@ Pergamon

Int. J. Heat Mass Transfer. Vol. 37, No. 11, pp. 1593-1603, 1994
Copytight © 1994 Elsevier Science Ltd

Printed in (Great Britain. All rights reserved

0017-9310/94 $7.00+0.00

0017-9310(94) E0010-R

Conjugate heat transfer and particle deposition
in the modified chemical vapor deposition
process : effects of torch speed and solid layer

K. S§. PARK and M. CHOIY

Seoul National University, Department of Mechanical Engineering, San 56-1 Shinrimdong,
Kwanak-Ku, Seoul 151-742, Korea

(Received 15 October 1992 and in final form 10 December 1993)

Abstract—A study has been carried out for the conjugate heat transfer and particle deposition that occur
during the modified chemical vapor deposition (MCVD) process. The analysis includes thermophoretic
particle transport in the gas flow and heat transfer through the solid layer ; the effects of variable properties
in both the gas and the solid regions are included. A notable feature of the study is the inclusion of the
effects of periodic heating due to the repeated traversing of the torch and the effects of the increasing solid
layer thickness as the particles deposit. A new concept uses a two torch formulation to simulate the torch
heating from both the present and the previous passes. This formulation is able to predict the minimum
wall temperature in front of the torch, which is closely related to the deposition efficiency. Localized heating
of the moving torch is studied using the heat flux boundary condition on the tube wall. The calculated
surface temperature distribution and the deposition efficiency are in good agreement with experimental
data. Of particular interest are the effects of torch speed and solid layer thickness on the efficiency, the rate
of deposition of the particles and the taper length.

INTRODUCTION

A sTUDY has been made of the particle deposition that
occurs during the modified chemical vapor deposition
(MCVD) process [1-3]. In the MCVD process which
is currently utilized to manufacture high quality
optical fibers, chemical reagents flow in a rotating
fused silica tube which is heated by a traversing oxy-
hydrogen torch. As the torch moves in the axial direc-
tion, the gases are heated and chemical reactions result
in the formation of glassy particles which deposit on
the inner surface of the tube. When the torch traverses
the tube, a glassy film is deposited and many traverses
(and layers) are needed to obtain the desired variation
of the refractive index (high refractive index in the
core and low refractive index in the cladding). After
the desired layers are obtained, the tube is collapsed
into a solid rod which is calied a preform of the optical
fiber. The preform is then drawn to produce the typical
125 pm diameter optical fiber. In the MCVD process,
particle deposition results from thermophoresis ; that
is, from the net force that a suspended particle experi-
ences in the direction of decreasing temperature [4, 5].

Walker et al. {4] studied numerically and exper-
imentally the thermophoretic particle transport. Laser
enhanced MCVD was investigated by Wang e al. [6]

1 To whom correspondence should be addressed.

and Morse et al. [7). A study of chemical kinetics and
silica aerosol dynamics has been carried out by Kim
and Pratsinis [8]. Three dimensional effects due to
tube rotation and buoyancy have been studied by
Choi et al. [9]) and Lin et al. [10, 11].

Most studies have not considered the effects of torch
speed and the solid layer on particle deposition in the
MCVD process. However, in view of the importance
of torch velocity and heating profile control in fiber
manufacturing, the optimization of the process
requires the proper understanding of these inputs. The
solid layer includes the original tube wall and the
deposited layer. In the present work, the effects of the
velocity of the traversing torch and the solid layer
thicknesses on the deposition of particles are studied.
The repeated traversing of the torch along the fused
silica tube causes the periodic heating which results in
the existence of a minimum wall temperature ahead
of the torch which was experimentally observed by
Walker et al. [4]. The minimum wall temperature
ahead of the torch was shown to be an important
parameter for the evaluation of the deposition
efficiency (Walker ez al. [4]). Therefore, it is desirable
for the optimization of the process to predict the wall
temperature distributions for different operation con-
ditions, especially, different torch speeds and solid
layer thicknesses. The present study develops a model
to predict the distributions of wall temperature as well
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Cp» G SPecific heats at constant pressure of
gas and solid

E deposition efficiency

h heat transfer coefficient

k.k.ie thermal conductivities of gas and solid

H refractive index

Gwan  wall heat flux

gmax  maximum wall heat flux

I radial coordinate

R, inner radius of the tube

R, outer radius of the tube

t time

T temperature

T  Maximum wall temperature

T, equilibrium temperature

Tm. minimum outer wall temperature

ahead of the torch

NOMENCLATURE

T chemical reaction temperature
T, ambient temperature

u axial velocity
U,,  mean velocity of gas
Vi torch speed.

