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Abstract—A study is made of the flow, heat and mass transfer, particle formation and deposition, including
the SiCl, and GeCl, oxidation reactions and the effects of buoyancy, variable properties and tube rotation
with application to the modified chemical vapor deposition (MCVD) process. The steady-state three-
dimensional governing conservation equations, which include the continuity, species, momentum and
energy equations have been solved numerically. The resulting temperature, velocity and species con-
centration fields permit the determination of the particle formation and particle deposition efficiencies. Of
special interest are the effects of the chemical reactions on particle formation and deposition.

INTRODUCTION

The modified chemical vapor deposition (MCVD)
process is widely used for the manufacture of high-
quality optical fiber preforms [1-5]. In this process, a
hollow silica tube is mounted in a lathe which is ro-
tating about its axis. Reactant gases, e.g. SiCl,, GeCl,
and O, flow through the tube and are heated by a
moving exterior torch which traverses back and forth
along the tube. The gases are heated as they approach
the torch ; chemical reactions then take place and sub-
micron particles, e.g. SiO, and GeO,, are formed. Par-
ticles deposit due to thermophoresis on the inner sur-
face of the tube, although some particles flow out of
the tube without depositing.

In analyses of the MCVD process, several effects
have been studied. Walker et al. [6] studied ther-
mophoretic particle deposition in a two-dimensional
variable property flow. The importance of buoyancy
was studied in laser-enhanced MCVD processes by
Wang et al. [7], DiGiovanni et al. [8] and Morse et
al. [9]. The effects of thermal radiation on particle
deposition were studied by Paz et al. [10] and Jia et
al. [11]. Annulus MCVD was proposed and studied
by Fiebig et al. [12]. Choi et al. [13] studied the effects
of tube rotation and variable properties on the three-
dimensional temperature field, particle trajectories
and deposition for a fast moving torch. Choi et al.
[14] analyzed the effects of tube rotation and localized
torch heating using a fully developed velocity profile.

tPresent address: Computational Mechanics Depart-
ment, Sandia National Laboratories, Livermore, CA 94550,
USA.

1 Author to whom correspondence should be addressed.

The effects of variable properties, buoyancy and tube
rotation were studied using a perturbation analysis
[15]. Lin et al. [16] studied the effects of buoyancy,
variable properties and tube rotation in a three-dimen-
sional numerical analysis of the flow and heat transfer
for the MCVD process. An analysis of particle depo-
sition was also carried out with an assumed reaction
temperature [17]. The effects of the solid layer were
studied for constant properties by Lin et al. [18]. Park
and Choi [19] studied the effects of the solid layer and
periodic heating for the MCVD process. A two-torch
system and the heat flux boundary condition are used
to simulate the heating that occurs in the MCVD
process.

