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The combined phenomena of SiO, particle generation and deposition were analyzed
theoretically and experimentally in a tubular flow reactor. The deposition tube was
directly connected to a high-temperature tube furnace reactor by a flange and the depo-
sition characteristics of SiO, particles were measured. The SiCl, conversion and depo-
sition efficiencies were calculated, solving the mass and energy balance equations and
the aerosol dynamic equation in the tubular flow reactor. Effects of process variables
such as furnace set temperature, inlet SiCl, concentration and total gas-flow rate were
examined. Experimental results agreed closely with theoretical prediction. Effects of nat-
ural convection are significant at low gas-flow rate. Tube wall temperature profiles in-
side the deposition tube were proposed for uniform coating of SiO, particles. The study
shows that the tube furnace reactor can be used to coat the inside wall of the deposition
tube with ultrafine particles uniformly by adjusting tube wall temperature profiles.

Introduction

The tube furnace reactor has been used frequently to ana-
lyze ultrafine particle generation because of its simplicity. Ul-
trafine particles such as SiC (Chen et al., 1989), AIN (Kimura
et al,, 1989), TiO, (Suyama and Kato, 1985; Morooka et al.,
1987), SiO, and Al,0; (Okuyama et al., 1986, 1990) were
experimentally produced in a tube furnace reactor. Okuyama
et al. (1986) measured the size distribution of metal oxide
particles produced by a thermal decomposition of alkoxide
vapors in a tubular furnace and compared the experimental
results with the solutions of the discrete-continuous general
dynamic equation for aerosols. Okuyama et al. (1990) in-
cluded seed particles in a similar analysis. Pratsinis et al.
(1986) predicted the aerosol product characteristics in several
aerosol reactors including a tubular flow reactor. Akhtar et
al. (1991, 1994) produced TiO, powder by oxidation and hy-
drolysis of TiCl, using a tubular flow reactor. The experi-
mental observations on particle-size distribution were com-
pared with theoretical predictions by a sectional technique.

Most of these analyses in tube furnace reactors are limited
to the particle generation and growth just in the reaction zone
and do not include the particle transport in the cylindrical
flow. The modified chemical vapor deposition (MCVD)
process for optical fiber preform fabrication includes the sil-
ica particle formation and transport in nonisothermal cylin-
drical flow (MacChesney et al., 1974; Walker et al., 1980;
Nagel et al., 1982; Kim and Pratisinis, 1988). Simpkins et al.
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(1979) showed that thermophoresis is the major transport
mechanism of particles in MCVD. Walker et al. (1979, 1980)
analyzed the particle transport in laminar tube flows without
including the oxidation kinetics and aerosol dynamics. Kim
and Pratsinis (1988) proposed model equations in MCVD in-
cluding mass and energy balance equations and the aerosol
dynamic equation. They solved the mode! equations simulta-
neously, assuming that the aerosol size distribution is log-
normal and showed that the overall deposition efficiencies by
numerical predictions are in close agreement with the experi-
mental observations in MCVD. 3

In this study, the model equations proposed by Kim and
Pratsinis (1988) for MCVD were extended and applied to the
experimental tube furnace reactor and deposition tube. The
concurrent phenomena of chemical oxidation, SiO, particle
generation, and deposition in a nonisothermal tubular flow
reactor were analyzed theoretically and experimentally. The
mass and energy balance equations and the aerosol dynamic
equation in a tubular flow reactor were solved simultaneousiy
and the SiCl, conversion and deposition efficiencies were
calculated. In experiments, a pyrex tube (deposition zone) was
directly connected to the tube furnace reactor (reaction zone).
Silica particles are formed at high temperature by oxidation
of SiCl, in the tube furnace and are deposited onto the pyrex
tube wall. The unit cells were packed inside the deposition
tube and the amounts of SiO, particles deposited were mea-
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sured along the axial distance. The deposition efficiencies by
experiments were compared with the theoretical predictions.
The effects of process variables such as furnace set tempera-
ture, inlet SiCl, concentration, and total gas-flow rate on
SiCl, conversion and deposition efficiency were investigated.
The possible application of tube furnace reactor for uniform
coating of SiO, particles in a deposition tube was also pro-
posed.

