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ABSTRACT NOMENCLATURE
In this paper the new numerical approach, which is based on

the fixed grid front tracking method combined with the I [V\"/mzfsr] Radiation intensity

immersed boundary technique, was adopted for the two- K [ Lim] Absarption geefficient

di = | diicti At slidifiet . £ K. [1/m] Extinction cocfficicnt

imensional - conduction-ra jation solidification process o K (1/m] Scatterinpreoethivient
semitransparent materials. The presented method enables L [Vkg] Latent heat of melting

accuratc  dcaling  with  solidification  processcs  of Lo [m Dimension of computational domain
semitransparent materials which have different optical and LIx [KL[K] Temperature; meliingfemperatue

] : ) e vV [m/s] Interface velocity

thermophysical properties of solid and liquid phases as well as i Frw lpen o 4

N A N i L 4 [ WVKE/K | opecinic neat
with absorption, emission and reflection of the thermal h [W/m%K] Convective heat transfer cocfficient
radiation at the solid-liquid interface without applying moving k [W/m/K]  Thermal conductivity
mesh methods. Therefore this method might be applied for wm  GLEL,  Normalvector refctimcnde

: s : P T q [Wimr] Density of heat flux

simulations of Czochralski or B'-rldgman oxide crystals 'growth s [m] Radiation direction vector
processes. The proposed numerical approach was examined by ( [s] Time

solving several simplified thermal radiation problems with )

complex fixed and moving boundaries (phase change problems) Special C}E'ﬁ"‘“‘c“ Sttty
both in two-dimensional qnd axisymmetric spaces. For some of o [ke/m']  Density
them the accuracy of obtained results was proved by comparing & [W/P/KY] Stefan-Bolizmann constant

with reference works, other showed capabilities of the proposed @ - Scattering phase function

P prop
method. For simplified solidification  processes of @ [-] Albedo
semitransparent materials three configurations of optical i L] Optical thickness
S A e ol aee - . S Q [sr] Solid angle

properties, i.e., semitransparent solid phase and opaque liquid

phase, opaque solid phase and semitransparent liquid phase, Subscripts

semitransparent both phases were considered. The interface i Solid-liquid interface

between solid and liquid phases was treated to be opaque, st 2‘)}’% hq]““d‘l:iha}fe

absorbing, emitting and reflecting diffusely the thermal . e el ga;e

radiation. Influence of different optical parameters on ’ ’

temperature distribution in the solidified system and on solid- Subseripts

liquid interface shape were investigated. Results of the * Non-dimensional

numerical simulations show that the presented numerical

approach works well in this kind of problems and is promising INTRODUCTION . L
for simulation of real solidification processes of The phase-change process of semitransparent materials is
semitransparent materials. found in the nature as well as in several devices and

manufacturing processes. Melting of ice by the solar radiation
and solidification of water in presence of the sunlight are
examples of a phase-change process of translucent materials
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found in the nature. The most well known technical
applications are glass and optical fibers manufacturing. Some
translucent fluoride of alkali metals e.g.: lithium and potassium
fluorides or eutectic mixture of lithium, magnesium and
potassium fluorides arc used as phase change materials in high
temperature thermal energy storage systems which are elements
of solar dynamic space power systems. Semitransparent single

oxide crystals such as vttrinm aluminium earnet or eadolinium
OX1¢a¢ crystais such as ytirium garnet or gaconmum

gallium garnet, are commonly produced by Czochralski and
Bridgman methods. During production of these single crystals,
heat transfer mainly controlled by the thermal radiation exerts
strong influence on crystals quality. It means that formation of
both structural defects and non-homogeneities in crystals is
affected by the solid-liquid interface shape and temperature
distribution in the furnace. Therefore the numerical simulation
of heat and mass transport is essential for development of these
manufacturing processes, ¢specially  for  semitransparent
materials which have a melting point at a high temperature.
Then experiments or observations are extremely difficult to
carry out and highly expensive.