A study of chemical kinetics and silica aerosol
dynamics has been carried out by Kim and Pratsinis
[20] with respect to the MCVD process. Kim and
Pratsinis [21] solved the conservation equations and
included the effects of variable properties and multiple
chemical species (SiCl,, GeCl,) in a two-dimensional
formulation. Joh et al. [22] solved the energy equation
and species equations for the gas (SiCl,) and the par-
ticles (SiO,) in a two-dimensional study for fully
developed flow in a tube. They showed, for low flow
rates and high inlet SiCl, concentrations, that a rapid
increase (spike) in the temperature of the gas occurs
which alters the deposition characteristics. In view of
the large temperature differences that are present in
the MCVD process, it is important to include the
effects of variable properties, buoyancy and chemical
reactions in studies of the process. In this work the
conservation equations are solved to obtain the three-
dimensional velocity, species concentration and tem-
perature profiles which permit the determination of
the particle formation, particle deposition and totatl
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NOMENCLATURE
Cgsein inlet gas (GeCl,) concentration T, wall temperature
[mol em™] t time {s]
Cscin inlet gas (SiCly) concentration U., average velocity of gas in the axial
[mol cm ™3] direction [m s™!]
¢, heat capacity of O, [J g=' K™} Ur  torch speed [ms™')
Dq  diffusivity of Cl, in O, [cm? s™!] u axial velocity (in the steady-state
Dge  diffusivity of GeCl, in O, [cm®s™] reference coordinate system) [m s™']
Dgo  diffusivity of GeO, in O, [cm? s™!] Uy thermophoretic velocity in the axial
Do,  diffusivity of O, [em? s™'] direction [m s~}
Dy diffusivity of SiCl, in O, [cm?s™1] v radial velocity [m s™']
Dy,  diffusivity of SiO, in O, [em? s7!] Uy thermophoretic velocity in the radial
Esc  activation energy for GeCl, oxidation direction [m s
[kJ mol™" r average radial thermophoretic
Epp  percentage of particle deposition velocity over the angular direction
Epr  percentage of particle formation [ms™1]
Egc  activation energy for SiCl, oxidation w circumferential velocity [m s™']
[kJ mol™1] W thermophoretic velocity in the angular
E; total deposition efficiency direction [m s™"]
g gravitational acceleration [m s~ Xo, mole fraction of O, in the gas phase
AHg enthalpy of the reaction for GeCl, x axial coordinate [m s~']
oxidation [kJ mol™"] Y.,  mass fraction of Cl, in the gas phase
AHg. enthalpy of the reaction for SiCl, Ysc mass fraction of GeCl, in the gas phase
oxidation [kJ mol™'] Yso mass fraction of GeO, in the solid
K thermophoretic coefficient phase
K., equilibrium constant for GeCl, Y,, mass fraction of O, in the gas phase
oxidation Ysc  mass fraction of SiCly in the gas
k thermal conductivity of O, phase
Wm='K™'] Yso mass fraction of SiO, in the solid
kgeo pre-exponential Arrhenius rate phase.
constant [cm® mol™' s~
ksc.i pre-exponent}ial Arr]hen:'us rate Greek symbols
constant [em” mol™' s™] y sticking coefficient
ksco pre-exponential Arrhenius rate 0 angle
constant [s '] U dynamic viscosity [kg m~' s~ ]
L lepgth of the tube [m] v kinematic viscosity [cm? s™']
L, dxstgnce l?etween the torch and the g moving coordinate, x — Ust
B specified inlet [m] ‘ 0 density [kg m™~?]
M average molecular weight of the Q angular velocity of tube [rpm].
gases
M molecular weight of Cl, .
Mg molecular weight of GeCl, Subscripts
Mgo molecular weight of GeO, -
M,, molecular weight of O, GC  GeCly
Mg molecular weight of SiCl, GO GeO,
My, molecular weight of SiO, in inlet .
0 inlet flow rate [1 min~'] PD part%cle deposxt.lon
R gas constant PF par.tlcle forrr'latlon
¥ radial coordinate [m) T radial coordinate
rge  reaction rate for GeCl, oxidation SC S¥Cl4
rsc  reaction rate for SiCl, oxidation SO Si0,
T temperature [K] w wall )
T, temperature at the inlet plane ¢ moving coordinate, x — Urt.
Tmax maximum temperature on the tube
wall Superscript
T« Treaction temperature average.
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Fig. 1. Sketch of the system.

deposition efficiercies for both the silica and the ger-
manium particles. The parameters include the inlet
gas concentrations, inlet flow rate, tube rotation rate,
torch speed and wall temperature.

ANALYSIS

The reactant gases, SiCl,, GeCl, and O,, flow in a
tube that is rotating about its axis. The tube is heated
by a torch and the gases react to form silica (SiO,)
and germanium (GeQ,) particles and chlorine (Cl,)
gas. The particles are transported by convection,
diffusion and thermophoresis.

Governing equations

The introduction of the coordinates ¢ = x— Uxyt, 8,
and r results in the quasi-steady-state system shown
in Fig. 1. The governing equations for the three-
dimensional laminar flow, including the effects of
chemical reactions, variable properties and buoyancy
(the viscous dissipation and pressure work terms in
the energy equation are assumed to be negligible) are :

continuity,
LaGpr) 130w dpu) _
r or r 06 FI 0 D
momentum,
du w du ou
PU o, +P—69 +p(u— UT)a_é; a£+V (uVu)
2)
8 6 w?
dap v 2 ow
=% +pgcos@+V (qu)—/Lr—2 —y;; %0 3)

WP UL 4
pvar+prae plu— T)a€+p

10p . w v
= ——% —pgsin6+V (,qu)—ur—Z% ()]
energy,
orT weT
pepp = +pcp %0 + pep(u— UT) 65

= V'(kVT)-FAHscrsc‘FAHGCrGC (5)
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species equations for SiCl, (SC), GeCl, (GC), Cl, (Cl)
and O, gases,
5 YSC w (3 YSC

i i T

0 Ysc

+p(u—Ur)

=V (pDscVYsc)—rsc  (6)