Greek symbols

o Rosseland mean absorption
coeflicient

A parameter for a Gaussian heat flux
distribution

I viscosity

¢ axial coordinate

Coret axial location of the torch

D Peoia density of gas and solid
o Boltzmann constant.

as heat transfer and particle deposition in a gas flow
for different operating conditions. The model includes
the effects of the periodic heating and the heat transfer
through the solid layer. The localized heating of the
moving torch is described by a heat flux boundary
condition on the tube wall instead of the wall tem-
perature boundary condition previously used. The
present calculations of the wall temperature dis-
tribution and the overall efficiency of particle depo-
sition are compared with the experimental data [4]
and shown to be in good agreement. Of particular
interest are the effects of torch speeds and solid layer
thicknesses on the efficiency, the rate of particle depo-
sition, and the taper length.

ANALYSIS

The mixture of chemical reagents flows in the ro-
tating tube of inner and outer radii R; and R,, respec-
tively, as shown in Fig. 1. It has been shown [11]
for small rotational speeds that the three dimensional

effects due to buoyancy and tube rotation are impor-
tant for the variation of the particle deposition in the
circumferential direction, but are not important for
either the axial variation of deposition or for the depo-
sition efficiency. Normal operating speeds for tube
rotation (60-120 r.p.m.) result in almost uniform
deposition in the circumferential direction [11].
Walker et al. [4] neglected three dimensional effects
and obtained efficiencies which were in good agree-
ment with the experimental data. The major interest
of the present work is the determination of the axial
deposition profile for different torch velocities and
solid layer thicknesses. Accordingly, tube rotation and
buoyancy are neglected. From the above results, the
axisymmetric, two dimensional variable property flow
is considered. Temperature dependent properties are
obtained from Weast and Astle [12] and lrvine and
Liley [13]. The present work involves a complex
coupled heat transfer problem including conduction in
the solid layer and convection in the tube in order to
determine the unknown wall temperature distribution.
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Fic. 1. Sketch of the system.
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Utilizing a moving coordinate ¢ defined by
& = x— Vorent, and assuming quasi-steady state con-
ditions, the governing equations in cylindrical coor-
dinates (r, &) for the gas flow inside the tube are:

continuity

o(pw) 1 0(prv) _
0& r or

0 M

momentum

du ou\  Gp [0ty 10(rtg)
p("&+”5>“a:+<6é+r 6r> e
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The boundary conditions are:

r 2 .
até = — 00, u=2U3v<1_<E) >_Vtorch’

v=0, T=T, (5a)
a s b
até = oo, %—72:0 (5b)
atr =0, wu,v, T are finite (5¢)
atr:Ria u= _I/wrc}n v=0
and continuity of temperature and heat flux. (5d)

Heat conduction occurs through the solid layer
which consists of both the original tube wall and the
deposited layer. The energy equation in the solid
region is given by :

oTr ¢ oT
(06)sotia{ — Vioren) 55 (ksolid %)