Analysis of solidification with internal radiation is a
challenging task. The heat transfer process with phase change
becomes additionally complicated by non-linear influence of
the thermal radiation on temperature field. Radiation in
semitransparent materials is a volumetric phenomenon i.e.
emission, absorption and scattering of thermal radiation is
present in the whole volume so that semitransparent materials
behave differently than opaque ones. Nevertheless, the
numerical simulation of the solidification process of
semitransparent materials have been undertaken by many
researches. Abrams and Viskanta [1] were first who analyzed
onc dimensional transicnt mclting and solidification in
translucent medium. Chan et al. [2] proposed one-dimensional
model of internal melting or solidification of semitransparent
pure materials, which accounts for isothermal two-phase region
i.e. the mushy zone between liquid and solid zones. This model
was validated by meteorological observations. Lately tapka
and Furmanski [3] extended the earlier work of [2] and
analyzed two-dimensional solidification of semitransparent
purc matcrials and binary or cutcctic alloys. Non-cquilibrium
planar solidification model for emitting, absorbing and
isotropically scattering medium subjected to radiative and
convective cooling was introduced by Yao et al. [4]. The
simulation of a canister with semitransparent PCM used as
element of high temperature thermal energy storage system was
performed by Sokolov et al. [5]. In the case of numerical
simulations of semitransparent oxide single crystal Bridgman
growth processes Brandon and Derby [6] were the pioneers.
The first global analysis of heat transfer in the Czochralski
growth process of semitransparent crystals was carried out by
Tsukada et al. [7]. Until now there are also several studies,
which consider different aspects of the growth process of
semitransparent single oxide crystal, e.g.: simulation of face
formation as well as coupled heat flow and scgregation in the
Bridgman growth of oxide crystals [8] or simulation of specular
reflection at crystal side in the Czochralski furnace [9].

The fixed grid front tracking mcthod [10] and the immersed
boundary technique [10, 11] are well known in heat transfer
and computational fluid dynamics but until now were not used
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to simulate conjugated conductive-radiative heat transfer with
moving immersed boundaries. The current work demonstrates
that both these methods can be combined together enabling
accurate simulation of the thermal radiation in solid and liquid
phases with participating, moving and highly curved solid-
liquid interface between them, The main objective of the paper
was thus presentation of this new numerical approach but not

nhvmr‘q] modelino Thprﬂf‘nrp the convection in the melt. which
nysicar modaenng. the convectior e, Wi

p]ays an important role in real solidification processes, was
neglected.

PROBLEM FORMULATION

The presented numerical model was implemented to two-
dimensional rectangular enclosure filled with superheated,
solidifying pure liquid. Only the conductive and the volumetric
radiative heat transfer modes were considered at current stage
of work. It was assumed that external walls of the
computational domain might be opaque, emitting and reflecting
diffusively the thermal radiation and simultaneously subjected
to the external convective cooling by the surroundings or they
may be adiabatic. The medium inside the domain was treated as
gray, emitting, absorbing and anisotropically scattering the
thermal radiation. Thermophysical and optical properties of the
medium were assumed constant and fixed for a particular
phase. For the moving interface cases the solidification process
started when the bottom wall temperature was decreased below
fixed melting temperature of the medium. The solid-liquid
interface was assumed to be absorbing and diffusively
reflecting the thermal radiation.

For the sake of brevity the governed equations are presented
in the final dimensionless form. Therefore following non-
dimensional quantities are first introduced: specific heat
c*—c,/cs, thermal conductivity & =k/k,, refraction index

fn»/n,ef, radlat]on intensity 7° [/(411“[ oT,t), absorptlon
coefficient K, =KX, ,/K(,,(f, extinction coefﬁment K,'=K, K, reh
scattering coefficient K, =K /K rop, heat flux g q/(4rt,ef oTy’),
temperature T'=T/T,, velocity V*=Vc,quLx/ky, coordinates

x=x/L, and y'=y/L, (Cartesian 2D), r =r/L, and z =z/L,
(axisymmetric), dimensions L,.=L,/L.=1.0 and L« L/L, or
L,»=L/L,=1.0 and L.«=L/L,, density p —p,/pv, optical thickness
7=K, yefl.y, albedo @=K,, /K, s conduction-radiation parameter
Nr:ks/(4n,ef2 JT,,fo)) Fourier number Fo:ksr/(cspssz), Nusselt
number Nu=hL/k, and Stefan number Ste=c¢,T,/L; Oplical
dimensionless parameters used in the presented study depend
on the configuration between optical properties of the solid and
liquid phases 1.e., when solid phase was semitransparent and
liquid phase was opaque the RTE was solved only in solid
phase, the liquid phase was blocked-off and it was assumed that
z=g, ref=s. Similarly for other cases: when solid phase was
opaque and liquid phase was semitransparent: z=/, ref=[, when
both phases were semitransparent: z=s, ref=/. Farther details
about mathematical formulation can be found in [12].