0Yae w 0Yge 0Yse
v TPy ap TPu-Un
=V'(PDGCVYGC)“"GC 9
aYCl+ EaYCl
PP TP o8
M, Mg,
=V (pDVY, e —— +2rge——
(D VYq)+ "SCMSC+ "GCMGC 1t
aYO2 waYOz 6Y02
pr——tpT +p(u—UT)a—5
V+(pDo,V Mo, oo o
= . Y, _ - —_—
(pDo,VYo,) "scMSC fele Moe 9

species equations for SiO, (SO) and GeO, (GO)
particles,

0Yso w 0Yso S
o TP e TPW- U=

pv

0 0
=V (pDsoVYs0) — = - (rpYsovr) — 55 (0 Ysowr)
or o0&
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6YGO WaYGo YGO
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0 b7}
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where K, the thermophoretic coefficient, is 0.55 [20,
23].

The chemical reaction rates are included by using
single-step global reactions with Arrhenius rates; i.e.

SiCl, (g) + 0. (g) — Si0,(s) +2Cl2(g)

pYo, e-ESC/RTpY_SC
M

7 a3

Fsc = (ksco+ksc1

) sC

GeCly(g) +0:(g) > GeO0:(5) +2Clx (g)

Yoc Yoz RS
— — |InK,,
MacMo, K. M

— —Ego/RT 2
roe = Koo € oc/ P(

19 690
= —98.33-2.2525x10~ 3T+~°~T——{-12011 nT
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where kgc g, ksc,1 and kgc o are specified by Kim and
Pratsinis [21]. The density, thermal conductivity, vis-
cosity and diffusivity are calculated for the carrier gas
O, [24-26]. The density p is obtained from the ideal
gas law, i.e.

Boundary conditions

The distance L is the length of the tube and L,
is the distance between the inlet and the torch. The
boundary conditions are:

w = RQ,
(Li+9)
L

1

atr =R, v=0, u=0

TW = (Tmax_ TI) + T] for —L‘ < é <0

Ty = (T — T exp[— (8’1 +T; for &>0

dYse Yoc 0Ya Yo, 0Yso 0Yeo _

o~ or or or or or

atr=0,u,v,w, T, Ysc, Yoe: Yo, Ya Yso, Yoo are
finite ;

0

até=~—~L, w=rQ, v=0
2
u—ZVaV<1 —|=Urn, T=T,
Ysc = Yscus Yoo = Yoers Y02=Y02,1

Y01=Y50=Y00:0- (15)

The wall temperature is based on the measurements
of Walker et al. [6, 27], increases linearly behind the
torch and decreases exponentially ahead of the torch.
The torch is located at &£ = 0. At the entrance,
¢ = — L, the temperature is equal to a constant value,
T ; here the axial component of velocity is given by the
fully developed Poiseuille velocity profile, the angular
component of velocity varies linearly with respect to
the radius, and there is no radial component of
velocity. Calculations were carried out for two con-
ditions at the outlet boundary ; i.e. for the first or for
the second derivatives in the streamwise direction of
the dependent variables being set equal to zero.
The results for the two outlet conditions are virtually
identical.

NUMERICAL PROCEDURE

The governing partial differential equations are
nonlinear and coupled. An iterative numerical pro-
cedure was employed to solve for the velocity, tem-
perature and species fields. The computer code that
was used is based on the TEACH code of Gosman
and Ideriah [28] (cf. Lavine [29], Goering [30] and Lin
[31]). The continuity, momentum, energy and species
equations were solved simultaneously to obtain the
primitive variables.

A staggered grid arrangement similar to the MAC
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Table 1. The range of the conditions in the MCVD process

3.0 x 10~% mol cm 3 (SiCl,)

Inlet gas concentrations 1.9 % 10~ mol cm~* (GeCL)

Flow rate 1-5 1 min~*
Maximum wall temperature 1873, 2173 K
Tube radius 0.0l m
Tube length 0.6m
Inlet temperature 300 K
Tube rotation 0, 60 rpm

20 cm min~' (7., = 1873 K)
10 cm min =" (T = 2173 K)

Torch speed

grid of Harlow and Welsh [32] is used where the main
grid nodes are the storage locations for the pressure
and the other scalar quantities. The velocity com-
ponents are located at points midway between the
main grid nodes on the main node interfaces. A stag-
gered grid minimizes the problems of oscillatory
pressure and velocity fields which arise when non-
staggered grids are utilized [33, 34].

The normalized residues of the velocities, tempera-
ture, pressure and species concentrations were
summed over all of the control volumes. The iterations
were continued until the normalized residuals and the
relative changes of the dependent variables were less
than 0.1%.

