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The sensibility of thermal regimes at crystal-melt system to inner or outer parameters
was studied for semitransparent media by the numerical simulation of complex heat
transfer. A model of radiation-convective and radiation-conductive heat transfer was
developed. Advanced features of the model, such as dynamic evolution of interface, were
realized by implementation of user-defined functions. The 2D axisymmetric model is
limited geometrically to the cylindrical crystal-melt system since heat regimes and tem-
perature gradients in the area near crystallization front are the most important. Combined
effect of radiation, convective and conductive heat transfer mechanisms on the formation
of temperature fields and heat flows, position and shape of the crystallization front and
distribution of the temperature gradients in the crystal-melt system have been examined
for the oxide and alkali-halide classes of semitransparent materials at different growth
conditions, considering selectivity of their absorption. Analysis of the results allowed
developing the recommendations for approximation of the effects of radiation and convec-
tion heat transfer and their interaction. This allows justification of several possible
simplifying approaches at development of the numerical models of crystal growth fur-
naces, including on-line models for operative control of the growth process.

C IIOMOIBI0 YHCIEHHOTO MOLEJIWPOBAHUSA CJIOMKHOIO TEILIOOOMEHA M3ydyasach UyYBCTBU-
TEJBLHOCTh TEILJIOBLIX PEKUMOB CHCTEMBl KPHCTAJJI-PACILIAB K BHYTPEHHUM U BHEIIHUM
nmapaMerpaM AJd IIOJYyIPO3PauvyHbIX MaTepuaJoB. PaspaboTaHbl MOIEIU PaIUAIMOHHO-KOH-
BEKTHUBHOTO 1 PAaIHAlMOHHO-KOHIYKTHUBHOI'O TemioobmeHa. Takume ocoOeHHOCTH MoOIeseld,
KaK AWHAMHUUYECKAas SBOJIONUSA MeX(hasHOM rPaHUIBl, PEAJN30BAHBI C IIOMOINLIO TUHAMUYEC-
KOM CceTKH. YUWTHIBAas, UTO TEIJIOBBIE PEMUMBI M TeMIePATyPHBIE I'DAIUEHThl B 00JacTH
$pPoHTA KPHUCTAJINBALMY ABJAKTCH Hambojee BasKHBIMMU, MeoOMeTpud ocecuMMerpuduHoii 2D
MOJeJM OrpaHMYeHA MUJINHIPUYECKON cHcTeMOil Kpucraiia-pacmaas. CoBMecTHOe aeiicTBue
paguanuy, KOHBEKTHBHOIO M KOHIYKTUBHOI'O TeILIoOOMeHa Ha (POPMUPOBAHUE TeMIEPaTyD-
HBIX I10JIed W TEILIOBBIX IIOTOKOB, IIOJIOMKeHHe 1 PopMy (PPOHTA KPUCTAIMIAIUN, PaciIpere-
JIeHHEe TeMIEPATYPHBIX IPAJAHMEHTOB B CHUCTEME KPUCTAJJI-PACILIAB HCCJIEIOBAHBI OIS IBYX
KJIACCOB IIOJYIIPO3PAYHBIX MATEPHANOB (OKCHUIHBIX M IIEJOYHO-TAJOMUIHBLIX) IPU PASIMYHBIX
YCIOBUSAX POCTA C YUYETOM CEJEKTUBHOCTH WX IOrJiouieHnus. I[okasaHo, 4TO €CTh HECKOJBLKO
BO3MOXKHOCTEH YIIPOILIEHUS IMOAXO0I0B K paspaboTKe UMCIEHHBIX MOJEJIEH TeILJIOBBbIX YCJIOBUU
pocTa KPUCTANIOB U KPHUCTANIUIANNOHHOrO0 00OPYLOBAHUA, B TOM YHCJE IJS OIePAaTUBHOTO
KOHTPOJIA IIporecca pocra. PaspaboraHbl pPeKOMEHIANHWHK IS IPHUOIMMKEHHOrO OIIMCAHUSA
a(G}PeKTOB PALMAIIMOHHOTO ¥ KOHBEKTUBHOI'O TEILIOOOMEeHa M MX B3aMMOIEeHCTBUA.

Crknadnuii mennoobmin npu Hanpaéneniti Kpucmanidayii Haniénpo3opux
mamepianié. BI. [Jewro, AA. Kapsayvruii, O.M. Kyodin, IO.B. Jloxmaneys