Considering the assumptions listed above and dimensionless
paramcters the non-dimensional transient cnergy cquation (EE)
for solid and liquid phasc, respectively including the heat
conduction and the internal thermal radiation can be written as:

o _ gy l_a’n’K:r{T”‘ | [*dQJ %

9Fo N, &




**aT* * oy & £l * l_a) * * * *
C—=VEVT ——2n K| T - | 1'dQ | (2
ple’ = N { j )()

.
with convective and adiabatic boundary conditions for external
walls in the form:

- BT* =Nu (Tf = Tw) and — 8T* = 0 for the solid phase,
on, on,
e —=Nu(7, -7_ )and —&" /g — =0 for the liqud phase.
on on

w w

The radiative heat transfer in absorbing, emitting and
scattering grey media along the line-of-sight s is described by
the dimensionless radiative transfer equation (RTE):

. VK
Jff*:—Ky“+L—€?i—iT”+
7 ds 7
oK (3)
+—’J'I*<I)(s'—>s)dQ'
dr ;.

Terms present on the right hand side of RTE contribute to:
attenuation of the radiation intensity by the absorption and out-
scattering of the medium, augmentation of the radiation
intensity by the self emission of the medium, augmentation of
the intensity by the in-scattering from other directions,
respectively. Assuming that walls of the domain and the solid-
liquid interface were opaque, absorbing, emitting and reflecting
diffusively the internal radiative boundary and interface
conditions for the RTE, Eq. (3), for all outgoing directions
(s"n",>0) took the following form:
. .

L T R N T O
4z T

7

s'-nfm<0
The wall and the solid-liquid interface radiative heat fluxes
were calculated from the formula:

G =T R19) (5)
with following conditions: s n",,;<0 for incident radiative flux
(iny and s™n",, ;>0 for emitted radiative flux (out).

The local solid-liquid interface velocity was determined
from the energy balance at the solid-liquid interface (Stefan
condition) including incident radiative heat fluxes at the
interface from the solid phase (q*/'x,A;zn) and liquid phase (q*,.,; Lin)
as well as cmitted radiative heat fluxes at the interface into
solid phase (qﬁi'i,s,oul) and llql,l]d phase (qkrz',l,am):

P
s -,

- St?(a_T: el
p oo |, on’|, _ 6)
4 q:i,s,om + qri.l.ow 7‘7:[.5‘{” 7q::.1,m
N )

In above equation incident and emitted radiative heat fluxes at
the solid-liquid interface were calculated using Eq. (5) and the
nearest nodal intensity values.

NUMERICAL METHOD

The non-dimensional EEs and RTE, Eqs. (1-3), were
discretized using the Finite Volume Method (FVM) [13]. The
computational domain was uniformly divided into a non-
overlapping rectangular grid with a size dx in the x or r-axis
direction and dy in the y or z-axis direction. Each term of the
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non-dimensional EEs was integrated over an interval of a
dimensionless time dFo and over a control volume dV. The
dimensionless RTE was solved by the FVM for the radiative
heat transfer [14]. The method was based on integration of the
RTE over a control volume dV and over a control solid angle
dQ. The same uniform, rectangular spatial grid as for the EEs
was used. Additionally, in the FVM for the thermal radiation it
is necessary to divide the whole solid angle into control solid
angles. Therefore the whole azimuthal angle 2x and the whole
polar angle @ were divided uniformly into a non-overlapping
angular grid with spacing d¢ and d6, respectively, and the total
number of control angles (discrete directions) was M. Discrete
form of RHT for the axisymmetric geometry was derived from
3D formulation by applying special mapping procedure as
explained in [15]. In such implementation the angular
redistribution terms, which are found in RTE for cylindrical
coordinates, were avoided.

Front Tracking Method

Solidification problem was solved by front tracking method
[10]. In this method the non-dimensional governing equations,
Egs. (1-3), were solved implicitly on a fixed mesh and the
interface was tracked explicitly. The solid-liquid interface was
identified by an ordered set of mass-less marker points. A line
conncceting marker points represents the solid-liquid interface.
If the distance between two marker points was larger than the
assumed value the new marker point was placed between them.
On the other hand if the distance between two marker points
was smaller than the assumed value one of them was replaced
or removed. Initially marker points were distributed unitormly
over boundaries subjected to the external cooling. Marker
points always advanced in a direction perpendicular to the
solid-liquid interface at a growth velocity calculated form Eq.
(6) and they had the tempetature T ;. New positions of marker
points were determined from their old positions, time interval
and velocities:

X" =x " +dFo-V, (7

The marker velocity was calculated as follows, Temperature
normal gradients into solid and liquid phase which appear in
Eq. (6), were obtained by using the lincar interpolation along
the normal to the interface at point i as shown in Figure T1A.
This approach was simplc and convenient. Four points, two in
the solid phase (n; and #n,) and two in the liquid phase (n3; and
r4), which lie at the line normal to the interface at point i, were
sclected. The spacing between points 7, n;, n,, and i, n3, ny
(Figure 1A) was fixed and equal to A. Then temperature values
at these four points (#; to n,;) were obtained by the bilinear
interpolation based on four nearest nodal values of
temperatures. The gradient pointing into solid phase was then
calculated from the expression:

or'| _ 4T, ~T; =37,
on” . 2A
Similar expression was applied for the gradient pointing into
liquid phasc. Next, by using the Eq. (5) the incident (g i
q sism) and emitted (¢ jisous G rigow) radiative fluxes at the
marker point / were calculated. To find these incident fluxes
nodal intensity values of the control volume, at which boundary

®)
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marker point 7 lics, were used. Finally, the marker velocity was
obtained from Eq. (6).

points for gradient B
calculation at interface

gradient
solid n2 ¢ i approx_imation
5 points
nl
i Wi dTidx / solid/liquid
/‘——‘t;*b': ! . interface
solid-liquid | 5 'é”"/*(f —l 1/
interface ==
£ | . 4
oo | nd | marker "X
ligud points marker points

Figure 1. Scheme for interpolation: A - normal temperature
gradients at interface, B - gradients at faces of trapezoidal cells.

Immersed Boundary Technique for Energy Equation

Calculations were performed on the fixed Cartesian grid.
For the casc when the rectangular mesh was cut by the solid-
liquid interface the immersed boundary technique was applied
[10]. This technique enables handling different optical and
thermophysical properties of solid and liquid phases and
phenomena that occur at the solid-liquid interface. This is
different than in the case of the enthalpy method, which
assumes average properties at control volumes that contain the
solid-liquid interface, and therefore, is not suitable for dealing
with opaque, absorbing, emitting and reflecting diffusively
interface. In the immersed boundary technique these
phenomena can be incorporated into calculations with ease.
Also the refraction of radiation at the solid-liquid interface can
be included. At first cells cut by the interface were selected and
intersection points were found. Then the phase, in which cell
center lied, was identified. By using special procedure new
control volumes, which were in general trapezoidal in shape,
were formed on both sides of the solid-liquid interface as
shown in Figure 1B. Subsequently the finite volume
discretization was applicd to those irregular cells. Heat fluxes at
faces no. 1 and 3 (see Figure 1B) were calculated using the
two-dimensional interpolation function that was linear in the x
or r-axis direction and quadratic in the y or z-axis direction:

T=cxy’ +c,y" +exy+e,y+ex+c, for 2D 9
The x or r-component of temperature gradient was then directly
determined by differentiation of Eq. (9):

a—T:cIy2+c3y+c5 for 2D (10)
ox

Similar expression were constructed for gradients in the y or z-
axis direction but the interpolation function was quadratic in the
X Or F-d)&lb UJICLIJUII\ \NllllC llllt?dr ]ﬂ I.IIC y or "-d)&lb lll[CLzl.lUIl
The temperature gradient at face no. 4 was calculated by using
the linear interpolation along the normal to the interface — Eq.
(8), while for the face 2 the standard finite volume
approximation was adopted. Then Eq. (8) and Eq. (10) for
gradicnts at trapczoidal control volume faces were incorporated
into the global system of equations for temperature.

Immersed Boundary Technique for RTE

In case of immersed boundary method for RTE, the
additional term which accounts for emission and reflection of
radiation at the solid-liquid interface was incorporated into
discrete form of RTE for Cartesian grid following Byun et al.
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[11]. Also the radiative fluxes 1.6.0 ¢ rsin § roou § riin G rsou
incoming and leaving the interface were calculated according to
(Eq. 5) in order to find interface velocity from Eq. (6).

In the present paper it was assumed that the thermal
radiation may propagate cither in onc phasc: solid or liquid or
in both phases. For the case when the thermal radiation was
present only in one phase, the other one was blocked-off. The

solid-liguid interface was assumed to be onague. absorbine
Sond-1quig nterface was assumed o B¢ opaque, avsorbping,

emitting and reflecting diffusively, kept at tixed temperature 7;
equal to the melting temperature 7,. But the presented
numerical approach can also be implemented when the solid-
liquid interface is semitransparent and is treated as the Fresnel
interface. Then this numerical procedure should incorporate
Snell’s law at the solid-liquid interface and should be
developed to conserve radiant energy transferred from one
angular direction to another as a results of reflection and
refraction of the thermal radiation at the solid-liquid interface.