Calculations were made for different grid sizes for
both uniform and nonuniform grids. The results for a
22 x 11 x 100 uniform grid differed by less than 1%
from 33x22x 100 and from 22 x11x 150 grids at
several locations near and down stream from the
torch. The SIMPLER ([35] iteration procedure has a
slower convergence rate for nonuniform grids; the
results for the nonuniform grids were essentially the
same as for the uniform grids and the 22 x 11 x 100
uniform grid was used in these -calculations.
Additional information is also given in Joh et al. [22].
The typical CPU time needed to obtain convergent
solutions is more than 8 h on a CRAY Y-MP
computer.

RESULTS AND DISCUSSION

Calculations were carried out over the range of
conditions that are listed in Table 1. The properties
were evaluated for oxygen which is the dominant
species (Xo, = 0.9) and are given in Table 2. The acti-

Table 2. Properties of the carrier gas (0,)t

(u/p) = v = v, T'64374 vo = 1.39x107°
k= ky+k,T+k,T? ko= 1.08x 1073
Dic = DscoT" ki=182x107

Dgc = DgeoT k,= —234x10

2
Dyco=632x107°
Doco = 6.0x107¢
Doy =1.76x10""
Doy = 1.12x 1073
Dyoo = 1.0%x 1071
Doooe=1.0x1071

Dso = Do T
Doo = Dao ol
DO1 = D0’0T1.656l
Dy = Do T85!

6 =109Jg 'K™!

+TX),v(em®s™), k(Wem™' K1), D(cm?s™).
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Fig. 2. Axial distribution of wall and gas temperature in the
upper diameter (8 = =).

vation energies, E, for SiCl, and for GeCl,, were 402
and 263 kJ mol~’, respectively; the reaction enthal-
pies, AH, for SiCl, and for GeCl,, were 251 and 46 kJ
mol~', respectively, and the pre-exponential factors,
ksco» ksc.y and ke, were 1.7 x 10571, 3.1 x 10" and
2.3x10'5 cm® mol =" s7' [21]. The conditions selected
are based on simulations of the manufacture of light-
guide preforms [3, 6, 36]. A total length, L, of 0.6 m
was used along with L, = 0.275 and 0.3 m.

The conditions Q =60 rpm, @ =11 min~' (for
carrier gas O, and dilute gases, SiCl, and GeCl,),
Toax = 1873 K, Ur=20 cm min~', SiCl, flow
rate = 0.51 g min~' (Cyc ¢ = 3 % 107® mol cm~?) and
GeCl, flow rate = 0.4 g min~' (Cgco = 1.89x107°
mol cm™?) are first studied. The axial temperature
variations at different radial locations are shown in
Fig. 2. There is a region behind the torch where there
is a rapid increase (spike) in the temperature of the
gas due to the release of energy from the oxidation
reactions, and the gas temperature becomes greater
than the surrounding wall temperature. The gas tem-
perature then decreases and becomes less than the wall
temperature. In the region ahead of the torch, £ > 0,
the wall temperature decreases rapidly ; the gas tem-
perature also decreases, but again becomes higher
than the surrounding wall temperature. Figure 3(a)
and (b) shows the isothermal contours on the vertical
and horizontal diameters. The increasing gas tem-
perature (decreasing density) in the axial direction
causes the gas to accelerate from the entrance to the
region near the torch; the gas then decelerates as the
temperature decreases [cf. Fig. 4(a) and (b)].

A secondary flow results from the effects of tube
rotation and buoyancy [cf. Fig. 5(a), ¢ = —0.162 m,
which is behind the torch]. Note that in the center of
the tube the cooler gas flowing downward [Fig. 5(a)]
results in colder temperatures over the bottom half of
the tube [Fig. 3(a)].
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In the region ahead of the torch the gas is at a higher
temperature than the surrounding cold wall; the
effects of buoyancy are pronounced and influence the
flow over the entire cross-section [e.g. { = 0.034 m,
Fig. 5(b)]. Here the upward secondary flow results in
higher temperatures over the top half of the tube [Fig.
3(a)]. The upward flow aids deposition over the upper
half of the tube, but opposes deposition over the lower
half; this contributes to nonuniform particle depo-
sition [e.g. see Figs. 5(d) and 6(b)].

Figure 7(a) and (b) shows the axial variations of
the species concentrations along the vertical radius for
the gases (SiCl,, GeCl,) and for the particles (SiO,,
Ge0,). Figure 8 shows the results for Epg, the particle
formation (reaction conversion) efficiency, and, for
E+, the total particle deposition efficiency, for both
oxidation reactions.