¢~ o¢
190 oT
+ ; 5 <ksolidr E) (6}

Another consideration is the effect of the torch heat-
ing from the previous pass. In the real process, after
one pass is completed, the torch returns to the starting
position (i.e. ¢ = 0 in Fig. 1) and repeats the traverse.
If a single torch formulation is used, the tube wall
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ahead of the present torch (i.e. the solid torch in Fig.
1) cannot experience heating by the torch (the regions
behind the torch have of course been heated by the
present torch). Accordingly, in single torch studies,
wall temperatures for & > £, become equal to the
ambient temperature except in the regions very near
the torch. However, in the real case, the regions ahead
of the present torch were heated by the torch from
the previous pass and the wall should be at higher
temperatures than the ambient. Walker et al. [4] exper-
imentally found that the wall temperature decreased
rapidly ahead of the present torch, but increased
gradually after the minimum value was reached. This
is the result of the torch heating from the previous
pass. To simulate the effects of the torch heating from
both the present pass and the previous pass, a two
torch model is developed for the first time (two torches
are considered to be moving at the same speed and
are separated by a distance of one tube length, Fig.
1). The dashed torch causes the heating that occurred
from the previous pass and the solid torch represents
the heating from the present pass. In the quasi-steady
condition, the heating (and temperature) profiles are
related to the moving torch and the axial distance
measured from the torch determines the elapsed time
after the torch heating. Therefore, the regions farther
behind the torch cool down for a longer time and
accordingly, have lower wall temperatures than the
regions that are nearer and behind the torch. The
regions ahead of the present torch were not heated
by the present (solid) torch, but were heated by the
previous {dashed) torch heating. Depending on the
distance from the dashed torch, the elapsed time (and
cooling time) is determined from the torch heating of
the previous pass. For example, the regions near the
right end of the tube (£ = L) cool for a shorter time
after the torch heating of the previous pass than the
regions near and ahead of the present torch. Accord-
ingly, the regions near £ = L may have a higher wall
temperature than the regions that are near and ahead
of the present torch. In summary, the two torch con-
cept with the tube extension clarifies the heating effects
from the previous pass. Comparisons of the wall tem-
peratures between the calculations using the two torch
concept and the experimental data are shown later.
The localized heating of each torch is modelled using
a heat flux boundary condition on the tube wall
instead of the specified wall temperature boundary
condition which has been used in most studies of the
MCVD process ; g, is given by

Gwall = Gmax €XP (_ 10 000}'2(6 - émrch)z)
+ Gonax €XP (— 10 0004 (€ — (L + &yorer))?)

or
= ksolidE +h(T)(T'— Too) atr = Ro (7)

where & is the torch location of the present pass
(solid torch) and L+ ¢,y is the torch location of the
previous pass (dashed torch). Temperature dependent
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heat transfer coefficient data, A(T), are given by
Farouk and Ball [14] and Gardon [15].

Two parameters, 4 and ¢,..,, are needed to specify
a given torch heating condition. The value of 4 charac-
terizes the width of the heating profile; e.g. small 2
represents broad heating and large A represents nar-
row heating. The parameter, ¢, i1s the maximum
heat flux which is dependent on the flow rate of the
fuel. A major advantage of this boundary condition
is that it may be utilized for different torch speeds;
previous approaches which use the wall temperature
require measurements of the wall temperature for the
specific torch speed being studied. Another advantage
(shown later) is that the minimum wall temperature,
T.in» ahead of the torch, which is closely related to
the overall efficiency of particle deposition, i.c.
E=08(1—-T,./T.) as given by Walker et al. [4],
can now be predicted. In the previous models T,
depends on the measurement of outside wall tem-
peratures. It is emphasized that the occurrence of the
minimum wall temperature ahead of the torch results
from the periodic heating of the torch and the resulting
heat transfer through the solid layer.

In studies of optical fiber drawing, Paek and Runk
[16] and Homsy and Walker [17] included the effect
of radiation in a silica solid by using the Rosseland
diffusion approximation [18]. In the solid layer of the
silica tube of the present study, the same approxi-
mation is utilized. Note that the fused silica can be
considered to be opaque for photons with wavelengths
larger than approximately S um, mildly opaque in the
range 2.8-4.4 um and transparent for wavelengths
smaller than 2.8 um [17]. This approximation may
not always be valid. For a more complete study the
integro—differential equation of radiative transfer
should be utilized, but this is beyond the scope of the
present investigation.

In the present formulation and that of refs. [16, 17],

l6n*a T’
ksolid = kconductmn+ 3 (8)
o

where # is the index of refraction (n = 1.5) and « is the
Rosseland mean absorption coefficient (o =4 cm™'
[17]). It is noted that the previous studies which util-
ized equation (8) were for studies of the drawing of
optical fibers.