K50 m1]

K=10.0 [m]

Present work
9 + + +Exact[24]

Present work

1 “+ 1 + + -+ Reference [32]
|
22 H K=0.1 [m7] 02
T 1 K=0.1 [mr]
0 — 777" o0 — T ——T
0 0.2 0.4 0.6 08 1 ] 02 0.4 6 0.8 1
¥ i

Figure 2. Comparison of dimensionless radiative heat fluxes
distribution at the bottom wall of the two-dimensional
semicircular enclosure with an internal circle (A) and at the
right wall of the axisymmetric nozzlc-shaped enclosure (B).

VERIFICATION OF THE NUMERICAL MODEL

Results obtained from the presented numerical model were
compared with results of other studies. For the sake of brevity
only few examples for the thermal radiation were presented.
Details about numerical calculations setup were omitted but
they can be found in the references. Numerical results for pure
radiation problem for two-dimensional and axisymmetric
geometry were compared with the results presented by Byun et
al. [11] and by Salah et al. [16], respectively. In Figure 2A
dimensionless radiative heat fluxes at the bottom wall of the
two-dimensional semicircular enclosure with empty internal
circle for different values of the absorption coefficients are
pfeSGI‘u.cu ag
results of Salah et al. [16] for the axisymmetric nozzle-shaped
enclosure with current work is shown in Figure 2B. All results
arc found to be in good agrcement.

ot avarnt racnltc 11 Pt P ey

- T 1
115 Ll]C Xact resurts Lrij. LUllipdllbUll Ul lllU

SIMULATION OF SOLIDIFICATION PROCESS

The proposed numerical model was subsequently applicd to
solve radiation-conduction dominated solidification process of
semitransparent  materials  for  two-dimensional  and
axisymmetric geometry to show capabilities and potential
application area of the presented method. Influence of the
conduction radiation parameter N, on temperature fields and on
the solid-liquid interface locations were also examined in order



to find an impact of the thermal radiation on phase change
process. Calculations were performed assuming following
configurations of the optical properties: (A) semitransparent
solid phase and opaque liquid phase, (B) opaque solid phase
and scmitransparent liquid phase, (C) semitransparcnt both
solid and liquid phases.

A B

o & Z
adiabat Y recti i
L. iabatic T 20, convective cooling, i, 7',
i ! solid-liquid
liquid : o Symmetry interface
phase i plate s
| g
1 — symmetry z
o 5 g | tewd AR TE IR
= o |E H
£ | sofid-liquid | E s
& | interface te 5 € _(6;
18 =
\ — solid phase  |%
| s T~ = =
~
f
solid phase N s 2 .
x S| 7

-Ly- convective cooling, i, 7o [« convective cooling, A, 1% L.

Figure 3. Schematic sketches of computational domains: (A) —
two-dimensional and (B) — axisymmetric.

Two-dimensional Cartesian simulation

The two-dimensional rectangular enclosure with the width
and the height equal to 2.+ and L,« as shown in Figure 3A,
was at the first investigated. It was assumed that the bottom
boundary was opaque, emitting and reflecting diffusively and
subjected to the external convective cooling by the
surroundings. The other walls were treated as adiabatic. Most
of thermophysical and optical properties of the medium were
taken for YAG crystals. The dimensionless quantities were
fixed at the following constant values: ¢=1.0, k=035, n'=1.0,
Ti=1.1, Le=1.0, L+ =2.0, K.'=1.0, K,"=1.0, Fo=0.3, Nu=10°,
Ste=3.46, £~1.0, £=0.3, ,0*:1.(). The scattering phase function
was assumed isotropic. To make the problem two-dimensional
the ambient temperature was assumed to vary according to the
relation: 7".=0.85-0.1cos(zx"). The propertics, which changed
during the calculation, were made equal to: N=1.0, 0.1, 0.01,
7=10.0, 1.0, 0.01 (the bold values were taken as the default
ones). The spatial domain and the solid angle were discretised
as: NxN,=20x40 and NxNg~8x4, respectively. Due to
symmetry of the thermal problem a half of the medium in the
cavity was considered.