Theoretical Approach

Model equations such as energy and SiCl, balance equa-
tions and aerosol dynamic equation of SiO, particles were
proposed and solved in a tubular flow reactor. The total mo-
lar flow rate of the gas stream is independent of chemical
reaction, because each molecule of SiCl, and O, reacts to
form two molecules of Cl,. Oxygen is supplied in excess and
the oxidation rate of SiCl, is first-order with respect to SiCl,
independent of O, concentration (Powers, 1978; French et
al.,, 1978). The effects of chemical reaction rate and aerosol
generation rate, diffusion, coagulation, and thermophoresis
of aerosols were included in the aerosol dynamic equation.
The effects of heat and mass transfer in axial direction were
neglected (P,, & P,, > 1), and the effect of natural convec-
tion was assumed to be negligible (Kays and Perkins, 1985).
The effects of aerosol loading on transport equations were
also neglected. The gas properties and the gas velocities were
calculated at the average gas temperatures.

Based on the assumptions above, the energy balance and
mass balance of SiCl, can be written as Eq. 1 and Eq. 2,
respectively (Kim and Pratsinis, 1988)

T _a9 T AHRXN/pC (1)
“7;7:97(’797) /PG,
JdC 1 ¢4 dC
—=——-(Dr———)—RXN )
dz r or ar

The effects of radial diffusion and oxidation reaction on heat
and SiCl, balance equations are written on the righthand side
of Eq. 1 and Egq. 2, respectively. The SiCl, oxidation rate
(RXN) was expressed as RXN = kqexp(— E/RT)C (ky=1.7
x 10 s71 E =402 kl/mol, AH = —251 kl/mol) (Powers,
1978).

The SiO, particle-size distribution changes along the reac-
tor by particle generation, diffusion, thermophoresis, coagu-
lation, and convection of particles. The aerosol dynamic
equation for particles in the size range of v ~ v + dv can be
written as (Friedlander, 1977; Brock, 1983; Seinfeld, 1986)
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3)
The first and second terms on the righthand side of Eq. 3
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show the transport rates in radial direction by diffusion and
thermophoresis, respectively, and B is the collision frequency
function of particles. The last term on the righthand side of
Eq. 3 is the particle generation rate by oxidation of SiCl; and
v* is the volume of SiO, monomer. The aerosol particles
along the reactor were assumed to have log-normal size dis-
tribution and the first three moments of aerosol particles { M,
M,, M,) are enough to express the acrosol concentration
(M,), average particle size [v, = M{/AM{M,)"?*], and stan-
dard deviation [o, In? o = In{M,M,/M?)/9]. The governing
equations for the first three moments in MCVD were derived
from the aeroso! dynamic equation by Kim and Pratsinis
(1988). In this study, the governing equations for the first
three moments in MCVD were applied for the analysis in the
cylindrical tubular flow reactor. The same initial and bound-
ary conditions for T, C, M,, M, and M, in MCVD (Kim and
Pratsinis, 1988) were applied besides the boundary condition
for T at r=R. The tube wall temperature was measured
along the axial distance by thermocouple and the interpo-
lated T, (z) was used as the boundary condition for T at r =
R.

The partial differential equations for T, C, M,, M, and
M, were converted into ordinary differential equations
(ODEs) by applying the method of lines (Anderson et al.,
1984) and the ODEs were solved simultaneously along the
reactor by DGEAR subroutine (IMSL, 1980). The SiCl, con-
version and average particle size of SiO, particles were cal-
culated by using mixing cup average properties (Pratsinis et
al., 1986).