Near the torch, the gas temperature exceeds the
chemical reaction temperature 7, (Walker ef al. [4])
and particles are formed. It is assumed that the chemi-
cal reaction is completed when the gas temperature
reaches T,,. The motion of the particles is determined
from the combined effects of flow velocity and thermo-
phoresis, i.e.

a_
a

where d&/dr, dr/dr are the axial and radial velocities
of the particles, respectively. A value of 0.9 [4] is used
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for K. It is emphasized that Brownian diffusion can
be neglected in the MCVD process [5].

Numerical calculations have been performed using
the finite volume technique using the SIMPLER algo-
rithm [19]. Calculations using constant properties
were first performed and compared with the analytical
solution given in Lin er al. [20] and shown to be in
good agreement. For the convective terms, a second
order upwind differencing scheme is used and a bulk
pressure correction is utilized to enhance the con-
vergence rate. Grid sensitivity tests were carried out
for several grid systems of (13 x 137), (15x200) and
(26 x 274) and the (15 x 200) grid was determined to
produce grid independent results within 2% for the
wall temperature and the overall deposition efficiency.
Further numerical details are described in Lin ¢t al.
[10].

RESULTS AND DISCUSSION

Results from the present study are compared with
the experimental data of Walker er al. [4]. It is emphas-
ized that the outer wall temperature, T(r = R,, &), is
unknown a priori; T(r = R,, &) is determined by solv-
ing the energy conservation equations in the gas, equa-
tions (1)—(3), and the energy equation in the solid,
equation (6) subject to the specified boundary con-
ditions including the condition given in equation (7).
The value of 4,,., in equation (7) essentially determines
the maximum outer wall temperature, T,,.,., while 4
characterizes the axial variation of the wall tem-
perature and is related to the torch configuration.
Comparisons in Fig. 2 with the experimental data of
Walker et al. [4] for a tube of ID = 14 mm and
OD = 16 mm show good agreement with values of
Guax = 6.50x 10° Wm~? and / = 0.5. It is emphasized
that these values of ¢, and A can be used even for
other operating conditions ; e.g. different torch speeds.
different solid layer thicknesses, etc. since the torch
heating profile is unchanged for the same torch con-
figuration and fuel rate. Recall that previous studies
that use the wall temperature boundary condition
must specify different wall temperatures for different
torch speeds and solid layer thicknesses ; this requires
additional measurements of the wall temperatures
which have not been reported.

The moving torch results in a non-symmetric wall
temperature distribution (even with a symmetric flux
variation with respect to the moving torch). This can
be seen by considering the reference frame that is
moving with the torch. The moving wall approaches
the stationary torch (¢ = 0.3) and heats rapidly giving
rise to a steep temperature increase. When viewed
from the fixed tube perspective, there is a steep tem-
perature decrease for ¢ > 0.3, i.e. in the region ahead
of the torch. Alternatively, in the region behind the
torch, ¢ < 0.3, the temperature change is more gradual.

An important consideration is the effect of the torch
heating from the previous pass. In the quasi-steady
condition the heating (and temperature) profiles are
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tied to the moving torch. The heating effects of the
previous pass are clarified by the two torch concept
with the tube extension. It is noted in Fig. 2 that ahead
of the torch there exists a minimum wall temperature
at &£ = 0.338. For £ > 0.338 there is a gradual increase
of temperature, which is the result of the torch heating
from the previous pass. The two torch model of the
present study correctly predicts the existence of the
minimum wall temperature with the gradual increase
of the wall temperature after the minimum is attained.
In the present two torch concept, two torches are
moving at the same speed and are separated by a
distance of one tube length. The dashed torch in Fig. 1
represents the heating that occurred from the previous
pass and the solid torch represents the heating from
the present pass. Note that ‘single’ torch formulations
do not yield this important minimum temperature.
Ahead of the present torch (£ > 0.3), the gas tem-
peratures become higher than the wall temperature as
a combined result of the convection of the heated gas
and the sharp decrease of the tube wall temperature
in front of the torch. Therefore, in the region ahead
of the torch, the thermophoretic force directs particles
to the wall. As the gas flows downstream, the gas
temperature decreases ; however, beyond the location
of the minimum wall temperature (7, in Table 1),
the tube wall temperature increases and the gas tem-
perature becomes lower than the wall temperature.
The thermophoretic force is now away from the wall
and the particles no longer deposit. Therefore, the
location and the value of this minimum outer wall
temperature have an important effect on the particle
deposition [4].