In Figure 4 distributions of dimensionless temperature at
x'=0.5 and solid-liquid interface locations arc shown as a
function of the conduction-radiation parameter N. As N;
increases, the heat conduction becomes dominant.
Semitransparent solid or liquid phase are then less radiatively
cooled and eventually for N, above unity solidification
proceeds as for an opaque material. Decreasing N, favors
internal radiative cooling and limits the share of conductive
heat transfer in the total heat flux. For semitransparent solid
(Figures 4A and 4C) temperature distribution becomes concave
as heat becomes more directly transmitted to the wall by the
thermal radiation. More heat is removed from the vicinity of the
solid-liquid interface and therefore the rate of solidification is
increased. For semitransparent liquid phase the internal
radiation decreases temperature in bulk liquid, more heat is
transferred by the thermal radiation to the solid-liquid interface,
and therefore, the rate of solidification is lower than for
semitransparent solid phase.

Numerical modelling
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Figure 4. Temperature distributions along x'=0.5 (left) and

front locations (right) for varying N..

Axisymmetric simulation

The axisymmetric rectangular domain with the width and
the height equal to L,= and 2L, -, as shown in Figure 3B was also
investigated. This geometry mimics a simplified metal canister
used in the high temperature thermal energy storage system for
the space applications. Right, top and bottom boundaries of the
domain were subjected to external convective cooling by the
surroundings, left wall was the axis of symmetry. Moreover,
only a half of the medium in the cavity was considered due
symmetry of the thermal problem. Most of thermophysical and
optical propertics of the medium were taken for fluoride salt
with eutectic weight composition of LiF — 41.27%, MgF, —
48.76% and KF — 8.95%. The dimensionless quantities were
fixed at the following constant values: ¢*=1.0, k*=1.0, n'=1.0,
=10, T"=11, T.=06, L,=10, L.=2.0, K,=1.0, K."=1.0,
K.'=1.0, Fo=0.5583, Nu=1.1, Stc=1.69, £~0.8, £=0.6, @=0.0.
The scattering phase function was assumed isotropic The
propertics, which varied during the calculation, were made
equal to: N=0.1, 0.2, 0.42, =0.03, 0.3, 3.0, 30.0. The spatial
domain and the solid anglc were discretised as: N,xN,=40x40
and NxNg~8x4, respectively.

In Figure 5 distributions of dimensionless temperature along
line d" (Figure 3B) and position of the solid-liquid interface are
plotted for different optical configuration (cases A, B, C and
opaque material). The internal radiation in liquid phase
contributes to decreasing liquid temperature at the initial state
of the process and to a little increase of solidification rate
whereas internal radiation in solid phase increases heat transfer
from the solid-liquid interface to the cooled boundaries and
therefore strongly accelerates solidification. For the case A and
C the solid-liquid interface propagates further than for case A
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and opaque material. The thermal radiation effect is the most

pronounced for the case C, and therefore, only results obtained

for this case are further presented.
1.05 14

] 0.8 o
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& 1 Fa o a N
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T = - = Opaque
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o

"
Figure 5. Temperature distributions along line d” (left) and
front locations (right) for ditferent optical configurations.

The influence of the conduction-radiation parameter N, for
case C (semitransparent both solid and liquid phases) is shown
in the Figure 6. The conclusion is the same as for Figure 6 — the
share of the radiation in the total heat transfer increases as N,
falls and then radiative cooling through semitransparent solid is
cnhanced. Therefore more material is solidified as can be
observed in Figure 6.
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Figure 6. Temperature distributions along line d" (left) and
front locations (right) for varying N, for case C.

CONCLUSIONS

In this work the front tracking method together with the
immersed boundary technique was applied to solve
solidification process of semitransparent materials. This
combined approach cnabled accuratc dealing with different
optical and thermophysical properties of solid and liquid phases
as well as with the absorption, emission and reflection of the
thermal radiation at the solid-liquid interface as was shown in
the present paper. Moreover, being based on the fixed grid, the
approach docs not necd adaptation of meshes to the solid-liquid
interface shape and therefore, interpolation of field variables in
every iteration of solving procedure seems unnecessary.

It was proved that the proposed method can be effectively
used for solution of problems formulated in different coordinate
systems. The numerical model was applied to two difterent
geometrical configurations, i.e. two-dimensional Cartesian and
axisymmetric cases with different thermophysical and optical
properties in solid and liquid phases. The test cases with
complex fixed boundaries reveal the good accuracy of the
presented method, whereas simulation with complex moving
boundaries and opaque, absorbing, emitting and reflecting
diffusively solid-liquid interface show the capabilities and
potential application area of the presented method.
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