s, thus needed 100 time steps to reach t,,,.. We also kept the
grid spacing at Azx = 0.01m.

We can see in figure that again we managed to obtain quite nice look-
ing results (our result is thick dashed blue line) coinciding with data from
literature although we still face the unclarity regarding the refractive index nq,
(E3).

In figure [3.7] we also display the distribution of auxiliary intensity function
©(x), everything is symmetric as was expected.
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44



When we decreased the value ¢ = 0.01, numerical calculations were not as
smooth anymore. To get the solver output proper result we had to dramatically
shorten our time step to At = 0.000 000 2, thus requiring 5000 time steps to
finish. Axel Klar in paper (Klar et al|[2005], p. 1021) describes also similar
experience. Yet, the solution does not match the benchmark perfectly, though
it is similar in nature, see figure 3.8l As the published results only contain the
temperature fields, and do not show the intensity, we have been unable to identify
the source of the mismatch between our results and the published ones.

We again add also a graph of intensity (x), see figure 3.9

3.2 Two-domain setting

In this section, we present experiments with settings where the domain is divided
into two parts with different optical properties. We are getting closer to the
desired setup that replicates an industrial setting of molten glass surrounded by
nitrogen.

3.2.1 SP; equations implementation

We proceed with using our implemented Rothe’s method for the discretization of
given SP; equations.

The first set of tests is calculated with just spatially dependent absorption
coefficient k. To be precise, we consider x to be a piecewise constant function
with one step at the middle of our domain interval. The results for this case are
also provided in (Larsen et al. [2002]). Here we do not consider refractive indices
to differ from one another, in other words, we set them both at value n; = 1.46.
We can still use equations — mentioned above, no transition conditions
required just yet.

All the parameters are listed here:

e« T, =300K, Ty = 1000K, k =1W-m 'K h=1Wm2-K ! n =ny =
146, ny = 1, v, = 4.28 - 1018 Hz, o = 0.92, 7" = 0.285574, ¥ = 0.145208,
ri) =0.04293, ¢ = 0.1

e k1 =0.1m™! for z € (0,0.5), kg = Im~! for x € (0.5,1)

In this simulation we again had to adjust the time step size appropriately
according to e, this instant we got by with At = 0.000 001s needing 1000 time
steps, similar to (Klar et al| [2005], p. 1021). Grid spacing is still the same,
equidistant with Az = 0.01.

In figure[3.10] we can see again that our solution is not exactly matching with
those from the article (Larsen et al. [2002]) but is similar in nature, the reason
could be or other confusion about the parameters, for instance, t,,,, listed
in that article is 0.01s instead of 0.001s. However, if we compare for example
the values of Rosseland approximation with the ones from (Larsen et al.| [2003])
where it is stopped at ¢,,,,, = 0.001s, there are only minor differences for which we
give credits to distinct band division. Ten times longer time span would change
the results significantly more.
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We provided again an intensity distribution, figure . Since ¢(x) as an
average over a sphere is a mere auxiliary function we do not have intuitive expec-
tations on how it should behave at problematic spots like points of discontinuity
of a parameter.

Here, we are delighted to see that the behavior is exactly what we expected.
Since there is no jump in refractive indices, the SP; transition conditions reduce
to form and . We observe that the function is indeed continuous at
the boundary and its left and right derivatives are proportional to the coefficient
x on each side.

A very similar simulation is shown in figures [3.12] and [3.13| with altered ko
coefficient.

e k1 =01m™! for z € (0,0.5), ke = 10m~! for z € (0.5,1)

3.2.2 Implementation with novel transition conditions

Finally, we present experiments considering two domains that differ from one
another not only with k coefficient but also with refractive index n. In this
section, we employ derived transition conditions (2.83) and (2.84) just to test the
numerical solvability of such a system and confirm that it produces solutions with
a discontinuous intensity.

This system is again discretized according to Rothe’s method. In each time
step, we have to compute the intensity field and then, from that the temperature
distribution.

The intensity field is now a bit tricky to calculate, since we have to implement
conditions in the middle of our domain interval. In fact, we search for two un-
known functions ¢;(x) and ¢9(x) in an interval half the length of the original, (0,
0.5). These functions are then connected next to each other to create a function
on the interval (0, 1). This means that for ¢4, the transition conditions apply at
point 0.5, whereas for ¢, they apply at point 0.