The thermophoretic force is related to the tem-
perature of the inner wall and the temperature of the
gas. During deposition, the gas temperature gradient
at the inner wall is negative (hot gas and cold wall).
An axial location is reached where the temperature
gradient becomes zero and further downstream the

temperature gradient becomes positive. The solid
layer results in the need to distinguish the inner wall
temperature from the outer wall temperature. The
thermophoretic force is clearly dependent on the inner
wall temperature. Formulations that do not consider
the solid layer do not have to make this distinction.
The inner wall temperature, T(r = R;, £) which occurs
at the zero gradient condition, i.e. (8T/ér)|,p = 0 is
defined in this study as an equilibrium temperature
T.. It is noted in Table 1 that the difference between
the T, and the minimum temperature of the outer wall
is significant. It is shown below that the use of the
equilibrium temperature gives better correlation for
the overall efficiency of deposition than the use of the
minimum outer wall temperature. The overall depo-
sition efficiency is numerically obtained as approxi-
mately 53% which agrees with the 56% efficiency
obtained experimentally (Walker et al. [4]).

Parametric studies were carried out over a range of
solid layer thicknesses and torch speeds for a fused
silica tube (ID = 19 mm, OD = 25 mm). Calculations
were made for values of the thickness of the solid layer
from 3 to 4 mm, torch speeds from 10 to 20 cm min ™!
flow rates from 2 to 4 1min~! and maximum tube wall
temperatures from 1800 to 2000 K. Calculations were
made with the maximum wall temperature fixed and
in addition, several calculations were made with the
maximum heat flux fixed. A summary of the cases is
given in Table 1.

Figure 3(a) shows the axial distributions of outside
wall temperature for three different torch speeds when
the maximum temperature is specified to be 2000 K.
It is noted that in the MCVD process the tube wall
temperature near the torch is monitored to be
constant. For a low torch speed, the surface has a
sharper temperature gradient and a lower minimum
wall temperature ahead of the torch than for a high
torch speed. For a low speed, the time interval between
the present and the previous passes of the torch heat-
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Table 1. Summary of calculation results. (A. T, = 2000 K, B. 7., = 1900 K, C. T, = 1800 K. D. g, = 1.2x 10" W