As the temperature increases downstream, the
GeCl, reaction is initiated (near the wall) and the
GeO, concentration increases [Figs. 7(b) and 8]. The
temperature continues to increase and the SiCl, reac-
tion then becomes important [¢ & —0.05, Fig. 7(a)]
and considerable energy is released (as noted pre-
viously). Both reactions then occur over a greater
portion of the tube cross-section [Fig. 7(a) and (b)].
Note that complete depletion of SiCl, occurs ;i.e. SiCl,
oxidation is complete with 100% particle formation
(Fig. 8); GeCl,, however, is present at all axial
locations (Fig. 8). Over the interval —0.05 m <
£ < 0.00 the GeCl, reaction is diminished; in this
region the gas temperature is increasing (> 1800 K)
and the concentration of GeCl, increases while that
of GeQO, decreases [the equilibrium constant for GeCl,
oxidation, K., decreases with temperature (equation
14)]. The conversion of SiCl, to Si0,, Epf, is 100%,
while the conversion of GeCl, to GeO, is only 45% ;
the total deposition efficiency, Er, for SiCl, is 61%
and for GeCl, is 30% (Fig. 8). The spike causes high
temperatures to occur behind the torch ;i.e. at an axial
location before the maximum wall temperature, T,,,,,
is reached [Figs. 2 and 3(a)]. This causes some depo-
sition to occur behind the torch, but most of the depo-
sition occurs downstream of the torch (Fig. 8).

The axial variation of the radial thermophoretic
velocity, vr, at and near the tube surface on the upper
vertical radius (r = R and 0.95R) are shown in Fig.
6(a). Positive values of v are velocities toward the
wall and are present both behind and ahead of the
torch; the positive values ahead of the torch (where
most of the deposition takes place) are much larger
than the values behind the torch. The variation in the
circumferential direction of the radial thermophoretic
velocity, vy, at the surface is seen in Fig. 6(b), and is
due primarily to buoyancy. The magnitude of v, is
higher near the wall than near the center [Fig. 5(d)].
Near the center there is a strong secondary flow con-
tribution which affects the particle motion [Fig. 5(b)].

The deposition depends on the wall temperature
and the flow rate in a complex manner (see Table 3
for T,. = 1873 K). For low flow rates (Q =1
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Fig. 3. (a) Isothermal contours in the central vertical plane: @ = 60 rpm, @ = 1 1min™", T, = 1873 K,

C,(SiCL) = 3.0 x 10~° mol em ™2, C;,(GeCly) = 1.89 x 10~ mol em >, Uy = 20 cm min~". (b) Isothermal

contours in the central horizontal plane : Q = 60 rpm, Q = 11min~", T, = 1873 K, C,,(SiCl,) = 3.0x 10~¢
mol ecm ™, C,(GeCl,) = 1.89 x 10~ mol em ™3, Uy = 20 cm min~".

1 min~—"), the higher gas temperatures behind the torch
result in a large value of the conversion of SiCl, gas
to particles (Si0,), Epp is 100% but Epp is 61% ; for
high flow rates (Q = 5l min~"), Epg is only 37% and
Epp is 89%. For GeO,, at @ = 1 I min~', Epg is 45%
and Fep is 67%; at @ = 5 1 min~', Epp is 24% and
Epp is 83%. For @ = 1 1 min~! the low value of the
particle deposition efficiency, Epp, is due primarily to
the fact that particles are formed over the entire cross-
section of the tube and those particles that are formed
near the tube center pass out of the tube; i.e. do not
deposit. For high flow rates (Q = 51 min~') the gas
temperature is lower in the region behind the torch
but higher in the region far ahead of the torch, and
the reactions to form SiO, and GeO, only take place
in a small region very close to the wall, near the torch
location, and thus a greater fraction of the particles
are deposited (i.e. Epp is high). Another consideration
is related to the radial temperature gradient ahead of
the torch, where there is a rapidly cooling wall (and
where most of the deposition takes place). Although

the gas is hotter behind the torch for Q = 1 than for
51 min~', the rapidly cooling wall ahead of the torch
dramatically cools the gas for the slower flow rate;
the result is that the thermophoretic velocity, vy, at
the wall (e.g. at 8 ==, ¢ = 0.022 m) is smaller for
Q=11lmin"! (v =0.015ms™ ") thanitisfor Q=5
1 min~! {(vr=0.029 m s~'). The total deposition
efficiency for SiO,, E; = Fpg X Epp, is 61% for 0 =1
1min~", but is only 33% for @ = 51min~"; for GeO,,
Eris 30% for Q =1 1 min~' and 20% for Q =5
1 min—".