3a [IOIIOMOIOI0 YHCJIOBOI'O MOIENIOBAHHS CKJAIHOrO TEIJIooOMiHYy BHMBUAJAcd UYTIHUBICTH
TEIJIOBUX PEXUMIB CHCTEMM HAIIIBIPO30OPUX MAaTepiaJiB KpucTaj-posILiaB A0 BHYTPimmHix i
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30BHIMHIX mapaMeTpiB. Pospobieno momeni pamiariiino-KOHBEKTUBHOTO Ta pafgialiifiHo- KOH-
IYKTUBHOTO TemoodbMminy. Taki ocobmuBocTi Mozeneit, AK AWHAMIiUHAa eBOJMOIA Mi:KdasHol
TpaHUlli, peaji3oBaHi 3a JOMOMOTO0 AMHAMiIUHOI ciTKM. BpaxoByoun, mo Tenjaosi pexumMu i
TeMTIepaTypHi rpagieHT B 06sacti GpoHTY KpucTtanisamii € HaifibiabIl BaKJIMBUMU, TeOMET-
pig ocecumerpuunoi 2D wmomeni obMmesxeHa NUIIHIAPUYHOIO CHCTEMOIO KPUCTAJ-POBIIAB.
KombinoBany airo BUTIPOMiHIOBaHHA, KOHBEKTUBHOTO i KOHAYKTUBHOTO TemyooOMiHny Ha dop-
MYBaHHS TeMIIePATyPHUX TOJIB i TEeNJIOBUX IMOTOKiB, po3TamnryBaHHd i dopMy GHPOHTY Kpuc-
Taaisalii, posmoxis TeMIepaTypHUX IPagi€HTIB y cucTeMi KPHUCTAN-PO3NIAB JOCTIAIKEHO AJIS
OKCUJHUX Ta JAYKHO-TAJTOITHUX KJAaciB HamiBIPO30OpWX MaTepianiB mpu pisHUX yMoOBax
POCTY, BPaxoOBYIOUM CeJeKTUBHICTHL ixX moramunauuas. ITokasaHo, o icHye KigbKa MOMKJINBOC-
Tell JJiA CHOPOIIEHHA MiAXOAIB A0 POBPOOKU UMNCIOBUX MOJeEJNell TeIJIOBOTO CTAaHY POCTY
KpucTayiiB i Kpucramisamniifinoro obiramgHaHHSA, B TOMY UYHCAL AJS OTMEPATUBHOTO KOHTPOJIO
mpotiecy pocTy. Pospobieno pexomenpaarii mono mabiamxenoro omucy edexTis pagiamifinoro
i KOHBEKTHUBHOTO TemJIOOOMiHYy Ta iX B3aeMofii.

1. Introduction

Dielectric single crystals have wide appli-
cation in production of various devices used
in science, industry, medicine, security sys-
tems, etc. The quality of single crystals ob-
tained by directed growth from melt de-
pends greatly on thermal parameters during
growth process. Therefore, study of heat
transfer processes occurring at directed
crystallization of semitransparent materials
from the melt is of urgent importance for
manufacturing of high-quality single crystals.
Uniformity and smoothness of thermal pa-
rameters, such as temperature fields (T-fields)
and heat fluxes are required to minimize
lattice imperfection.

As a result of increasing demand for big-
sized high-quality crystals in electronic and
optical industry, the advancement in their
manufacturing requires new research tech-
niques. Numerical simulation provides ex-
tensive and often irreplaceable opportuni-
ties for such studies, since direct interven-
tion into the process in order to obtain
experimental data causes the thermal bal-
ance changes. A large number of physical
phenomena at directed phase-change process
of the semitransparent selectively absorbing
materials require considerable simplification
of suitable numerical models of such sys-
tems, particularly those intended for real-
time maintenance and control of the crystal-
growth processes. However, the possible ef-
fect of each assumption on accuracy of the
results obtained from the model must be
evaluated. Thereby the assumption usage
must be justified, and the result obtained
with simplified approach can be corrected
(specified) if an influence of the simplifying
approach is known.

There are a number of numerical models
devoted to semitransparent crystals growth
[1, 2]. Earlier papers such as by Abrams
and Viskanta [3] and Viskanta and Ander-
son [4], Xiao and Derby [5] have shown the
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dominating role of radiation heat transfer
on the heat regimes near crystallization
front in such systems. Radiation heat flow
increases temperature gradient in the melt
near interface and, as a result, increases
stability of the crystallization process. Nu-
merical investigations of influence of radia-
tion-conductive heat transfer on the heat
regimes at oxide crystal growth (where
crystal is semitransparent to the infrared
radiation while the melt phase is opaque)
were presented in much more limited num-
ber of papers, particularly in the papers of
Yeckel and Derby [6], Yuferev et al. [T7].
Hayashi et al. [8] considered the optically
thin crystals only. Due to complexity of ra-
diation calculation in the semitransparent
medium, Galazka and Wilke [9] and Voigt
et al. [10] considered the radiation heat
transfer only between surfaces of the crys-
tal-melt system and crucible. Other papers,
e.g. Evstratov et al. [11], Kalaev et al. [12]
deal with convection heat transfer under
the growth process in entirely opaque sys-
tems. After all, selectivity of optical prop-
erties may take place both in the crystal
and in the melt, caused by selective proper-
ties of the material itself or by absorptive
impurities for the scintillating crystals,
that reported by e.g. Kolesnikov et al. [13].
Most of the models consider the radiation
heat transfer in the gray assumption; how-
ever Lin and Dold [14] have shown that
such assumption may cause overstating of
the value of calculated sample’s tempera-
ture by 10 K.

This brief overview shows that the exist-
ing numerical models of crystallization fur-
naces do not usually take into account the
complexity of the radiation-convection in-
teraction, occurring under growth of the
semitransparent materials with selective op-
tical properties. However, it is possible to
use a geometrically limited quasy-steady nu-
merical model to examine this interaction,
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to evaluate the influence of inner and outer
conditions and to estimate the acceptability
of certain assumptions for a specific simula-
tion of the crystal growth furnace.

According to Yeckel and Derby [15], the
computational time for full-scale transient
simulation of entire furnace including all
important physical phenomena remains un-
acceptable. Therefore, a number of partial
numerical models of the same process may
be used depending on the purpose of calcu-
lations. For real-time control of the growth
process, simpler and faster models provide
supplemental data to improve thermal pa-
rameters of the process. To explore the com-
plex interaction of heat transfer mecha-
nisms (along with other physical phenom-
ena) on temperature distribution, heat flows
and shape of interface, more detailed mod-
els are required. Such models, however,
may consider the most important domain
only, e.g. the crystal-melt system. Finally,
global models of entire crystallization fur-
nace (but with simplified handling of the
certain domains) are suitable for compre-
hensive analysis of the thermal regimes in
the unit as it shown by Deshko et al. [16].