m™)
A. Thux = 2000 K
’ Inner Maximum Particle Tapered Spatial
Flowrate Torch speed radius heat flux T T. formation length efficiency
(Imin™" (cm min~") (mm) (10° W m~™-) (K) (K) (%) {cm) (%)
3 15 9 1.27788 519 606.5 100 24.5 47.5
2 15 9 1.28428 513 580.4 100 18 50
4 15 9 1.27372 525 628.4 62 25.5 432
3 10 9 0.90465 448 530.6 64 20 51.5
3 20 9 1.61918 581 675.3 100 215 429
3 15 9.5 1.14503 494 576.7 100 233 48
3 15 8.5 1.39796 542 632.4 100 22 453
B. T, = 1900 K
Inner Maximum Particle Tapered Spatial
Flowrate Torch speed radius heat flux Tin T. formation length efficiency
(Imin™") (cm min~") (mm) (10° W m %) (X) (K) %) {cm) (%)
3 15 9 1.19272 515 600.8 66 24 474
2 15 9 1.19847 510 5757 100 17.5 49.9
4 135 9 1.18898 520 672.7 40 19 39.8
3 10 9 0.84968 445 516.9 42 13.5 413
3 20 9 1.50428 575 667.5 100 210 429
3 15 9.5 1.07133 491 571.8 57 2.5 48
3 15 8.5 1.30187 537 626 80 21.5 452
C.T,.x = 1800 K
Inner Maximum Particle Tapered Spatial
Flowrate Torch speed radius heat flux T min T. formation length efficiency
(Imin™") (cm min~") (mm) (10° W m~3) (K) (K) (%) (cm) (%)
3 15 9 1.1042 511 394.8 34 9.5 339
2 15 9 1.10936 506 570.5 77 17.5 499
4 15 9 1.10082 516 614.7 21 6 20.8
3 10 9 0.79104 442 513 23 3 22.1
3 20 9 1.38638 570 659.1 50 24 44.5
3 15 9.5 1.99406 487 566.6 30 7.5 29.4
3 15 8 1.20249 533 619.1 37 11 36.8
D. g = 1.2 10°* (Wm™?)
Inner Maximum Particle Tapered Spatial
Flowrate Torch speed radius heat flux Toin T, formation length efficiency
(I min™" (cm min~ ") (mm) (10°Wm %) (K) (K) (%) (cm) (%)
3 15 9 1908 516 601.3 71 24.5 474
2 15 9 1903 510 575.8 100 17.5 49.9
4 15 9 1912 521 622.5 44 255 432
3 10 9 2339 456 534.1 100 26.5 Si.6
3 20 9 1673 562 647.3 6 1.5 5.7
3 15 9.5 2057 496 579.4 100 238 48.1
3 135 8.5 1809 533 619.6 39 12.5 38.5

ing is longer ; therefore, the tube is cooled for a longer
time which results in a lower minimum wall tem-
perature for the lower torch speed. The lower mini-
mum temperature indicates that the deposition
efficiency would be higher for a low torch speed as is
shown in Fig. 3(b) (ihe lower T,,, or T, corresponds
to larger thermophoresis). However, the percentage
of particle formation should also be considered in
conjunction with the particle deposition. As noted by
Walker et al. [4], T, is important in estimating the

efficiency for the particle transport regime where the
particle formation is high and the deposition efficiency
depends on the percentage of the particles that
deposit. On the other hand, for the chemical reaction
regime (where the particle formation is limited to the
regions near the wall), the percentage of particle for-
mation is more important than is the percentage of
particle deposition. Figure 4 shows the axial dis-
tributions of efficiency, E(&), for different torch speeds
when the maximum temperature is 1900 K. For 15
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and 20 cm min~! torch speeds, the particle formation
is moderate and high (62 and 100%, respectively) and
the efficiency depends on T,: the slower torch case
which has a lower 7, results in higher £. However,
cases of Vi =35 and 10 cm min™' show different
trends, i.e. a slower torch has a lower E since a smaller
percentage of particle formation occurs. This is
because the wall temperatures behind the torch are
lower for a lower torch speed and as a result,
mnsufficient heating occurs and the percentage of
particle formation is smaller. Another phenomenon of
practical importance is the occurrence of the tapered
entry ; 1.e. the thickness of the deposited layers varies
from zero to constant value in the axial direction.
Since small torch speeds give small tapered lengths,
i.e. approximately 13.5 ¢m for 10 cm min ™’ and 5.5
cm for 5 cm min~’ (Table 1),

small torch speed can
be utilized to reduce the tapered length albeit with the
cost of lower efficiency at the initial stage of torch
traversing.

As the particles deposit, the increasing thickness of

2000
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the solid layer affects the heat transfer and the particle
deposition. Figure 5(a) shows the distributions of the
outside wall temperature for different thicknesses. The
wall temperature distributions show similar shapes
with the thicker wall having a slightly higher 7,
ahead of the torch (this reduces the overall efficiency
as shown in Fig. 5(b), the 4 mm thick wall has an
approximately 3% lower E than the 3 mm thick wall).
It is also noted that to maintain the peak temperature
at 2000 K (Table 1), the maximum heat flux should
be increased from 1.145x 10®* W m~? for the 3 mm
thick wall to 1.398 x 10° W m~* for the 4 mm thick
wall.