At the higher temperature, T,., = 2173 K, and for
Q=1 1min~", Ep for SiO, is 100%, Epp = 57%,
E; =57% and Ey for GeO, is 40%, Epp = 63%,
Er =25%; for Q =5 1 min~', Epp for SiO, is 91%,
Epp = 68%, Er = 61% and Epe for GeO, is 40%,
Epp = 65% and E; = 26%. The higher temperature
causes SiCl, oxidation to be complete but GeCl, oxi-
dation is not complete (on the contrary Epg for GeO,
is lower than for T,,,, = 1873 K because of the import-
ance of the reverse GeCl, oxidation reaction at higher
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Fig. 4. (a) Axial velocity component distribution along the
vertical diameter at different axial locations for variable
properties: Q = 0 rpm (dot line), Q = 60 rpm (solid line),
Q=11min"!, T,,, = 1873 K, C,(SiCl,) = 3.0 x 10~° mol
cm™?, Cin(GeCly) = 1.89x107% mol ecm™>, Uy =20 cm
min~'. (b) Axial velocity component distribution along the
horizontal diameter at different axial locations for variable
properties: @ = 0 rpm (dot line), Q = 60 rpm (solid line),
Q= 11min~, T, = 1873 K, Cy,(SiCly) = 3.0x 10~° mol
cm™?, C(GeCl,) = 1.89 x 10“"l mol em™3, Ur=20 cm
min~'.

temperature). Note that at high gas temperatures,
both GeO, and Cl, will dissociate, but these effects are
not considered in this study.

At Q = 1 1 min—!, for SiO, there is a smaller value
for Er (57%) at T,,., = 2173 K than (61%) at 1873
K. For @ =1 1 min~' both temperatures result in
similar regions where there is particle formation
(behind the torch) and Epr = 100% (for SiO,). For
Trmax = 2173 K, the axial velocities are larger (than for
1873 K), due to the smaller density and more particles
pass out of the tube (smaller Ep; of 57% and smaller
Er of 57% for Tpy = 2173 K). For T =2173 K
and Q = 51 min~", a high value of Eyr of 89% (more
particles are formed due to the high gas temperatures)
results in the higher value of E; of 61% (vs Epp of
37% and E; of 33% at 1873 K).

AtQ = 31min~'both T,,,, = 1873 and 2173 K give
Epp = 100% and high values of E; of 66% and 65%
for SiCl, and 32 and 28% for GeCl,, respectively. For
Q=31 min~' the reactions occur not only in the
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region behind the torch, but also ahead of the torch,
which results in high values of Eyr and E;. The im-
portant deposition region ahead of the torch is
enhanced due to the chemical heat release in this
region ; this causes the gas temperature to increase
and results in the higher radial thermophoretic vel-
ocity ; e.g. vy, the average value of v over the angular
direction, is 0.026 m s~ for 1873 K and v;y = 0.031 m
s~ 'for2173K at¢ = 0.022mandr = R (vs vy = 0.017
m s~ for 1873 K and 1 = 0.019 m s~ ' for 2173 K at
Q =1 I min™"). For both temperatures and for both
Q = land 31min~', Exx = 100% for SiO, ; for 1873 K
E;is61and 66% for @ = 1 and 3 1min~', respectively.
Note that Er for Q =3 | min~! is greater than for
Q = 11 min~". The higher value of E; is related to the
location of the particle formation. For Q = 11 min~'
the SiCl, oxidation reaction begins (and is completed)
behind the torch and the heat release from the reaction
results in a spike behind the torch. However, for Q = 3
1 min~' the SiCl, oxidation reaction also starts behind
the torch, but now continues ahead of the torch (the
higher flow rate results in lower gas temperatures
behind the torch). For @ = 3 | min~' the SiCl, oxi-
dation reaction behind the torch takes place near the
wall, but ahead of the torch the reaction takes place
near the tube center (and not near the wall). In front
of the torch the cold wall causes the radial temperature
gradient to be large and the secondary flow due to the
variable properties and buoyancy is important.