In this work, a series of calculations was
conducted on numerical models of the crys-
tal-melt system for the purpose to ascertain
the sensitivity of the heat regimes on a
number of factors, corresponding to differ-
ent growth methods and growing materials.
In majority of the cases, 2D axisymmetric
models are the most appropriate for geome-
tries of the crystal growth furnaces, how-
ever a certain useful observation can be ob-
tained also with the fast 1D models (see, for
example Deshko et al. [17]), e.g. influence
of absorptivity and height of the crystal
and melt on required dynamic of tempera-
ture change at control heater during the
growth process.

The purpose of such approach is the jus-
tification of simplifying approaches at de-
velopment of the numerical models. As a
result, this allows developing the fast nu-
merical models of the real crystallization
furnaces with their complex geometry, con-
sidering only the most important physical
phenomena while minimizing deviations of
the results caused by simplifications made.
Such global models can be used for real-
time optimization of the thermal regimes of
the growth process, e.g. updating of the
control parameters (temperature of control
heater) by implementation of simulated data
into the furnace operation.
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Fig. 1. Geometry, boundary conditions and
mesh of the computational domain: I'j —
temperature (Dirichlet) boundary conditions;
Iy — symmetry axis (the Neumann boundary
condition); I'gg and I'syg — convection
boundary conditions on the side and bottom
boundary, respectively; I'yqy — the Stefan
condition.

2. Problem formulation,
boundary conditions and meshing

To investigate an influence of material
properties and operating conditions on ther-
mal conditions in the crystal-melt system, a
numerical model of radiation-convective (in
the melt) and radiation-conductive (in the
crystal) heat transfer was developed in
Ansys Fluent, a commercially available CFD
solver based on the finite volume method
[18]. The geometry and boundary conditions
of the problem are given in Fig. 1. Single
crystals are grown as cylindrical-shaped,
and the most elements of crystallization
furnaces are axisymmetrical. Therefore the
model developed is two-dimensional axisym-
metric and the both crystal and melt are
cylinders of the same radius, which corre-
sponds well to majority of the growth meth-
ods. Gravitational vector is parallel to sym-
metry axis and is directed downwards in the
basic case, so the system is upper-heated.
This corresponds to the Axial Heating Proc-
ess (AHP) crystal growth method, described
by Bykova et al. [19]. The direction of
gravitational vector may be reversed, which
corresponds to bottom-heated growth meth-
ods, e.g. the Czochralski growth. Linear
sizes of the domain may be changed to
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simulate different stages of the growth
process.

Mathematical formulation includes en-
ergy, momentum and continuity equations,
with source term E(X) in energy equation
corresponding to the internal heat rate due
to absorption and emission in an elemental
volume of the semitransparent media:

1
%(ph) + V. (pVh) =V - (AVT) + E(X), 1)
e (2
E(X) = [Ry[4nn2I,, - [[(Q)dQ)av,
v=0 Q=47
opV 3
L4 (V- VIV=-Vp+V - [WYV)] + pg,
4
Livopn=o, @
ot
T
where h = I cpdT is sensible enthalpy, I, is
TREF
black body radiation intensity given by the
Planck function, I,(€2) — spectral radiation

intensity of frequency v in direction s of
solid angle Q, k,, n, — spectral absorption
coefficient and spectral refractive index, re-
spectively. Material properties, such as heat
conductivity, density and viscosity, are the
functions of temperature: A = f,(T), p = fp(T),
W= (T).

Radiation field in absorbing and emitting
medium is given by the spectral radiation
intensity I, (X, s), which is described by the
radiation transfer equation (RTE):

dl(X,s) ) (5)
T + kVIV(X’s) = kVnVIOV'

Initial conditions at T = 0 are the following:

T(X)=T, (6)
ViX)=0
The initial shape of the interface is flat,

providing equal sizes of the crystal and
melt zones:

[tk = F(X). (7

Melt butt is defined with the tempera-
ture boundary condition. The bottom and
side temperature boundary conditions are
convective, representing combined radia-
tion-convective heat contact with the con-
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struction elements of the furnace such as
crucible or side heater, and environment
(bottom):

n - (-MT)VT) = 04T - T.,). (8)

The thermal conditions of the crystal
growth process can be regulated by side
heater, e.g. by changing its power, position,
screening and distance to the crystal-melt
system. All these changes may be repre-
sented by varying the side boundary condi-
tions of the model.

The domain includes the internal semi-
transparent boundary — mnamely crystal-
lization front (interface) with the Stefan
boundary condition applied, which includes
radiation heat flow qr on the semitranspar-
ent interface:

Tls =Tl =Ty, ©)
n- (-MT)VT) - n - g = pgLim - Vg 1)’

where T, is equilibrium crystallization tem-
perature, L; is specific heat of crystal-
lization, pg is crystal density, and Vg is
interface velocity vector.

The symmetry boundary conditions are
applied on the symmetry axis:

n-VT =0,
n-VvV=0.

The no-slip boundary condition for velocity
is applied to the melt butt, melt side sur-
face and crystal-melt interface:

V=0.