Increasing flowrates do not affect the wall tem-
perature distributions; e.g. cases of 2, 3and 4 L min ™!
result in virtually identical wall temperatures.
However, the flowrates do affect the deposition
efficiency to some extent ; in Fig. 6, it is seen that £ is
decreased as the flowrate increases. Higher flowrates
result in higher radial temperature gradients which
cause larger thermophoretic force. However, higher
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FiG. 5. (a) Axial distribution of wall temperature for various solid layer thicknesses (7., = 2000 K,
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gas velocity also tends to move particles out of the
tube more readily. The net effect is that the higher
flowrate case results in a lower efficiency of particle
deposition. However, the smaller efficiency for the
higher flowrate does not necessarily mean a smaller
rate of deposition because the rate of deposition is
proportional to £ times the flow rate. Figure 7 shows
the deposition rate/F where F is the conversion ratio
in gram 17! from SiCl, to SiO,. Note that a flowrate
exists that yields the maximum rate of particle depo-
sition. The flowrate that yields the maximum rate will
be approximately 4 and 2 I min~! for T',,,, = 1900 and
1800 K, respectively, and would be higher than 4 1
min~! for T, = 2000 K.

Figure 8 shows the variations of the tube wall tem-
perature for different torch speeds for the case of the
fixed maximum heat flux. There exists a significant
variation of the peak temperatures and axial dis-

tributions which would result in different deposition
profiles. For the fixed maximum heat flux, the results
for different thicknesses of the solid layers show simi-
lar trends, i.e. large variations of temperatures and
deposition profiles (not presented). Therefore, main-
taining the peak temperature per one pass of the torch
traverse is important to obtain uniformity of depo-
sition.

For high formation of particles (particle transport
regime defined by Walker et al. [4]), the overall
efficiency is closely related to the minimum wall tem-
perature ahead of the torch. Figure 9 shows a strong
correlation among the formula suggested by Walker
et al. [4], the present fitting formulas and the calcu-
lations. Blank circles represent the results for the mini-
mum outside wall temperatures and the efficiencies
and the solid circles represent the results for the equi-
librium temperature 7, (defined as a inner tube wall

3 ™ -
o T_,=2000K
2.5F * T,n=1900K -
x T,,=1800K

Rate/F (1/min)

-
T

0.5+

3 4
Flowrate (1/min)

5 6 7

F1G. 7. Deposition rate for different flowrates.
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temperature to satisfy (é7/dr)|,_x =0) and the
efficiencies. The formula given by Walker er al. [4]
shows a better agreement with the solid circles which
uses the equilibrium temperatures. The two fitting for-
mulas which use the minimum outer wall temperature
and the equilibrium temperature, respectively are sug-
gested for a better agreement.

SUMMARY AND CONCLUSIONS

An analysis of the effects of torch speed and solid
layer thickness on the efficiency, the rate of particle
deposition and the tapered length has been carried out
for the Modified Chemical Vapor Deposition process.
A new concept which uses a two torch formulation
and the heat flux boundary condition is utilized to
simulate torch heating from both the present and the

previous passes. The effects of the increasing solid
layer thickness are also studied.

The numerical results were compared with the
experimental data of wall temperature distribution
and deposition efficiency and shown to be in good
agreement. The two torch concept is able to predict
the minimum wall temperature ahead of the torch
which is closely related to the overall deposition
efficiency. For the case of the fixed maximum wall
temperature of 2000 K, the wall temperature gradient
becomes sharper and the overall efficiency increases
as the torch speed decreases. For T, = 1900 K., small
torch speed cases correspond to the chemical reaction
limited regime and the efficiency decreases as the torch
speed decreases from 10 to 5 cm min ™'

The increasing thickness of the solid layer slightly
decreases the efficiency (a 3% reduction for a 1 mm
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thickness increase). A flow rate exists that yields a
maximum rate of particle deposition although the
efficiency of particle deposition decreases as the flow
rate increases. For T,, = 1900 K and V., = 15 cm
min~!, approximately 4 | min~' flow rate resulted in
the maximum rate of deposition.
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