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Abstract In this research a time dependent thermal and solutal convection was computationally investigated for the
physical vapor transport of the mixture of Hg,Cl,-I, system with for the convective regime from thermal Rayleigh number
of 2.16 x 10° up to 1.7 x 10" with marching time to a steady state problem. With time marching, the convective cells are
decreased for the thermal Rayleigh number of 2.16 x 10°, and increased for the thermal Rayleigh number of 1.7 x 10”. The
convective flow structures are found to be essentially time independent on the horizontal orientation of the enclosure with
respect to the gravity vector, and on the other hand, time dependent on the vertical orientation of the enclosure with

respect to the gravity vector.
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1. Introduction

This paper concerns the time dependent thermal
and solutal convection problems, which arise from the
physical vapor transport processes of the mixture of
Hg,Cl-I, system to predict the transition from unsteady
to steady state flows. These problems are primarily
of two configurations of enclosures. Firstly, there is
the configuration of the horizontal position, i.e., hori-
zontal temperature and solutal gradients present in the
system of horizontal rectangular geometry with differ-
entially heated end walls. Secondly, with respect to a
vertical position, when the source material of mercu-
rous chloride (Hg,Cl,) is placed with a furnace imposed
with a linear temperature profile, the source of mer-
curous chloride sublimes and is transported as a mix-
ture of Hg,Cl, vapor and impurity of I, and is recry-
stallized into the crystal region. In this study, the lat-
ter problem is focused because it has essentially the
time dependent thermal and solutal problem under con-
vective parameter ranges. In a view of point of stabi-
lizing temperature profiles, the former problem is also
covered in a case chosen for the study of the con-
vective flow structure.

Duval investigated systematically for a wide range
of convective parameters of thermal Rayleigh num-
ber from 1.80 x 10" to 5.03 x 10’ [1-4]. In particular,
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Duval investigate computationally the time dependent
problems in refs [1-4]. Until now, much research are
focused into the problems at the steady state during
the physical vapor transport (PVT) processes [5-10].
With regard to studies on the PVT in the vapor phase,
in a more recent year Tebbe et al. [12] extended for
transition to chaos flow fields in specialty materials
of mercurous chloride in applications of microgravity
experiments. In this study, one uses a material of
Hg,Cl, as a model sample and investigate numeri-
cally the influence of gravitational accelerations on
diffusive convection during the PVT of a mixture of
Hg,Cl, vapor and impurity of I,. The distinction of
this study in a comparison with our previous study
[13] is centered into the unsteady state problem with
thermal and solutal convection problems in both a
vertical and a horizontal position with respect to the
gravity. Therefore, in this study, the detailed convec-
tive flow structures are discussed in the transition
from unsteady state to steady state.

2. Numerical Analysis

A detailed understanding of the convective structures
as well as the transition from the time dependent state
to steady state is required since crystal quality is sig-
nificantly affected by convection, and particularly for
the growth of high quality crystals, the flow oscilla-
tions due to the time dependent convective flow should
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Fig. 1. Schematic description of a two-dimensional PVT model
for a Hg,Cl,-1, system in a vertical position.

be avoided. Therefore, one restricts one’s model to
examine how a typical thermal and solutal convec-
tive flow fields advance with marching time. For this
study, a time dependent model will be sufficient. As
shown in Fig. 1, one has used to a rectangle to rep-
resent the ampoule with a source of and a crystal of
material Hg,Cl, on the two differentially heated ends.
An aspect ratio (transport length L to height H) of 1
is considered with the source temperature T, and the
crystal temperature T,, with T,>T..

One assumes thermodynamic equilibrium at the inter-
faces, the mass fraction are fixed. For an incompress-
ible fluid, the governing equations of mass (continuity),
momentum, energy and species (diffusion) may be
expressed as follow [4]:

%
V.V=0, (1)
DV 5
Poc =~ VPRV V +pE, @)
DT 2
— —aV’T
T 3)
D(D 2
TtA =D, sV 0, 4)

With the following initial and boundary conditions
[4]:

Initial conditions:
time t=0; 0 <x<L, 0<y<H.

Boundary conditions:

On the walls (0<x<L, y=0 and H):

u 0)=u(x H=v x 0)=v (x, H =0,
0m (%, 0) _ 0w, (x, H)

oy oy -0
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On the source (x=0, 0 <y <H):
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On the crystal (x=L, 0<y<H):
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v (L, y)=0,
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These equations are solved using a SIMPLER (Semi-
Implicit Method for Pressure-Linked Equation Revised)
algorithm with a one-time per time step method, which
is sometimes used to obtain the steady state solution
at the end of many time steps [14, 15]. One uses a
52 x 52 grid size system for all the cases.