Radiation calculations assume the isot-
ropy of the medium and diffusive reflec-
tions on the boundaries. Basic case consid-
ers the gray medium. The previous experi-
ments have shown that convection is
suppressed in the upper-heated system and
no significant turbulence is observed, so the
laminar model was used for such conditions.
Due to the very low crystallization rate
(typical magnitude of crystal growth is
1 mm/h) the steady assumption was used.

The domain was divided by the computa-
tional mesh on quadrilateral-sectioned toroi-
dal elements. The optimal mesh side was
chosen by comparative calculations on the
meshes consisting of 1280, 5120 and
20480 elements to provide a balance be-
tween the solution time and accuracy. The
mesh of 5120 elements, equally for each
phase: 64(R)-(40cr + 40m)(X) proved to be
sufficient for the most cases. However, in
several calculated cases with sharp tempera-
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Table 1. Properties of BGO and Csl

Property BGO crystal BGO melt Csl crystal Csl melt
Heat conductivity, W/(m-K) 1.20 0.14 AT 0.1 (eff. 30)

Heat capacity, J/(kg-K) 334.5 410.0 201 274
Density, kg/m3 7090 6975-0.25T 4510 0,(T)
Refraction index 2.1 1.9 1.7 1.5
Absorption coefficient, m™! 3.0 >15000 1.0 1.0
Crystallization temperature, K - 1323 - 894

Viscosity, kg/(m-s) - 0.05406 - U, (T)

AeAT) = 1.9119-0.008497-T + 2.1076.72
P (T) = 4241-1.1834.T

w,(T) = 0.041821-1.01156-10"4T + 8.4957-1078-T2

ture gradients, the local refining of the
mesh was employed.

Two classes of semitransparent materials
were modeled: oxide crystals represented by
bismuth germanate Bi,Ge3O04, (BGO) and al-
kali halides represented by cesium iodide
Csl. The former class is typically charac-
terized by almost opaque melt while the lat-
ter implies the both phases being semitrans-
parent. The properties of these materials
used for basic calculations are presented in
Table 1. In order to include the buoyancy
and more accurate treatment, the melts den-
sities as well as some other properties were
set as linear or polynomial functions of
temperature (in K) basing on the available
reference data.

The outer temperature boundary condi-
tions are set as follows: I'; — temperature T =
1450 K, opaque with emissivity € = 1; I'gg —
convective boundary condition with heat trans-
fer coefficient o = 100 W/(m2K) and free
stream temperature varying linearly or
stepwise from 1300 K at X =0 to 1450 K
at X = 0.2, opaque with emissivity € = 0.5;
I'spg — convective boundary condition with
o =10 W/(m2K) and free stream tempera-
ture 328 K, semitransparent with emissivity
internal /external ¢ = 0.1579/0.6965.

3. Numerical modelling

The system was modeled using the Ansys
Fluent CFD software, which employs the fi-
nite volume method (see Versteeg and
Malalasekera [20], for example) for the
main governing equations (momentum and
energy). Heat transfer by radiation in a se-
lectively absorbing and emitting medium is
calculated using the Discrete Ordinates (DO)
method [18].
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Uncoupled implementation of the DO
method to energy equation was used, pro-
viding better convergence in the most cases
with modest optical thickness of the crystal-
melt system. The equations for the energy
and radiation intensities are solved one by
one, assuming prevailing values for other
variables. Radiation is calculated every 2
flow iterations.

The DO radiation model solves the radia-
tion transfer equation for a finite number
of discrete solid angles, each associated
with a vector direction s fixed in the global
Cartesian system. The DO model transforms
the RTE into a transport equation for radia-
tion intensity in the spatial Cartesian coor-
dinates and solves it for as many transport
equations as there are directions (s). The
solution method is identical to the one used
for the fluid flow and energy equations. The
non-gray DO implementation divides the ra-
diation spectrum into up to nine random
wavelength bands with the RTE integrated
over each wavelength interval. Such imple-
mentation is however limited by the fact
that behavior in each band is assumed as
gray. The total intensity at given position
X in each direction s is obtained by the
summation of the radiation intensities in
each band.

The fineness of the angular discretiza-
tion is controlled by a number of divisions
of each octant of the angular space 4m in

polar and azimuthal directions, NgN,. In
two-dimensional calculations, only four oc-
tants are solved due to the symmetry, mak-
ing a total of 4N9'N(p directions in all. In
the case of the non-gray model, 4NgN
equations are solved for each band. Addi-
tional difficulty is that control volume faces
do not in general align with the global an-
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gular discretization, leading to the problem
of control angle overhang, described by
Murthy and Mathur [21], and accuracy re-
duction. To deal with this problem, each
overhanging control angle is divided into
Nep'Nq)p pixels. While the standard values
for angular discretization and pixel resolu-
tion are 2x2 and 1x1 respectively, the val-
ues 5x5 and 38x3 proved to be required for
the present model because of the decisive
role of radiation heat transfer. These val-
ues, however, affect greatly performance of
the numerical model.

Since natural convection is modeled in-
side a closed melt domain, the solution de-
pends on mass inside the domain. Since this
mass will not be known unless the density is
known, it is required to use unsteady solver
or the Boussinesq density model [18]. Con-
sidering significant (tens of degrees) tem-
perature differences in the melt domain, the
transient calculations were performed,
though with steady boundary conditions. An
unsteady pressure-based segregated solver
with implicit formulation is used for solv-
ing the discretized energy end momentum
equations. First order method is used for
unsteady terms. The algorithm used is SIM-
PLE with fitted under-relaxation factors to
enhance the convergence. Fluent uses segre-
gated algorithms for solving the governing
equations. Each one is decoupled (segre-
gated) from other equations. Since the dis-
cretized equations need to be stored in the
memory only one at a time, the memory
requirements are lower, but convergence is
relatively slow.