The above results include the effects of buoyancy,
variable properties and rotation. The additional trans-
port from buoyancy causes particles to form over the
entire cross-section; when buoyancy is omitted the
particles form only near the wall and not in the center.
The values of Epr and Ey are higher with buoyancy
than without buoyancy (Tables 3 and 4). For low flow
rates (Q = 1 1 min™") Epr for SiCl, at 1873 K is the
same (100%) with and without buoyancy, but E; is
61 and 48% with and without buoyancy, respectively.
For moderate flow rates (Q = 3 I min™") Epg for SiCl,
at 1873 K is still 100% with buoyancy, but 68% with-
out buoyancy; Er is 66 and 57%, respectively. For
high flow rates (Q = 5 1 min~') Ep for SiCl, at 1873
K is 37 and 32% with and without buoyancy; E; is
33 and 31% with and without buoyancy, respectively.
The trends for Epr and Er with and without buoyancy
for T.,.. = 2173 K are similar to the results for 1873
K. Note that, as the flow rate increases, the effects of
buoyancy decrease.

The interaction of rotation, buoyancy and axial
convection results in complex velocity fields. For mod-
erate rotational speeds, e.g. Q = 60 rpm (cf. Simpkins
et al. [3]), the axial velocity distributions along the
vertical and horizontal diameters differ only slightly
from the non-rotating condition [Fig. 4(a) and (b)].
Behind the torch the gas flows upward (due to buoy-
ancy) around the hot wall and then downward in the
cold central region; ahead of the torch the gas flows
downward around the cold wall and upward in the
hot center. [This is true with rotation (60 rpm) and
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Fig. 5. Secondary flow pattern for variable properties and buoyancy with rotation: (a) at £ = —0.162
m; (b)at £=0.034 m; Q=60 rpm, @ =11 min~", T, = 1873 K, Cyi,(SiCly) = 3.0x 107° mol cm~3,
Cin(GeCl,) = 1.89 x 10-% mol cm >, Ur = 20 cm min~". Distribution of radial thermophoretic velocity for
variable properties and buoyancy: (¢) at £ = —0.162m; (d) at ¢ =0.034 m; Q=60 rpm, @ = | Imin~',
Tpux = 1873 K, C,(SiCly) = 3.0 x 10~ mol cm 3, C;,(GeCl,) = 1.89 x 10~* mol cm ™3, Uy = 20 cm min~'.
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Fig. 6. (a) Axial distribution of radial thermophoretic velocity at /R =1and r/R=095 (0 =n): Q = 60

rpm, Q = ! lmin™!, T, = 1873 K, C,,(SiCl,) = 3.0 x 10~* molecm 3, C;,(GeCl,) = 1.89 x 10~*mol cm 2,

Ur = 20 cm min~". (b) Angular distribution of radial thermophoretic velocity on the wall at different

axial locations: Q=60 pm, @ =1 | min™', T., = 1873 K, C,(SiCl,) =3.0x10"°% mol cm~?,
Cin(GeCl,) = 1.89 x 10~ mol em 3, Uy = 20 cm min~".
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Fig. 8. Spatial variation of percentage of particle formation,
Epp(&), and total deposition efficiency, (&), for SiCl, and
GeCly: Q=60 pm, O=1 1 min~}, T, =1873 K,
Cin(SiCl) = 3.0x 107¢ mol ¢cm ™, C;,(GeCl,) = 1.89x 10™°

mol cm ™3, Ur = 20 cm min~".

Table 3. The particle formation efficiency (Epr), particle
deposition efficiency (Epp) and total deposition efficiency
(E; = Epp % Epp) for Ty, = 1873 K

Tmax = 1873 K,
Cn(SiCly) = 3.0% 1075,
Cin(GeCly) = 1.89 x 10~® mol cm~*

Table 4. The particle formation efficiency (Epg), particle
deposition efficiency (Epp) and total deposition efficiency
(Er = Epe X Epp) for T = 2173 K

T = 2173 K,
C,(SiCl,) = 3.0x 1075,
Cin(GeCl) = 1.89 x 10~* mol cm?

Buoyancy No buoyancy
(I min~") SiCl, GeCl, SiCl,  GeCl,

Epr 1 100% 45% 100% 45%
Eyp 61% 67% 48% 58%
Ey 61% 30% 48% 26%
Epp 3 100% 45% 68% 39%
Eup 66% % 84% 72%
E; 66% 32% 57% 28%
Epr 5 37% 24% 32% 20%
Epp 89% 83% 97% 95%
E; 33% 20% 31% 19%

Q Buoyancy No buoyancy

(I min~" SiCl, GeCl, SiCl,  GeCl,
Epr 1 100% 40% 100% 38%
Eys 57% 63% 41% 53%
E; 57% 25% 41% 20%
Epr 3 100% 43% 100% 39%
Eepy 65% 65% 56% 56%
E; 65% 28% 56% 22%
Eop 5 89% 40% 66% 31%
Epp 69% 65% 85% 1%
E; 61% 26% 56% 22%

without rotation.] Near the torch, the strong sec-
ondary radial flow pattern due to buoyancy is domi-
nant and is present with rotation [Q = 60 rpm, Fig.
5(b)] and without rotation (Q = 0, not shown). Also
note the variation of the radial thermophoretic vel-
ocity in the circumferential direction with and without
rotation [Fig. 6(b)].