Thus we obtain a system of elliptic partial differential equations with non-
localized boundary conditions, which still can be solved with standard NDSolve-
Value function.

Since there is no need for us to try to fit some benchmark results with this
experiment, because there are not any, we can set B to its proper form (not one
from (3.4))). The parameters were in this case set to:

e« T, =300K, Ty = 1000K, k =1Wm ! - K, h=1Wm 2 K,
vy =4.28-10%Hz, ¢ = 0.1

e k1 =0.1m™! for z € (0,0.5), Ky = 1m~" for z € (0.5,1)

o ny =146, 1y = 10003, ny = 1, a; = 0.92, ay = 2, 1Y) = 0.04203, r{!) =
0.285574, ri’) = 0.145208, ri3 = 0.28543, 113 = 0.1451, 3] = 0.0428973,
ri = 0.0191179, 7{}) = 0.00035, 1) = 6.662 - 1076, ) = 0.000 049

These sets of numbers can be quite confusing, hence the helpful figure in

which we see two slab domains, M; and M, in contact surrounded by thermal
reservoir M,. There is a number of rays depicted, each denoted with reflectivity
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corresponding to the boundary it is pointing at. These reflectivities are calculated
with the help of Fresnel’s equation or . We have to pay attention to
the notation, the first index stands for the medium from which the ray is coming
and the second one stands for the medium on the other side of the boundary.
And for moments 7’512) etc., the same rule holds.

jvlﬁ jvl] jle j\/lé;

- > >
Phr,1 | P1,b P1,2 | P2,1 P2,b | Pb,2

Figure 3.14: Scheme of two-domain setting

Brief comment dedicated to parameters aq, resp. as: it is standard hemispher-
ical emissivity used in temperature boundary condition at the interface between
My, resp. Ms, and M,.

We have set ny = 1.46 and ny, = 1.0003 to somewhat replicate the situation
with molten glass mixture and surrounding nitrogen.

The graph in figure [3.15] carries some resemblance with the one in but
they are not completely the same. We can nicely see what difference changing the
refractive index makes. Importantly, in figure [3.16| auxiliary intensity function is
displayed. Clearly, the transition conditions force it to be discontinuous which
does not necessarily mean the solution is wrong. In the last chapter, we discuss
the possibility that the discontinuous solution may be the right answer to our
problem.
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4. Discussion

After demanding derivations, approximations and testing, we have come to a
part when it’s time to stop for a while and think about current results and the
direction of further efforts.

4.1 Qualitative analysis of SP; boundary and
transition conditions

The SP; boundary and especially transition conditions are formulas probably not
presented in the literature so far. It would be useful to convince ourselves that
there is no fundamental problem with their application.

We have already noticed that for intensity average function (x) they give us
discontinuous solutions. Normally, this could be considered a red flag but not in
this case. Let us take a look at the summarized system (2.87).

Usually, the first test of any complex system could be to investigate its station-
ary states, and whether they coincide with our expectations. It is only natural
to assume that if the initial temperature Tj is identical to the temperature of the
outer reservoir 7Ty, then this state persists and no net energy transport occurs.
Indeed, if we substitute Ty = T}, into our governing equations, then we get a
trivial stationary solution Ty (x,t) = Tj.

First, we check that in such a scenario, intensity field ¢4 in domain M, with
refractive index ny is constant with respect to space and time. Its value is

0w (%, 1,) = drr (;‘2)2 By, Th). (4.1)

This function satisfies equation ([2.87b]) because

a2
BTy = () BnTy) (4.2)
b
which follows straight from definition ((1.7)). The fact that ¢, fulfils also boundary
condition (2.87f) can be deduced from relation ([2.49) in special form

<"1>2 (1—2r") = (1-2n), (4.3)

T

Since ¢, is constant in space, all the derivatives vanish from the equations
and we are left with the aforementioned identities.

Similar reduction also happens in temperature equation . There are
only terms with derivatives so any constant solution satisfies this bulk equation.
However, we need the exact temperature T}, to zero the right-hand side of bound-
ary condition ([2.87d).