Experimental Description

The experimental apparatus is shown in Figure 1. The oxy-
gen gas, after passing through the silica-gel to remove mois-
ture, was supplied to the frit-bubbler where SiCl, is vapor-
ized. The storage tank of SiCl, was installed on top of the
frit-bubbler and the level of SiCl, in the frit-bubbler was kept
constant by adjusting the valve from the storage tank. The
temperature in the frit-bubbler was controlled to keep the
SiCl, vapor pressure constant. The line from frit-bubbler to
the tube furnace was heated by heating tape to prevent the
condensation of SiCl, vapor. The excess oxygen was dried
and supplied to the tube furnace through another line. The
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Figure 1. Experimental apparatus.
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Unit cell tube inside deposition zone

Figure 2. Unit cells to measure the deposition efficien-
cies in deposition tube.

gas stream was heated in a tube furnace reactor (reaction
zone) and the SiCl, was oxidized at high temperature to form
SiO, particles. The pyrex tube of the same diameter (deposi-
tion zone) was connected to the tube furnace reactor by a
flange. The wall temperature of the pyrex tube was lower
than the gas stream temperature, and the SiO, particles
formed in the reaction zone were deposited onto the pyrex
tube by thermophoresis. To analyze the deposition character-
istics in the deposition zone, segments of a glass tube, which
were referred to as unit cells, were packed inside the deposi-
tion tube, to be in close contact with the inner wall of deposi-
tion tube and to be detachable easily after deposition (Figure
2). Cells composed of 15 units were packed in a 60-cm depo-
sition tube. At first, only oxygen without SiCl, was supplied
for 2 h to stabilize the tube wall temperatures in both reac-
tion and deposition zones. SiCl, was supplied after the tem-
perature in the reactor reached the steady state. The weights
of SiO, particles deposited onto the unit cells were measured
by weighing the unit cells before and after deposition. The
cumulative deposition efficiency of SiO, particles along the
reactor length was expressed as a function of axial distance
by summing up the deposition efficiencies of unit cells. In
these experiments, the standard conditions for experimental
variables were set as follows: total gas-flow rate: 4 L/min,
inlet SiCl, concentration: 0.5 mol %, and tube wall tempera-
ture: 1,300°C. To investigate the effects of experimental vari-
ables on deposition efficiencies, total gas-flow rate has
changed from 2 to 5 L/min (STP) and inlet SiCl, concentra-
tion from 0.5 mol % to 5 mol %, and tube wall temperature
from 1,200°C to 1,400°C.

Results and Discussion

Tube wall temperatures in reaction zone and deposition
zone

In these experiments, a 62-cm long tube is in the tube fur-
nace reactor where oxidation reaction of SiCl, takes place at
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Figure 3. Wall temperature profiles in reaction zone for
various furnace set temperatures.

high temperature and the length of the pyrex tube where de-
position of SiO, particles takes place is 60 cm. The reaction
zone is defined in 0 < z <62, and the deposition zone is in
62 < z <122. The inside tube wall temperature (7},) in reac-
tion and deposition zones was measured by a flexiblie thermo-
couple (K-type, Cole-Parmer) as a function of axial distance
(z). To reduce the radiation effect at high temperature, the
shielded thermocouple was used. Figures 3 and 4 show the
measured wall temperature profiles in reaction zone and
deposition zone, respectively, for various furnace set temper-
atures with total gas-flow rate of 4 L/min. The tube wall
temperature in the reaction zone increases as a quadratic
function of z for 0 < z < 20, reaches the furnace set temper-
ature for 20 < z < 40 where the tube wall is heated, and de-
creases as a quadratic function again for 40 < z < 62. The tube
wall temperature in the deposition zone also decreases as a
quadratic function along the axial distance (62 < z < 122). The
tube wall temperature profiles for various furnace set tem-
peratures were approximated in quadratic function by curve
fitting (Table 1), which were used as the boundary conditions
for gas temperature at the tube wall in numerical simulation.