The second order upwind scheme is used
for convective terms, energy and the DO
equations, providing improved accuracy.
The absolute convergence criterion for con-
tinuity and velocity components was set
equal to 1073 and value 10~7 was used for
the energy and DO equations because of its
significant impact on the calculated tem-
perature fields.

Several calculations were conducted with
bottom heating of the crystal-melt system,
i.e. with the melt domain under the crystal.
Such conditions are favorable for develop-
ment of the natural convection in the melt,
therefore possible turbulence effects must
be considered. For such cases modified k—¢
model, namely the RNG proposed by Orszag
et al. [22] was used. The RNG k—¢ model
has several refinements, making it more re-
liable and accurate for the wider class of
flows, including swirling and the low-
Reynolds number flows. Comparative calcu-
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lations showed better convergence for con-
sidered problem with the highly viscous
melt. The standard values for the RNG k—¢
model constants were applied.

The numerical model has been validated
by comparison with several known analyti-
cal and numerical solutions for conductive
and radiation-conductive problems. Particu-
larly, the one-dimensional Stefan problem
solved by Abrams and Viskanta [3] was re-
produced with mean-square deviation about
0.5-2 %.

An important feature of the developed
numerical model is the ability to dynami-
cally change position and shape of the crys-
tal-melt interface according to current tem-
perature field in the system. Although the
Fluent software includes the solidification-
melting model, it considers solid-liquid do-
main as a single (actually, being entirely
liquid). Instead of tracking the liquid-solid
front explicitly, an enthalpy-porosity for-
mulation is employed [18]. Being appropri-
ate for modelling the phase-change proc-
esses in opaque medium such as metals, it is
unsuitable for considered problem with the
semitransparent interface and different op-
tical properties (refractivity and absorptiv-
ity) of solid and liquid phases.

Therefore a complex user-defined func-
tion (UDF) of dynamic mesh motion was
developed and implemented into the model.
The steps executed by the UDF are the fol-
lowing:

1. Each time being called (each specified
number of iteration, time step or on de-
mand), the UDF receives and stores into
arrays current temperature field for (1) cur-
rent position of the crystal-melt interface,
(2) the side boundaries and (8) all cells in
the crystal-melt domain.

2. The crystal-melt area is divided into
columns of 1 cell in width (each one is
stretched vertically through the crystal and
melt domains). For each column, as well as
for the side boundaries, a new interface po-
sition is determined as a coordinate where
given  crystallization  temperature is
achieved. The function of temperature on
coordinate is assumed to be monotonic.

3. Smoothing of determined in Step 2
new interface shape, if needed. Due to
roughness of the calculated temperature
field caused by convection, the smoothing
may be implemented by several techniques,
including 3-, 5-, and 7-point linear filter-
ing.

4. Computational grid is deformed col-
umn-by-column with specified under- or
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Fig. 2. Dependence of the interface shape (left) and position (right) on the melt absorptivity: 1 —

optical thickness of the melt layer &; 2 — interface position on the side surface; 3 — interface

position on the symmetry axis.

over-relaxation factor. Thus the interface is
moved towards current isotherm of the
crystallization temperature, each R-coordi-
nate is moved independently, making possi-
ble to change the shape of the interface as
well as the position. The cells in the crystal
and melt domains are squeezed or stretched
accordingly.

Thus the technique allows dynamic trac-
ing of the interface position and shape ac-
cording to the current thermal conditions.
Additional simple UDF is used to define
non-uniform temperature distribution for
the boundary condition on the side surface.

4. Results and discusion

The case with upper heating, resembling
growth conditions of the AHP method was
used as a basis for calculation series with
variable absorption coefficient of the melt.
The goal is to analyze an impact of the melt’s
absorptivity on distribution of T-fields and
the interface position during growth proc-
ess. Such conditions correspond to different
types of the grown materials. The change of
absorption may also be caused by introduc-
tion of additive agents (dopes) to furnace
charge.

Basing on the material with BGO proper-
ties (except absorption coefficients), melt
absorption coefficient k,, was varied from
10 to 5000 m~1 while crystal absorption coef-
ficient k.. was fixed with value of 10 m1,
Calculations results indicated a moderate
change of the radius-averaged melt optical
thickness comparing to much more consider-
able change of the control factor £k,
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Fig. 3. Dependences of the heat transfer rates
on the melt absorptivity 1 — total heat flow
on the crystal butt; 2 — total heat flow inter-

face; 3 — radiation heat flow on the inter-
face; 4 — radiation heat flow on the crystal
butt.

(Fig. 2). This revealed stabilization of the
melt optical thickness & at absorptivity
change during crystallization process leads
to conservation of considerable radiation
heat flows even through nearly opaque
(5000 m~1) melt (Fig. 8). Radiation heat
transfer plays decisive role in the heat
transfer at growth of the optically transpar-
ent crystals. This directly influences con-
vection flows in the melt. Reduction of the
melt thickness causes significant weakening
of the convective flows (e.g. two flow con-
tours degenerate into the single contour).
Temperature gradients in the melt increase
inversely to thickness of its layer. The
value of the Rayleigh number for this con-
figuration lies in the range from 1.6-10° for
thin melt layer to 8108 for almost entirely
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Fig. 4. Influence of the temperature level on
the interface position.

melted domain. This value, however, does
not take into account the direction of the
heat flow (upper or lower-heated system).