We have convinced ourselves that functions T, and ¢y are indeed stationary
solutions in a one-domain setup. Now we proceed to the multi-domain arrange-
ment and put our transition conditions to the test. We would like them to be
consistent and allow for a similar type of stationary solution. It turns out that
they do.
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Let us consider a two-domain setup for simplicity. All we have to do is to
define partial auxiliary intensity functions as constants in their domain:

2
o, (X, t,v) = 4m <Zl> By(v, Ty) (4.4a)
b
2
Vst (X, t,v) = 4m (Zi) By(v, Ty) (4.4b)

We have already seen that these functions satisfy bulk and boundary equa-
tions, only left are the transition conditions (2.83) and (2.84). Since they are
constants, the first one holds trivially and in the latter, we end up with identity

(2.49) once again.

These conditions are therefore perfectly consistent with our expectations and
we can conclude that in the case of different refractive indices, the auxiliary
intensity variable ¢ must indeed be discontinuous.

4.2 SP, approximation

We have seen the derivation of boundary and transition conditions for a system
of SP; equations. It raises the question, of whether an analogous procedure can
be done also in the case of SP, equations, after all, they are quite similar.

In fact, it can be done and we have managed to find the right procedure by an
asymptotic approach. The derivation itself is quite lengthy, thus here we provide
just a brief outlook and present the results as curiosity without the full derivation,
which may be presented in the future work.

Main nuance in the procedure is always taking more terms in asymptotic
expansions, because SP, are higher order, particularly we need to use

2

() = 1—Z(Q-V)+%(Q-V)2 B (4.5)

instead of (2.25). One more trick is required in final operations. Regarding the
boundary conditions, to get the same formulation as presented in literature, we
have neglect some terms of order O(g?),

e?(n-V)’B =~ V2B (4.6)

thus we diminish the accuracy of our equations to achieve more pleasant form.
This step can be somehow got around for the cost of more complex equations.
However, we have not done any deeper analysis of this remark.

After fairly lengthy procedure, it is possible to obtain the final form of those
equations.
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SP, approximation
Bulk equations

aT(x,t)
ot

=V . (kVT(x,t)) +

+ /:O V- ;KV |:g0(X7t7 v) + ;l(gp(x,t, v) — 4 B(v, T))] dv (4.7a)

— 2V 31,£V {go(x, t,v)+ i(go(x, t,v) — 4w B(v, T))] -
+ kp(x,t,v) = k(4 B(v,T)) (4.7b)
Temperature boundary condition
ek(n- V)T(x,8) = h (Ty — T(x, 1)) + an /0 B, T) - Bw, T)dv  (4.7¢)
Temperature transition conditions

Ti(x,t) = Ta(x,t) (4.7d)
ki(n- V)T (x,t) = ko(n - V)Ts(x,t) (4.7¢)

Intensity boundary condition

(1 — 27’9)) ©+ ?2)2 (1 + 37’%2)) (n-V)

!
5 (1- 12 4+ () {go _ 4nB(,T)

o+ ;‘(go _ 4nB(, T)ﬂ +

= (1-2r{") 4nBy(v, ;) (4.71)

Intensity transition conditions

i(n V) {@1 + ;l(gol — 47 By (v, T))] =

R1

)
(4.7g)

2e 4
(1-2r") o + ;17‘9)(11 -V) {901 + 5<901 —4rBy (v, T))} +

1
+5 (1—12r{ + 4r{?) [gpl — 47B, (v, T)} -

2¢e (2)

4
= (1 = 27“51)) Vg — H—QTQ (n-V) {@2 + 5(g02 — 47 By (v, T))} +

1
5 (1= 12 + 20) {902 _ 4xBy(w, T)] (4.7h)
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Conclusion

Let us recapitulate our goals and compare them with our achievements.

In the first part of the thesis, we successfully rederived the partial differ-
ential equations for the conductive and radiative heat transport between semi-
transparent materials as presented in the numerous literature on the topic (Frank
and Klar|[2011]; [Howell et al.|[2021]). We recognized the complexity of this system
and proceeded with approximation by relations with higher order diffusion oper-
ators, in other words, SP, equations. Their derivation carefully followed asymp-
totic methods described in preceding articles (Frank and Klar [2011], Larsen et al.
[2002]). To obtain a full system, we had to transform also the boundary condi-
tions, where, in contrast to most other authors, we employed asymptotic methods.
In the end, we generalized the boundary equation and obtained transition condi-
tions describing the behaviour of the radiation field on the interface between two
domains with different refractive indices.