Evolutions of T, C and M, profiles along the reactor

Gas temperature profiles computed at standard conditions
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Figure 4. Wall temperature profiles in deposition zone
for various furnace set temperatures.
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Table 1. Approximated Tube Wall Temperatures for Various

Furnace Set Temperatures

T, 0<z<20 20<z=<40 40<z<62 62<z<122
—-1.90 z? —1.84 72 0.061 22
1,200°C ~ +73.00 z 1,200°C +149.28 2 —16.54 z
+736.65 —1,559.74 +1,450.97
-1.77 2% -1.72 z? 0.068 z?
1,300°C  +7224 z 1,300°C +134.96 2 -18.02 2z
+818.71 —1,093.51 +1,545.23
-1.79 22 -2.112? 0.061 z*
1,400°C  +74.45 z 1,400°C +172.01 z —-17.07z
+884.95 —1,849.38 +1,541.53

are shown in Figure 5 for various axial distances. The gas
temperature profiles are very steep at the beginning of the
reactor (z =4, 10), where the gas stream is heated quickly
while it becomes less steep as reactor length increases (20 < z
<40) where the gas temperature reaches the furnace set
temperature. As the tube wall temperature becomes lower
than gas temperature (z =50, 60, 70, 80), the gas stream is
cooled and the gas temperature reaches the tube wall tem-
perature at z =120. Figure 6 shows the dimensionless SiCl,
concentration profiles along the reactor under standard con-
ditions. For z <10, the gas temperature is not high enough
for significant SiCl, oxidation reaction to take place. The gas
temperature is raised substantially downstream of the reac-
tion zone (20 < z < 62), and most of the inlet SiCl, is oxi-
dized. Figure 7 shows the dimensionless SiO, particle vol-
ume profiles (M,/C;N, v*) along the reactor at standard
conditions. At the beginning of the reactor, the particle vol-
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TEMPERATURE (K)

600

400

2'00_. P L] i o} -l
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Figure 5. Gas temperature profiles inside the reactor as
a function of radius for various axial dis-

tances.
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SiCl, CONCENTRATION (C/C))

RADIUS (/R)

Figure 6. Dimensionless SiCl, concentration profiles
inside the reactor as a function of radius for
various axial distances.

T, =1,300°C; C;= 0.5 mol %; Q = 4L/min.

ume increases near the tube wall (r/R =1), where the gas
temperature is high and the oxidation reaction is fairly fast.
As SiCl, is oxidized first near the tube wall, the SiCl, con-
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Figure 7. Dimensionless SiO, particle volume profiles
inside the reactor as a function of radius for
various axial distances.

T, = 1,300°C; C; = 0.5 mol %; @ = 4L/min.
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centration near the tube wall is lower than near the center-
line, and SiCl, diffuses from the centerline toward the region
near the tube wall where it reacts to form SiO, particles. As
a result, further downstream (20 < z < 60), most SiO, is
present adjacent to the tube wall (r/R > 0.7). In the reaction
zone, silica particles accumulated near the tube wall by the
combined effects of SiCl, diffusion and oxidation reaction.
The dimensionless Si0O, particle volume is greater than unity
near the tube wall (such as the dimensionless particle volume
=3.5 at z =150, and r/R=0.9), while it is smaller than 0.5
near the centerline. As the gas stream is cooled down from
the end of the reaction zone (z > 40), these particles are de-
posited on the inside tube wall by thermophoresis and the
dimensionless particle volume decreases.

Effects of furnace set temperature on deposition efficiencies

The overall deposition efficiency from the beginning of
reaction zone (E,) and the deposition efficiencies in deposi-
tion zone by theoretical predictions (Ej,; ,.) and by experi-
ments (Ep; .,,) are defined, respectively, as

f ’ (amount of SiO, particles deposited) dz
0
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Figure 8. SiCl, conversion (solid lines) and deposition
efficiency (dashed lines) along the axial dis-
tance for various furnace set temperatures.
C;=0.5 mol %; Q=4 L/min.

= 4
P (amount of SiO, particles fully converted by inlet SiCl,) “)
f ’ (amount of SiO, particles deposited) dz
Epz.ihe = b - - - 5
' (amount of SiO, particles fully converted by inlet SiCl,)
. (amount.of SiO, particles deposited on ith unit cell)
EDZ,exp = Z : (6)

i=1

The Ep; .'s were compared with the Ej; .s, changing the
conditions of process variables.