3. Results and Discussion

Both thermal and solutal convection become import-
ant because the molecular weights of the mercurous
chloride vapor (A) and iodine vapor (B) are unequal.
For the binary system under consideration in this study,
mercurous chloride (M, =472.8) and iodine (My=
253.8), the solutal Rayleigh number dominates over
the thermal Rayleigh number. For the case when the
ampoule is placed in the vertical position with a ver-
tical temperature differences of 50 K and 70 K between
the source and the crystal ends, i.e., the hot tempera-
ture at the bottom and the cold temperature at the top,
which indicates the destabilizing temperature field, the
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Fig. 2. Convective structures of velocity field, stream function, temperature and concentration at time (t) = 10,000 seconds. Based on

aspect ratio (Ar)=1, transport length L=10cm, a linear wall temperature profile between T,=623 K and T,=573 K, thermal

Rayleigh number (Ra,)=1.34 x 10’, solutal Rayleigh number (Ra,)=6.6 x 10’, Prandtl number (Pr)= 1.16, Lewis number (Le)=0.7,

Peclet number (Pe)=1.82, concentration parameter = 1.19, partial pressure of impurity (I,)= 100 Torr. (a) velocity field, (b) stream

function (Ay =50, .. =30.6, y,., =-331), (c) temperature (AT =0.1, T, =1.0, T,;,=0), (d) concentration (AC=0.1, Cmlax =1.0,
C..io =0). A relative velocity vector with a magnitude of 1,000 has 0.5 cm. The maximum velocity vector is 6.99 cm s™.

concentration field becomes stabilizing due to the
thermodynamic constraints. As shown in Figs. 2 and
3, even if the temperature field is destabilizing, since
the solutal Rayleigh number is greater than the ther-
mal Rayleigh number by one order of magnitude, the
system of interest is reduced to be stable. As the time
advances from 10,000 seconds to 30,000 seconds, the
convective structure is transited to two convective
cells into one single convective cell, which the flow
field is stabilized with marching time, and results in
one single cell at the steady state. Fig. 2 shows the
convective structures of velocity field, stream func-
tion, temperature and concentration at t= 10,000 sec-
onds, based on aspect ratio (Ar)=1, transport length

L=10 cm, a linear wall temperature profile between
T,=623K and T,=573 K, thermal Rayleigh number
(Ra) =134 x 10, solutal Rayleigh number (Ra,)=6.6 x
107, Prandtl number (Pr)=1.16, Lewis number (Le)=
0.7, Peclet number (Pe)=1.82, concentration parame-
ter=1.19, partial pressure of impurity (I,)= 100 Torr.
The (a) velocity field, (b) stream function (Ay =50,
Yoo = 30.6, .. =-331), (c) temperature (AT=0.1,
T =1.0, T,,,=0), (d) concentration (AC=0.1, C, =
1.0, C,;,=0) are given. In addition, a relative veloc-
ity vector with a magnitude of 1,000 has 0.5, with
the maximum velocity vector of 6.99cm s . Fig. 3
shows the convective structures of velocity field, stream
function, temperature and concentration at t= 30,000



A time dependent thermal and solutal convection problem in physical vapor transport of Hg,Cl,-1, system 83

(&) velocity field

(c) temperature

02
0&

04

0z

0z D4 0.6 ns

i)

(k) gtream function

-im
-150
zm
260

() concentration

CON

os
o=
E or
os
os
0.+
o3
oz
o4

Fig. 3. Convective structures of velocity field, stream function, temperature and concentration at time (t) = 30,000 seconds. (a) veloc-

ity field, (b) stream function (Ay =50, V.. =39.8, y,.,=-391), (c) temperature (AT =0.1, T, =1.0, T,;,=0), (d) concentration

(AC=0.1, C,,,=1.0, C,,,=0). A relative velocity vector with a magtllitude of 1,000 has 0.2 cm. The maximum velocity vector is
70lcms .

max

seconds: (a) velocity field, (b) stream function (Ay =
50, Woex =39.8, W =-391), (c) temperature (AT =
0.1, T,x=10, T,,=0), (d) concentration (AC=0.1,
Coax = 1.0, C;,=0). A relative velocity vector with a
magnitude of 1,000 has 0.2 cm, with the maximum
velocity vector of 7.01 cm s . For the two cases of
times of 10,000 and 30,000 seconds, the magnitude of
the maximum velocities are nearly invariant and of
same order of magnitude. As shown in Fig. 3(a) veloc-
ity field, (b) stream function, (c) temperature, (d) con-
centration, the convective flow fields are symmetrical;
on the other hand, as shown in Fig. 2(a) velocity field,
(b) stream function, (c) temperature, (d) concentration,
the convective flow fields are asymmetrical.