In the conditions of radiation-convective
heat transfer in upper-heated system the
role of convection is negligible. At nearly
opaque melt radiation heat flow in the sys-
tem is formed near interface, heat sink
from the interface is maximal, and the in-
terface displaces to the upper hot boundary.
A characteristic feature of this case is a
combination of high temperature gradients
in the melt and low temperature gradients
in the crystal.

An additional investigation of the sys-
tem’s radiation properties was conducted by
several comparative calculations. Opacity of
the crystallization front causes relatively
small effect on the T-fields and its own po-
sition. However, semitransparency of the
crystal butt (distinctive feature of the AHP
growth method, providing options for radia-
tion control) causes a significant decrease in
the melt thickness and weakening of convec-
tive flows in it. In the absence of radiation
(fully opaque system, such as semiconduc-
tors or metals) the significant enhancement
of convection is observed. It is caused by
the sharp rise of radial component of the
temperature gradient near the lateral sur-
face.

Additional effects here are the reduction
of the axial gradient in the melt and its
increase in the crystal. Finally, instability
of the T-fields in the system is observed,
which is expressed by unstable (oscillating
within process of numerical solution) posi-
tion and shape of the interface. Therefore,
presence of the powerful radiation heat flow
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Fig. 5. Relative interface position for differ-
ent stages of the process.

has a significant stabilizing effect on the
T-fields and on the interface shape, pro-
vides an opportunity for sustainable process
of the directional crystallization as well as
additional options for control of the growth
process.

A temperature level in the installation
greatly affects the value of the radiation
heat flows. To obtain quantitative evalu-
ation of such changes (due to higher- or
less-melting material grown), additional cal-
culations were conducted with crystal-
lization temperature, increased by 400 K
and also with decreased by 200 K. All tem-
peratures in the boundary conditions were
changed accordingly. For example, in-
creased temperature level sharply increases
the system heat load (2.5 times — the total
heat flows, 8 times — the radiation heat
flows) and substantial reduction of the melt
layer (Fig. 4), due to stronger radiation
heat sink. Influence of the temperatures
level and its drop across the system on con-
vective flow is also observed, but not so
strong.

The experiment with variation of overall
height of the crystal-melt system represents
different stages of the growth process in
which the crystal is pulled from the melt of
constant thickness. The results have shown
that during the crystal pulling process the
axial heat flows slowly decrease. Within the
fixed boundary conditions on the system
butts, the melt thickness (Fig. 5) and con-
vection intensity increase substantially.
Therefore, to maintain the constant melt
layer during the process, additional control
of outer conditions is required. The deter-
mination of required dynamic of their
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Fig. 6. Influence of an effective heat transfer coefficient K on the interface position (left) and
temperature distribution along the side surface of the crystal-melt system (right).
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Fig. 7. Temperature fields in the melt with applied radiation-convective (left), radiation-conductive
(middle), and convective (right) heat transfer mechanism for the bottom heating case.

change for each case is another application
of the present model. The interface posi-
tion, represented in Fig. 5, is given in di-
mensionless coordinates — height X* and
radius R*, while height of the system X was
varied from 0.1 m (X/R=0.5) to 0.4 m
(X/R = 2), showing the initial, intermediate
and final stages of the growth process.

The temperature fields in the crystal-
melt systems often require dynamic correc-
tions. One of important approaches is a con-
trol of lateral heaters. Such method of con-
trol in given numerical model is represented
by change of the side boundary conditions:
both heat transfer coefficient and free
stream temperature. Value of the heat
transfer coefficient is effective and reflects
both radiation and convective heat transfer
from the lateral heater. Increase of this ef-
fective coefficient means the lower gap or
removal of reflective screen between the
heater and side surface of the crystal-melt
system or crucible.

Free stream temperature reflects the ver-
tical temperature profile of lateral heaters

100

(determined by the growth method and con-
struction of the furnace and regulated usu-
ally by their electrical power). Its change
means movement of the crystal-melt system
within the temperature profile created by
the heaters. Influence of the temperature
conditions on the side boundary is examined
by the both approaches: 1) comparison of
linear and stepwise profiles of the vertical
distribution of the free stream temperature
and 2) variations in the heat transfer coef-
ficient K of the side surface from
10 W/(m2.K) to 5000 W/(m2K).

The numerical investigation shows that
the increase of K causes a significant
growth of the melt thickness (Fig. 6), as
well as enhances convection in the melt. An-
other effect is an increasing role of the lat-
eral heat flows. For instance, the lateral
heat flows become comparable to the axial
ones at K = 5000 W/(m2K). The calcula-
tions have shown that the control via side
surface of the crystal-melt system allows
modifying the thermal conditions and posi-
tion of the interface in a wide range.