The SiCl, conversion and deposition efficiency (Ep) for
furnace set temperature of 1,200°C and 1,300°C were shown
in Figure 8. At 1,300°C, the SiCl, conversion increases rapidly
for 25 < z < 50, but the SiCl, conversion doesn’t increase be-
yond for z > 55 because no more oxidation takes place at low
temperature and the final conversion is about 93%. SiO,
particles are deposited onto the tube wall by thermophoresis
while the gas stream is cooled, and the deposition efficiency
starts to increase from z=40. The overall deposition effi-
ciency at 1,300°C is about 62%. At furnace set temperature
of 1,200°C, the overall deposition efficiency is just about 25%
because overall SiCl, conversion is incomplete (= 40%) at
low temperature. The theoretical deposition efficiencies in
the deposition zone (Ep ;,.) were compared with the exper-
imental results (Epz ,,) in Figure 9 for various furnace set
temperatures. The deposition efficiencies in the deposition
zone are low at 1,200°C because of low SiCl, conversion. As
the furnace set temperature increases from 1,300°C to
1,400°C, the gas stream is heated to higher temperature and
the Ep; .., increases from 40% to 43% because ther-
mophoretic deposition increases. The results of Ep, . are
in good agreement with Ej,, ..., for various furnace set tem-
peratures. It is believed that some particles were pushed to-
wards the tube center by natural convection during heat
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(amount of SiO, particles fully converted by inlet SiCl,)

transfer in the reaction zone and these particles are not eas-
ily deposited at the beginning of the deposition zone (Kim
and Pratsinis, 1988). The effects of natural convection are
not included in theoretical analysis and, as a result, Ep .,
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Figure 9. Deposition efficiency in deposition zone along
the axial distance for various furnace set tem-
peratures.

Experimental results (marks); theoretical results (solid lines)
(C; = 0.5 mol %; Q =4 L/min).
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is observed 1o be lower than Ej; ;. at the beginning of the
deposition zone, while Ep; ., is higher than Ej,; ;. at the
end of the deposition zone, where those particles which were
pushed towards the tube center by natural convection are de-
posited.

Effects of inlet SiCl, concentrations on deposition
efficiencies

The SiCl, conversion and deposition efficiency (Ej) for
inlet SiCl, concentrations of 0.5 mol % and 5 mol % were
shown along the reactor in Figure 10. The SiCl, conversion
with 5 mol % increases rapidly because of the abrupt in-
crease in gas temperature by the significant heat of reaction,
but the amount of SiCl, diffused from the tube center to-
wards the tube wall decreases because of short diffusion time
during heating in the reaction zone. The overall deposition
efficiency is the combined effects of SiCl, diffusion and ther-
mophoresis, and the overall deposition efficiency with 5 mol
% is lower than with 0.5 mol %. The Ep; . was compared
with Ep; ., in Figure 11 for various inlet SiCl, concentra-
tions and both results are in close agreement. The Ep; .,
decreases from 40% to 29% as the inlet SiCl, concentration
increases from 0.5 mol % to 5 mol %, because the amount of
SiCl, diffused from the tube center towards the tube wall
decreases.

Effects of total gas-flow rates on deposition efficiencies

The SiCl, conversion and deposition efficiency (E,) for
various total gas-flow rates were shown along the reactor in
Figure 12. The gas stream doesn’t have enough residence time
for heating at high gas-flow rates, and the SiCl, conversion
decreases from 100% to 73% as total gas-flow rate increases
from 2 L/min to 5 L/min. At high gas-flow rates, cooling of
gas stream and deposition by thermophoresis is not complete
in the deposition zone. The overall deposition efficiency de-
creases as total gas-flow rate increases by the combined ef-
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Figure 10. SiCl, conversion (solid lines) and deposi-
tion efficiency (dashed lines) along the axial
distance for various inlet SiCl, concentra-

tions.
T, =1300°C; 0 =4 L/min.
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Figure 11. Deposition efficiency in deposition zone
along the axial distance for various inlet SiCl,
concentrations.