During numerical experiments, we restricted ourselves only to 1D problems
given the persisting complexity of the approximating governing system. We man-
aged to test Rosseland approximation and SP; equations. There were some dis-
crepancies between our and the benchmark results, thus we were able to match
them only by considering different values for certain parameters. Naturally, this
tinted our joy from the match, which turned out quite well (especially in Rosse-
land case) but since along the way, we had discovered more than one typo in the
article providing the benchmark (Larsen et al.|[2003]), the error could have been
made by the authors of the benchmark.

Independently of the previous experiments, we also tested our new transition
conditions. We showed, in particular, that they allow for numerical solvability of
the arising system while providing solutions with discontinuous radiation inten-
sity. We have provided a reasoning why such discontinuous solutions should be
favorable compared to continuous ones.

In future work, we would like to employ our results regarding SP, equations
mentioned in and simulate proper glass cooling in 3D setting probably with
different more suitable software.

Of course, there are still options for improvement and further research out-
side the scope of SP, equations. The thermal radiation could be calculated by
brute force with ray-tracing methods, those calculations are however extremely
demanding and one has to engage certain numerical theory and a huge amount
of computing power to pursue this case.
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A. Pilkinkton process

To closer introduce the topic to the reader and for the sake of better understand-
ing, we first discuss the principles of flat-glass formation. This procedure, which
is sometimes called Pilkington process, has been used in industry since 1950 when
it was developed for the first time. Detailed description of the process can be
found in article written by Pilkington himself.

The idea of this method is to melt the glass material to gain homogenous
structure and then to pour it into a form, so it remolds into shape with absolutely
flat faces. The clever trick inheres in the construction of the form. It is actually a
bath with molten tin on the bottom whose surface is perfectly flat, thus creating
very good base for the form. So, the molten glass mixture is emptied out of the
furnace and poured onto a layer of molten tin. Then the "melded” mixture is let
to settle, note that glass and tin are immiscible, thus making this step possible.

Then the cooling process starts. This part has a significant impact on the
final product quality, meaning if the temperature is not lowered uniformly, the
glass might be fragile and even cracking.

This method was developed and widely used because it guarantees a glass
panel with completely flat surface and doesn’t require any type of grinding or
polishing.

A.1 Principles of glass forming procedure

What we consider general knowledge is that the glass is created from a molten
mixture of specific materials, those being mainly silicon dioxide extracted from
sand and potassium carbonate, else sodium carbonate, or limestone. The assort-
ment is then heated up to around 1500°C so it melts to achieve a truly uniform
structure of the resulting product.

Now that we have the molten glass mixture ready, we deal with a very simple
problem with a nontrivial solution: How to form perfectly flat sheets of glass?
Sir Alastair Pilkington came up with an ingenious answer to our question. He in-
vented the aforementioned game-changing manufacturing procedure, later called
after him, the Pilkington process. The molten mixture is poured out into a bath
of molten tin. One might ask, why the bottom of the bath has to be liquid, it
seems that it only increases the costs of energy for heating, plus it may be im-
practical and encumber any manipulation. On top of that, a liquid substances in
their presence make the mechanical models really complicated.

One of the main advantages and reasons for the form to have liquid bottom
is the perfect flatness. The liquid ensures not only that the surface alone is
completely flat, but also the level is naturally in exact horizontal plane. This
really effortlessly helps the molten glass mixture to have constant depth over the
whole volume, as even the slightest tilt would cause the liquid to accumulate on
one side of the form.
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A.2 Cooling phase

One may think that the main part of glass production is over once we have
melted the glass mixture and filled the appropriate form with it. However, the
cooling phase is at the same level of importance, if not even higher. In any case,
it is definitely the part that requires to be treated meticulously and with great
caution.

During the cooling of the glass, our goal is to keep the temperature as uniform
as possible. temperature heterogeneities lead to a formation of structures, internal
mechanical tension and other defects leading to increased fragility of the product.
The cooling process has to be slow and fully controlled.