Functional materials, 21, 1, 2014
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Table 2. Heat transfer rates in the crystal-melt system with different heat transfer mechanisms

active
Heat transfer mechanism Radiation-convective Radiation- Convective
. conductive .
laminar k—¢ laminar k—e¢
Total heat flow | Crystal butt -11458 -11948 -8366 —2148 —2255
through the | ool melt | 12000 11981 8250 1880 1085
boundary, W
Melt butt 11600 12370 7566 1145 1167
Crystal side -11 -32 83 262 268
Melt side -118 -387 714 740 813
Radiation heat | Crystal butt -6090 -6308 -4136 0
flow through the
boundary, W Crystal-melt 11652 11636 8024 0
Melt butt 11393 12100 7470 0
In the case of lower heating (the melt is ,
under the crystal, representing conditions e i
’ /r—-"b_’\?\\ Il s S
of common growth methods such as the Czo- T{ [f h /r\/" /;\ /,/}'——-:\\\-\ {/.]I/‘/‘/K//)///,////‘?—Z\‘\\\\l
chralski growth), mean velocity in the melt \\\\ \\\}\\\\\\\\\ :\1\1 I] ﬁf[‘f (NI \1\1
; 8

domain increases rapidly by about 2 orders
of magnitude. The temperature field,
formed in the melt (Fig. 7), is sharply non-
linear in accordance with the main direc-
tions of the convective flows. Intensifica-
tion of the convection leads to a significant
increase in the average temperature of the
system and reduce the ecrystal thickness.
The interface shape is quite irregular and
uneven due to developed convective flows. A
comparison of the numerical calculations
performed employing the RNG k—¢ model
and within the laminar approximation re-
vealed the proximity of the convective flow
structures (Fig. 8) and derived heat flows at
the melt boundaries (Table 2). Therefore,
the laminar model remains adequate for
evaluation of thermal parameters in the
crystal-melt system under considered condi-
tions even in the bottom-heated case.

The comparative calculations have shown
that the laminar model usually requires less
number of iterations to converge the solu-
tion, but it does not always guarantee the
convergence itself, as well as stability and
monotony of the obtained interface shape.
This makes the laminar model more appro-
priate for the low-intensity convection, par-
ticularly for the cases with upper heating
where convection is suppressed. To compare
the effect of radiation and convection on
the thermal conditions in the melt domain
we consider the bottom heating case. The
convection and radiation heat transfer were
sequentially disabled. The resulting T-fields
(Fig. 7) and heat flows in the system (Table
2) confirm the dominant role of radiation in
such conditions. Also, it is clearly observed
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Fig. 8. Velocity vectors in the melt with bot-
tom heating utilizing the laminar model (left)
and the RNG k—¢ model (right).

that the strong axial radiation heat flow
contributes greatly to smoothing of the tem-
perature fields in the entire system.

The calculations for the bottom-heated
case showed slower convergence; they re-
quired more efforts for solver tuning, in-
cluding decrease of the under-relaxation
factors. The complication caused by devel-
oped natural convection in the melt area
may be avoided by the simplifying ap-
proach. Effect of the heat transfer enhance-
ment by convection may be simulated by
introducing an effective thermal conductiv-
ity, thus disabling convection in the model.
Applicability of this approach was inspected
by comparison of the temperature fields ob-
tained with the real convection and effec-
tive thermal conductivity. The value of the
latter (30 W/(m-K), 300 time more than the
real value) is chosen to provide the best
fitting of the resulting T-fields and inter-
face position. The bottom heated case of Csl
growth with highly-transparent (1 m™1) is
considered (Fig. 9).

Apparently from Fig. 7, the temperature
gradients in the melt are non-uniform tak-
ing high values in the boundary layers and
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Fig. 9. Temperature distribution along the symmetry axis (left) and the corresponding temperature
gradients (right). I — convection in the melt; 2 — effective conductivity of the melt.

being miserable in the central layer. Obvi-
ously they can not be represented ade-
quately by the model with an effective ther-
mal conductivity. However, in some cases
the global models of entire furnace may
utilize such approach, since the temperature
field and heat flows for other elements of
the installation are roughly conserved. The
local model such as presented should be
used to choose the most appropriate value
of the effective melt conductivity. For the
up-heated case, the effective conductivity
approach is even more useful due to low
intensity of convection; the effective con-
ductivity value is only 5 times more than
the real one.

Selectivity of the optical properties of
the crystal and/or melt often takes place
and may be caused by opacity bands in the
material itself (e.g. BGO crystals) or by ab-
sorptive impurities contained in the crystal
and melt (Csl doped with carbonates). As
mentioned before, the current implementa-
tion of the model considers selective radia-
tion as a combination of gray radiation in
several prescribed bands. Fig. 10 illustrates
stepwise approximation of absorption coeffi-
cients of the both materials used for the
simulation. The goal of these calculations is
the inaccuracy evaluation caused by disre-
garding of possible selective properties of
the grown material.

Analysis of the simulation has shown
that the Rosseland averaging for absorptive
coefficient is not satisfactory, since it does
not allow representing the real position and
the interface shape. The comparative calcu-
lations of gray and selective models make
possible to nearly match the T-fields for
selective system using certain gray absorp-
tion coefficient. Fig. 11 shows the tempera-
ture distribution for Csl, where experimen-
tal value of the crystal and melt absorptiv-
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Fig. 10. Spectral absorptivity of the materi-
als used for simulation. 1 — BGO, referenced
data; 2 — BGO, stepwise approximation; 3 —
Csl, stepwise approximation; 4, 5 — the
Planck distribution for crystallization tem-
peratures of BGO and Csl, respectively.

ity k=2 m™! is compared with the Rosse-
land-averaged value of 1.1 m™l. For bis-
muth germinate, the melt absorptivity
found from the Rosseland averaging is
4.37 m~l. However, the chosen value fitting
best the results of the non-gray calculation
is 3 m~1. Therefore, to simplify calculations
of the global heat transfer models of crys-
tallization furnaces with selectively absorb-
ing materials, it is reasonable to choose the
appropriate value of gray absorptivity by
the calculations on simplified model of the
crystal-melt system.