Experimental results (marks); theoretical results (solid
lines) (T,,, = 1,300°C, Q = 4 L/min).

fects of incomplete reaction and deposition. The E,; ;. was
compared with Ej,; .. in Figure 13 for various total gas-flow
rates. The conversion of SiCl, at @ =5 L/min is lower than
at @ =4 L/min, and the deposition efficiency in the deposi-
tion zone (Ej ;) with @ =5 L/min is lower than with Q=4
L/min. The results of Ep; . are in good agreement with
Epz exp for Q=5 L/min and 4 L/min. For ¢ =2 L/min, the
simulation results show that the SiCl, conversion is com-
plete, but some particles are already deposited at the end of
the reaction zone (40 < z < 62) (Figure 12), and Ej; . with
Q =2 L/min is lower than with Q =4 and 5 L/min. On the
other hand, the effect of natural convection is most signifi-
cant at low gas-flow rates (Kays and Perkins, 1985) and a
significant amount of SiO, particles are believed to be pushed
toward the tube center by natural convection in the experi-
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Figure 12. SiCl, conversion (solid lines) and deposi-
tion efficiency (dashed lines) along the axial
distance for various total gas-flow rates.

T,, = 1,300°C, C; = 0.5 mol %.
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Figure 13. Deposition efficiency in deposition zone
along the axial distance for various total
gas-flow rates.

Experimental results (marks); theoretical results (solid
lines) (T, = 1,300°C; C; = 0.5 mol %).

ment with Q=2 L/min. Most of these particles are de-
posited by thermophoresis in the deposition zone, instead of
at the end of the reaction zone, and the Ep; ., is observed
to be higher than the Ej, ,, with @ =2 L/min.

Controlled deposition of SiO, particles in deposition tube

The deposition flux in the deposition zone can be made
uniform by controlling the tube wall temperature profile, and
uniform coating of SiO, particles on the deposition tube can
be obtained. The following conditions for tube wall tempera-
ture should be satisfied for uniform coating in the deposition
zone

ﬁlnT)
at z

Deposition flux at z =27K v( M,
r=R

Dz

E
= (—DZ-)(I,OOOC,-QU*)
L
= constant for uniform coating (7)

The tube wall temperature at the beginning of the deposition
zone is assumed to be the same as the temperature at the
end of the reaction zone. At first, a value of E,, was as-
sumed and, for every step in numerical integration, the tube
wall temperature was calculated so that the condition of con-
stant deposition flux (Eq. 7) is satisfied everywhere in the
deposition zone. The E;, was determined by trial-and-error
by assuming that the tube wall temperature at the end of the
deposition zone is 25°C.

Figure 14 shows the tube wall temperature profiles for uni-
form coating in the deposition zone for various furnace set
temperatures. At the beginning of the deposition zone, more
particles are located in the region near the tube wall than
near the centerline and, for uniform coating, it is required to
retard the deposition rate by increasing the tube wall temper-
ature. As the axial distance in the deposition zone increases,

AIChE Journal

Ceramics Processing 1997

1200 T
~
& 1000 ]
S’
‘g‘é p
800 3
] ]
~ h
=
i 600 Temp. = 1400°C >
% 1300°C ]
ui 1200°C ]
b~ 400 o
1100°C
200 ol | ST U R U S PR ¢
62 72 82 92 102 12 122

AXIAL DISTANCE (cm)

Figure 14. Controlled temperature profiles in deposi-
tion zone to deposit SiO, particles in uni-
form thickness for various furnace set tem-
peratures.

C;=0.5 mol %; Q =4 L/min..

the tube wall temperature should be lowered to keep the
temperature gradient constant for uniform coating. As the
furnace set temperature increases, the gas stream is heated
to a higher temperature and the tube wall temperature should
be kept high to make the temperature gradient constant at
the tube wall. The tube wall temperature profiles in the de-
position zone for uniform coating are shown in Figure 15 for
various total gas-flow rates. At high gas-flow rates, a higher
fraction of SiO, particles are formed near the tube wall and
these particles are easily deposited at the beginning of the
deposition zone. The tube wall temperature should be kept
high at higher gas-flow rates, to retard the deposition rates
for uniform coating.
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Figure 15. Controlled temperature profiles in deposi-
tion zone to deposit SiO, particles in uni-
form thickness for various total gas-flow
rates.