In mathematical modelling of the Pilkington process, proper treatment of the
thermal evolution is thus of utmost importance. The fact that both the gas and
glass mediums are semi-transparent, together with the very high temperatures
in the system, imply the necessity of considering radiative contribution to the
heat transfer. From this point of view, this particular application presents a nice
real-world example of a process where application of the methods presented in
the thesis are necessary.
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B. Integral formula

We provide proof of identity

n _ n 27 n
/SQ(Q-V) a2 =1+ (-1)") =V (B.1)

that is crucial for derivation and yet many authors just use it without any com-
ment on why it holds. Let us take a look at that integral that frequently appears
in our equations.

/S (2 9)"dR (B.2)

We can express the product of n terms as tensor inner product and move the
differential tensor out of the integral as the two operations commute

/SQ(Q-V)”dQ:/SQ(QGQQ@@...®Q)d9:(V®V®...®V) (B.3)

Here we integrate a tensor one component at a time. Each of them consists of
product of n components from €2:

/ (Q®Q®...®Q)i]¢_,zdﬂz/ 0,Q;...Q, 0 (B.4)
S2 S2

where i, 7, ...,z € {1,2,3}. Now we introduce another trick into our calculation,
we consider a special generating function G(a) = G((ay, az, a3)):

G(a) = fs s (B.5)

It is easy to see that once we obtain this function G, we can write that integral
from (B.4)) is equal to:

o Q2,9,...9,.dQ0 = MG(&) L, (B.6)
or in a more elegant way using multiindexes
ol
/52 Q°dQ = 2 Gla)| (B.7)
where |a| = n and we use multiindex notation
a = (ag, g, a3) (Z) = 041!02!!043! a® = af'ay?a3® (B.8)

Let us figure out the actual form of the function G then. We will expand
the exponential inside into its Taylor series and then interchange the sum and
integral to get:

G(a):AQIi(a}f?) dQ:]iAQ@'If)dQ (B.9)
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Since there is spherical symmetry that can be taken advantage of, it does not
really matter in which direction vector a is pointing. The result depends only on
its magnitude. Without the loss of generality, we choose a to be in direction of
the z-axis, a = ||alles. Then it holds:

(a- ) [lall* |a|| 2m

/52 o= /52(63'9 //COS ) sin(0) dfl d¢ =
J|all* o lall” H 1 %

ol [tan= 2l () B0)

This expression is non-zero only for even values of k. We can quickly check
the correctness of our result; odd-k terms vanish because they allow (a-£2)* to be
positive on one hemisphere and negative on the other, thus canceling each other
out.

We combine (B.9), (B:10) and the fact that [|a]|* = a - a to get final form of
G(a):

k
a-a
Z 4m ( ) (B.11)
= (2k: +1)!

Each term is a polynomial with variables a;, a; and ag containing only sum-

mands with certain degree

(a-a)f =" <§Z>a”, (B.12)

181=F

Recall equation (B.7), we want to differentiate G' function n times and then
set a = 0. Note that from the whole series (B.11]), only terms where 2k = n have
the chance of not vanishing once we proclaim a = 0. They are those which stay
constant after differentiating. So if there should end up at least one non-zero

term, n must be even.
olel ole 2k
|Bl=k

Again, the only term left after differentiating is precisely one for which a =
23, because in the others we surpass with differentiating operator degree of some

variable and get 0 (like when (a V) — 0). Therefore we get

a|2ﬁ| 2k 28 82/6 <2k)' 28, 26 26
'as a3 = (2k)! (B.14
Da?? <2ﬂ>a = 0 oo BB e 2 = @R (B

We can conclude that if n = 2k, in other words, it is an even number, then

o (2k)! 4
pr— 4 pr—
92| T o T ok

(B.15)

otherwise (n odd) it evaluates to 0. On top of that, the multiindex e from (B.7))
has to be in the form of @ = 28. Thus in tensor [:(2® 2 ® ... ® Q) dQ,
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only components whose coordinates contain every index even number of times
are non-zero. Once we then apply the inner product, it simplifies to

47 2k\ 0%
/SQ(Q®Q®...®Q)dQ.(V@V@..@V)—%H > < >

2B
ik \2B) 0%
4m i

pr— . B-l

2k +1 (V-V) (B.16)
Thus we can write for any n € N
/ (Q- V) dQ = [1 4 (~1)"] 2"y (B.17)
52 N n—+1 .
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