For a nonrotating system, the resulting velocity,
temperature and concentration fields are symmetric
with respect to the vertical diameter; with rotation
present the contours are not symmetric. However,
with a rotational speed of Q =60 rpm, the dis-
tributions of temperature, velocity and species con-
centrations differ only slightly from those without
rotation. The values of Epr, Epp and E; are the same
with rotation (Q = 60 rpm) and without rotation
(Tables 3 and 4) ; thus, a tube rotation of 60 rpm does
not change the total results for particle formation and
deposition in respect to the nonrotating condition.
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SUMMARY AND CONCLUSIONS

A study has been made of the flow, heat and mass
transfer relative to the MCVD process. Numerical
solutions for the three-dimensional velocity, tem-
perature and specics concentrations have been
obtained, including the effects of chemical reactions,
variable properties, buoyancy and tube rotation. The
efficiency of the conversion of the gases (SiCl,, GeCl,)
to particles (SiO,, GeO,), Epg, the efficiency of particle
deposition, Fpp, and the total deposition efficiency,
E, have been determined. The following conclusions
are drawn.

(1) The effects of variable properties result in a
significant change in the axial variation of the axial
component of velocity due primarily to the change in
density. Buoyancy results in a strong upward sec-
ondary flow in the region near the torch which aids
particle deposition over the upper portion of the tube.
Buoyancy results in a nonuniform circumferential gas
temperature distribution which causes a variation of
the thermophoretic force. Thermophoresis is domi-
nant near the wall but is less important in the central
region of the tube.

(2) For the range of parameters studied most of
the deposition takes place ahead of the torch where
the wall temperature is low.

(3) A spike in the gas temperature profile occurs
for low flow rate, Q = 1 I min~!, and high inlet SiCl,
concentration, C;,(SiCl,) = 3.0 x 107° mol cm ™3, for
both T, = 1873 and 2173 K. The spike causes some
deposition to take place behind the torch.

(4) For low flow rate (Q = 1 1 min~") and for both
wall temperature cases (7., = 1873 and 2173 K),
SiO, and GeO, particles are formed over the entire
tube cross-section. For the formation of SiO, particles,
Eor is 100%, Epp is 61 and 57%, and E; is 61 and
57%, for 1873 and 2173 K, respectively. For GeQO,
particles, Epr is only 45 and 40%, Epp is 67 and
63%, and Ey is 30 and 25%, for 1873 and 2173 K,
respectively.

(5) For a flow rate of Q =3 | min~' and both
Tmax = 1873 and 2173 K cases, SiO, and GeO, par-
ticles are formed over the entire tube cross-section
near the torch. For Si0,, Epg is 100%, Epp is 66 and
65% and Eris 66 and 65% for 1873 and 2173 K ; for
GeO,, Epg is 45 and 43%, Epp is 71 and 65% and E;
is 32 and 28% for 1873 and 2173 K, respectively. Note
that this flow rate of O = 3 1 min~' gives high values
of Epp (in comparison to @ =1 1 min™") because
reactions take place behind and also ahead of the
torch ; this results in high gas temperatures and large
radial thermophoretic velocities over a larger region.

(6) Ahighflowrate (Q = 51min~"') results in lower
temperatures and for T, = 1873 K yields, for SiO,,
a low Epp of 37%, a high E,p of 89%, and an E; of
33% ; for GeO, Epr is 24%, Epp is 83%, and E; is
20%. For T, = 2173 K, for SiO, Epg is 89%, Epp is
69%, E+ is 61%, and for GeO, Epr- is 40%, Epp is 65%

S. JOH and R. GREIF

and Eris 26%. There is no spike in the gas temperature
profiles at the higher flow rates.

(7) GeCl, oxidation is not complete for any of the
conditions studied, due to the importance of the
reverse reaction at high temperatures (7 > 1800 K);
Epr varies from 25 to 45% for the different cases
studied.

(8) Buoyancy results in higher values of Epz and
E+. The effects of buoyancy are more pronounced for
lower flow rates (Q = 1 1 min~").

(9) A tube rotation of 60 rpm has little effect on
Epr, Epp and Er.
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