T, = 1,300°C, C; = 0.5 mol %.
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Conclusions

The theoretical and experimental analysis of SiO, particle
generation and deposition is presented using a tube furnace
reactor. The model equations such as energy and SiCl, bal-
ance equations and aerosol dynamic equation of SiO, par-
ticles were solved numerically, and SiCl, conversion and
deposition efficiencies were calculated. The deposition effi-
ciencies in the deposition zone were observed in experiments
as a function of axial distance by measuring the amount of
SiO, particles deposited on the unit cells. The effects of pro-
cess variables such as furnace set temperatures, inlet SiCl,
concentrations, and total gas-flow rates were investigated. The
experimental results of deposition efficiencies were in good
agreement with the theoretical predictions. The tube wall
temperature profiles 1o control the particle deposition for
uniform coating in the deposition tube were proposed. Some
key findings are summarized as follows:

(1) The SiCl, conversion increases, as furnace set temper-
ature increases, as inlet SiCl, concentration increases or as
total gas-flow rate decreases.

(2) The deposition efficiency decreases, as the furnace set
temperature decreases in the region below 1,300°C because
of low SiCl, conversion. As the furnace set temperature in-
creases above 1,300°C, the SiCl, oxidation is almost compiete
and deposition efficiency in the deposition zone increases by
the greater thermophoretic transport rate.

(3) As the inlet SiCl, concentration increases, the gas
stream is heated rapidly by the significant heat of reaction
and the amount of SiCl, diffused from the tube centerline
towards the tube wall decreases. The deposition efficiency at
high inlet SiCl, concentration becomes lower than at low in-
let SiCl, concentration.

(4) The SiCl, conversion and deposition efficiency de-
crease as total gas-flow rate increases above 4 L/min, be-
cause of the incomplete oxidation and deposition. The effect
of natural convection becomes significant at Q =2 L/min,
and more particles are formed in experiments near the tube
center by natural convection than by theoretical prediction.
The Epy oy, becomes greater than Epy 4.

(5) The proposed tube wall temperature profiles in the de-
position zone for uniform coating increase at the beginning
of the deposition zone and decrease later, to keep the depo-
sition flux constant. As the furnace set temperature in-
creases, and as the total gas-flow rate increases, the tube wall
temperature profiles in the deposition zone for uniform coat-
ing increase.
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Notation

C = concentration of SiCl,, mol/cm’
C,= inlet concentration of SiCl,, mol/cm®
C, = heat capacity of O,, J/g-K
D = diffusivity of SiCl, for O,, cm%s
D, = diffusivity of SiO,, cm?/s
E = activation energy for oxidation of SiCl,, J/mol, kJ/mol
A H = heat of reaction for SiCl, oxidation, cal/mol, kl/mol
k,= preexponential Arrhenius rate constant, s71
K= thermophoretic coefficient
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L 7= length of deposition zone, cm
M, = qth order moment
n = particle-size distribution function
N,, = Avogadro’s number
P,, = Peclet number for energy transfer, 2 RU/«
P,,, = Peclet number for SiCl, mass transfer, 2RU/D
Q = total gas-flow rate at STP, L/min
R=radius of reactor, cm, 2.2 cm
r=radial distance of reactor, cm
RXN = oxidation rate of SiCl,, mol/cm3s, — k,exp(— E/RT)C
T'= gas temperature, K
T, = inlet gas temperature, K, 298 K
T, = furnace set temperature, K
u = axial velocities of gas stream, u = 2U[1—(r/R)?], cm/s
U= average gas velocity, cm/s
v, v’ = particle volume, cm?
v, = geometric mean volume of SiO, particle, cm?
v* = volume of SiO, monomer, cm?®
z=axial distance of reactor, cm
a= thermal diffusivity, cm?/s
B= collision frequency function
6= Dirac delta function
= viscosity of gas stream, g/cm-s
v= kinematic viscosity, cm?/s
p= density of O,, g/cm>
o=standard deviation
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