Figs. 4 and 5 concern the convective flow struc-

tures when the thermal Rayleigh number is further
increased from 1.34 x 10" to 1.7 x 10, ie. the tem-
perature difference between the source and the crys-
tal, AT=50K — 70 K. The convective structures are
switched from one single cell over three convective
cells when the thermal Rayleigh number is increased
under the thermal Rayleigh number ranges (1.34 x
10~1.7 x 107) under consideration. As shown in Figs.
4 and 5, for the both cases, the convective struc-
tures are asymmetrical. Fig. 4 shows the convective
structures of velocity field, stream function, tempera-
ture and concentration at t= 10,000 seconds, based on
aspect ratio=1, transport length L =10cm, a linear
wall temperature profile between T,=623 K and T,=
553 K, thermal Rayleigh number (Ra)=1.7x 10’, solu-
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Fig. 4. Convective structures of velocity field, stream function, temperature and concentration at time (t) = 10,000 seconds. Based on

aspect ratio=1, transport length L =10 cm, a linear wall temperature profile between T,=623 K and T, =553 K, thermal Rayleigh

number (Ra,)— 1.7 x 10’, solutal Rayleigh number (Ra)=6.9 x 10, Prandtl number (Pr)=1.14, Lewis number (Le)=0.7, Peclet

number (Pe)=1.98, concentratron parameter = 1.16, partial pressure of impurity (I,) =100 Torr. (a) velocity field, (b) stream function

(Ay =50, Y, = 352 Yo =—11.5), (c) temperature (AT =0.1, T,,.=1.0, T,;,,=0), (d) concentration (AC=0.1, C,. = 1 0, C.in=0).
A relatlve velocity vector with a magnitude of 1 000 has 0.8 cm. The maximum velocity vector is 7 S5cms .

tal Rayleigh number (Ra,)=6.9 x 10", Prandtl number min=0), (d) concentration (AC=0.1, C,,,=1.0, C.;,=

(Pr)=1.14, Lewis number (Le)=0.7, Peclet number
(Pe)=1.98, concentration parameter =1.16, partial pres-
sure of impurity (I,) =100 Torr. The four fields are
given: (a) velocity field, (b) stream function (Ay =50,
Yoox = 352, W =—11.5), (c) temperature (AT =0.1,
T = 1.0, Tpin =0), (d) concentration (AC=0.1, C, =
1.0, C,;,=0). A relative velocity vector with a mag-
nitude of 1,000 has 0.8 cm, with the maximum veloc-
ity vector of 7.5cm s . Fig. 5 shows the convective
structures of velocity field, stream function, tempera-
ture and concentration at t= 30,000 seconds: (a) veloc-
ity field, (b) stream function (Ay =50, w,..=30.6,
Yo = —202.89), (¢) temperature (AT=0.1, T,.=1.0,

0). A relative velocity vector with a magnitude of
1,000 has 0.16 cm, with the maximum velocity vec-
tor of 7.86cm s . There is found to be of little dif-
ference between both cases with respect to the magnitude
of maximum velocity vector.

The other convective parameters such as Ar=1, AT
=70K, a linear temperature profile imposed, partial
pressure of impurity (I,)=100 Torr except both the
transport length and width are 5 cm, thermal Rayleigh
number and solutal Rayleigh number, are same as
those in Figs. 4 and 5. The corresponding convec-
tive structures of velocity field, stream function, tem-
perature and concentration are given in Fig. 6. The
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Fig. 5. Convective structures of velocity field, stream function, temperature and concentration at time (t) = 30,000 seconds. (a) veloc-

ity field, (b) stream function (Ay =50, v, =30.6, v, =—-202.89), (c) temperature (AT=0.1, T,,=1.0, T,.,=0), (d) concentra-

tion (AC=0.1, C,,,=1.0, C,;,, =0). A relative velocity vector with a mellgnitude of 1,000 has 0.16 cm. The maximum velocity vector
is 7.86cm s™.