5. Conclusions and
recommendations

The numerical simulation of crystal
growth installations allows maintaining con-
trol of the process and optimization of the
thermal conditions. This results in im-
proved productivity of the installation, re-
duction of its energy intensity, and quality
of the single crystals. The complex numeri-
cal models of entire furnaces always repre-
sent compromise between their accuracy and
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Fig. 11. Temperature distribution along the symmetry axis (left) and entirely for the selective
model (right) for the bottom-heating Csl system. I — selective absorptivity; 2 — gray absorptivity
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performance. Presented numerical model al-
lowed revealing the main tendencies of ra-
diation-convective heat transfer in the semi-
transparent media with phase-change
boundary. The role of radiation and convec-
tion heat transfer and their interaction
were examined. These recommendations are
to be used in simulation of the wide range
of high-temperature installations, particu-
larly for simplified account of these heat
transfer mechanisms using the standard
simulation software.

The presented model provides dynamic
evolution of the crystal-melt interface in ac-
cordance with the current thermal condi-
tions in the system. The model may also be
used in conjugation with the global models
of crystallization installations, when calcu-
lation results of the global model are used
in the local detailed model of the crystal-
melt system. For example, the temperature
fields and/or heat fluxes around simplified
representation of the crystal-melt system in
the global model are set as the boundary
conditions for the local model. The latter
provides refinement of thermal conditions
inside the most important domain, namely
the crystal-melt system. These data may be
subsequently used to precise conditions
within the global model.

A number of calculations provided deter-
mination of the impact of internal and ex-
ternal factors on the thermal conditions and
position of the interface. Different classes
of optical materials and different growth
methods are represented as such factors.
Moreover, the model allows assessment of
capabilities of the temperature control
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methods, e.g. those based on the radiation
screening. Finally, several assumptions and
simplification and their usable limits are
evaluated, particularly the laminar model
for the melt domain, effective melt conduec-
tivity and gray assumption for the selec-
tively absorbing optical materials.

The results were also used for develop-
ment of the complex heat transfer model of
Csl growth furnace, including full geometry
of setup but simplifying such phenomena as
selectivity of the materials and dynamic
evolution of the crystal-melt interface. The
conducted simulation has confirmed and ad-
justed the experimental data obtained by
Kolesnikov et al. [13] regarding the tem-
perature evolution of control bottom heater
of the furnace.

References

-

. C.W.Lan, Chem. Engin. Sci., 59, 1437 (2004).

2. V.V.Kalayev, Yu.N.Makarov, V.S.Yuferev,
A.I.Zhmakin, in: Crystal Growth Technology:
From Fundamentals and Simulation to Large-
Scale Production, ed. by H.J.Scheel and P.Cap-
per, New York, Wiley-VCH (2007).

3. M.Abrams, R.Viskanta, /. Heat Transfer, 96,
184 (1974).

4. R.Viskanta, E.E.Anderson, Adv. Heat Trans-
fer, 11, 317 (1975).

5. Q.Xiao, J.J.Derby, J.Cryst. Growth, 128, 188
(1993).

6. A.Yeckel, J.J.Derby, J. Electron. Mater., 33, 1
(2004).

7. V.S.Yuferev, O.N.Budenkova, M.G.Vasiliev et
al., J.Cryst. Growth, 253, 383 (2003).

8. A.Hayashi, M.Kobayashi, Ch.Jing et al., Int.J.
Heat Mass Transfer, 47, 5501 (2004).

103



V.I.Deshko et al. /| Complex heat transfer ...

10.

11.

12.

13.

14.

15

16.

104

. Z.Galazka, H.Wilke, J.Cryst. Res. Techn., 35,

1263 (2000).

A.Voigt, C.Weichmann, J.Nitschkowski et al.,
J.Cryst. Research Technology, 37, 77 (2002).
I.Yu.Evstratov, V.V.Kalaev, A.l.Zhmakin et
al., J.Crystal Growth, 230, 22 (2001).
V.V.Kalaev, A.l.Zhmakin, E.M.Smirnov, .
Turbulence, 3, 1 (2002).

A.V.Kolesnikov, V.I.Deshko, Yu.V.Lokhmanets,
Functional Materials, 17, 483 (2010).

K.Lin, P.Dold, J.Cryst. Res. Technology, 36,
629 (2001).

. A.Yeckel, J.J.Derby, Bulk Crystal Growth of

Electronic, Optical and Optoelectronic Materi-
als, New-York, Wiley (2005).

V.I.Deshko, V.D.Golyshev, A.Ya.Karvatskii et
al., Functional Materials, 15, 90 (2008).

17.

18.
19.

20.

21.

22.

V.I.Deshko, A.Ya.Karvatskii,
Yu.V.Lokhmanets, Functional Materials,
229 (2008).

ANSYS FLUENT 12.0 Documentation (2009).

S.V.Bykova, V.D.Golyshev, M.A.Gonik et al.,
J.Cryst. Growth, 266, 247 (2004).

H.K.Versteeg, W.Malalasekera, An Introduc-
tion to Computational Fluid Dynamics: The
Finite Volume Method, 2nd ed., Prentice Hall,
Harlow, England (2007).

J.Y.Murthy, S.R.Mathur, A Finite Volume
Method For Radiative Heat Transfer Using
Unstructured Meshes, AIAA-98-0860 (1998).

S.A.Orszag, V.Yakhot, W.S.Flannery et al.,
in: Int. Conf. Near-Wall Turbulent Flows,
Tempe, Arizona (1993).

A.V.Lenkin,
15,

Functional materials, 21, 1, 2014