corresponding thermal Rayleigh number =2.16 x 10°
and solutal Rayleigh number=28.7 x 10° are obtained
and the convergence reaches at time (t)=2,173 sec-
onds. Fig. 6 is based on aspect ratio=1, transport
length L =5cm, a linear wall temperature profile be-
tween T,=623K and T,=553K, thermal Rayleigh
number (Ra)=2.16 x 10°, solutal Rayleigh number
(Ra))=8.7x 10°, Prandtl number (Pr)=1.14, Lewis
number (Le)=0.7, Peclet number (Pe)=1.98, concen-
tration parameter =1.16, partial pressure of impurity
(I,)=100 Torr. The (a) velocity field, (b) stream func-
tion (Ay =0, Y,..=4.5, Y.,=-0.6), (c) temperature
(AT=0.1, T,,=1.0, T,;,=0), (d) concentration (AC =
0.1, C,x=1.0, C,,=0), are given. A relative veloc-
ity vector with a magnitude of 1,000 has 0.8 cm. The

maximum velocity vector is 0.14 cm s”'. As shown in
Fig. 6, the convective flow exhibits one-dimensional
diffusional flow.

Fig. 7 shows the convective structures at t=5,330
seconds, based on aspect ratio=1 (L=10cm), a lin-
ear wall temperature profile between T,=623 K and
T.,=573 K in a horizontal configuration with respect
to the gravity. Fig. 7 corresponds to the cases Figs. 2
and 3. The four convective fields are given as (a)
velocity field, (b) stream function (Ay=2, y,.=
21.71, v, =2), (¢) temperature (AT=0.1, T, =1.0,
T,.=0), (d) concentration (DC=0.1, C,,.=1.0, C,,=
0). A relative velocity vector with a magnitude of
100 has 1.4 cm, with the maximum velocity vector of
0.35cm s . In comparison with the cases of Figs. 2
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Fig. 6. Convective structures of velocity field, stream function, temperature and concentration at time (t)=2,173 seconds. Based on

aspect ratio= 1, transport length L =5 cm, a linear wall temperature profile between T,=623 K and T,=553 K, thermal Rayleigh

number (Ra,)=2.16 x 10°, solutal Rayleigh number (Ra)=28.7 x 10°, Prandtl number (Pr)=1.14, Lewis number (Le)=0.7, Peclet

number (Pe) =1.98, concentration parameter = 1.16, partial pressure of impurity (I,)= 100 Torr. (a) velocity field, (b) stream function

(Ay =50, Y =4.5, Wi =—0.6), (c) temperature (AT =0.1, T,,,.= 1.0, T,;,=0), (d) concentration (AC=0.1, C,,,=1.0, C,,,=0). A
relative velocity vector with a magnitude of 1,000 has 0.8 cm. The maximum velocity vector is 0.14 cm s

and 3, the magnitude of the maximum velocity is
reduced by one order of magnitude. As shown in
Fig. 7(a) and (b), one main cell and one small cell
occur. The four convective flow structures are asym-
metrical in Fig. 7. It should be emphasized again that
Fig. 7 is related to a horizontal position with respect
to the gravity vector and Fig. 8 shows the schematic
description of a two-dimensional PVT model for a
Hg,Cl,-1, system.

4. Conclusions

The convective flow structures in PVT growth of

mercurous chloride crystals by the sublimation-conden-
sation mechanism are investigated computationally. The
convective flow structures are essentially time inde-
pendent on the horizontal orientation of the enclosure
with respect to the gravity vector, and on the other
hand, time dependent on the vertical orientation of the
enclosure with respect to the gravity vector. Moreover,
with decreasing the thermal Rayleigh number, i.e.,
shortening the transport length, for the convective
regime from thermal Rayleigh number of 2.16 x 10°
up to 1.7 x 10’, under consideration, the convective flow
has a tendency of time independent problem, and of
one-dimensional diffusional flow. With time marching,
the convective cells are decreased for the thermal
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Fig. 7. Convective structures at t= 5,330 seconds. Based on aspect ratio=1 (L =10cm), a linear wall temperature profile between

T,=623K and T,=573 K. (a) velocity field, (b) stream function (Ay =2, vy, =21.71, y,,,=2), (c) temperature (AT=0.1,

Toax = 1.0, Tiin = 0), (d) concentration (AC=0.1, C,,.= 1.0, C,;, =0). A relative velocity vector with a magnitude of 100 has 1.4 cm.
The maximum velocity vector is 0.35 cm s .
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