Manufacture of Optical Waveguide Preforms
by Modified Chemical Vapor Deposition

Manufacture of optical waveguide preforms by modified chemical
vapor deposition (MCVD) is theoretically investigated. For the first time,
a model accounting for the concurrent heat transfer, chemical kinetics,
and silica aerosol dynamics during lightguide preform fabrication by
MCVD is presented. Silica particles are formed by high-temperature
oxidation of SiCl,, grow by coagulation, and deposit to the preform walls
by thermophoresis and Brownian diffusion. Assuming first-order SiCl,
oxidation and approximating the aerosol size distribution by a log nor-
mal function throughout the process, five partial differential equations
describe this process. The emphasis of this study is on the achieve-
ment of high process yield (deposition efficiency of MCVD).

Process conditions for operation in the particle transport-limited and
reaction-limited regimes are quantitatively identified. Operation in the
former regime results in complete oxidation of the inlet SiCl, but only
about half of the product SiO, particles deposit to the tube wall. Opera-
tion in the latter regime results in limited oxidation of inlet SiCl, (about
40%) but almost all product SiO, particles deposit to the tube wall. This
study shows that high process yields and deposition rate can be
achieved in lightguide preform manufacture by MCVD by combining
operation in the reaction-limited regime with recycling of the exit gases
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from the preform tube.

Introduction

Optical waveguides are threadlike structures of 10-100 pm
dia. that are used for transmission of electromagnetic signals
over long distances (Kao, 1982). To satisfy stringent purity
requirements for low transmission losses, optical waveguides are
drawn from glassy preform rods of 2-3 cm dia. that are made by
vapor and particle deposition processes (Sarkar, 1985). The
manufacture of the preform rod is one of the most important
steps in the production of optical waveguides since the transmis-
sion properties (radial distribution of the refractive index) of the
product optical waveguide are identical to those of the preform
(Partus and Saifi, 1980). More than half of the worldwide pro-
duction of optical waveguide preforms is made by modified
chemical vapor deposition (MCVD). According to this process,
0,, SiCl,, and dopant vapors (GeCl,, POCIl,, BCl;) flow through
a rotating fused silica tube that is externally heated by a slow,
axially traversing, oxyhydrogen torch. Inside the tube, the ha-
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lides are oxidized forming oxide particles that either deposit to
the tube walls or exit the tube with the process gases. Aside from
oxidizing the reactant halides, the heat from the traversing torch
also fuses the deposited particles and thus a glassy layer is
formed in the interior of the substrate tube. The fabrication of
the preform rod is completed when the successively deposited
particle layers (30-100) almost fill the substrate tube (Nagel et
al., 1982).

MacChesney et al. (1974) invented the MCVD process for
fabrication of optical waveguide preforms. Simpkins et al.
(1979) carried out a series of experiments proving that thermo-
phoresis is the dominant mass transfer mechanism in MCVD.
Walker et al. (1979) theoretically studied submicron, monosize
particle transport by thermophoresis in laminar tube flows and
developed analytical and numerical solutions for the particle
deposition efficiency (fraction of inlet particles deposited to the
tube walls). They proposed that the total deposition efficiency
depends on the maximum and minimum temperatures of the
substrate tube, T,;,/(Tpax — Trin)» and the product of thermo-
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phoretic coefficient and Prandtl number (KPr). Walker et al.
(1980) extended this model to the description of the MCVD pro-
cess by neglecting the oxidation reaction and aerosol dynamics
inside the preform tube. They developed a quantitative criterion
for the length of the preform deposition zone and successfully
predicted the process yield (deposition efficiency) of industrial
MCVD units. Weinberg (1982 and 1983) developed similar
models for MCVD and indicated that perfect process yields can
be achieved provided that particle formation is confined near the
substrate tube or the temperature gradient between gas stream
and tube wall is maintained along the tube. Morse and Cipolla
(1984) and Morse et al. (1985, 1986) also reported that the
deposition efficiency in the MCVD process can be substantially
improved by increasing and maintaining the temperature gra-
dient inside the preform tube by axial laser heating of the pro-
cess gases.

Despite the industrial importance of MCVD, the production
of optical waveguide preforms still relies heavily on empirical
measures and observations. Currently the process yield is about
50% with respect to SiO, and it is much lower for costly dopants.
No current literature models for MCVD account for the precur-
sor vapor chemical kinetics and oxide aerosol dynamics. As a
result, these models cannot quantitatively relate process vari-
ables (inlet halide vapor concentration, torch temperature, total
gas flow rate) to process characteristics (process efficiency,
deposited layer composition and, subsequently, preform refrac-
tive index profile).

This paper presents a model for MCVD accounting for the
concurrent vapor oxidation kinetics and product aerosol dy-
namics (coagulation, diffusion, thermophoresis) through the
coupled energy and vapor mass balances and the general
dynamic equation for aerosols. The model is validated by com-
paring its predictions with known solutions at various limiting
cases. Detailed profiles for gas temperature, SiCl, concentra-
tion, and SiO, particle concentration and average size along the
preform axis are presented assuming first-order SiCl, oxidation
rate (Powers, 1978) and approximating the SiO, aerosol size
distribution by a log normal function throughout the MCVD
process (Pratsinis, 1988). The focus of this study is, however, on
the prediction of the process yield. Thus, simulation conditions
similar to those encountered in industrial MCVD units are
selected and process conditions and designs resulting in highly
efficient production of lightguide preforms are investigated.

Theory

Nagel et al. (1982) presented a detailed picture of the com-
mercial MCVD process. Here, a quantitative description of a
simplified version of this process (deposition of a single species
in a stationary, uniformly heated glass tube) is used to elucidate
the fundamental physicochemical phenomena taking place dur-
ing MCVD, Figure 1. Reactant gases (SiCl, vapor in excess O,)
enter the externally heated region (reaction zone) of the sub-
strate (preform) tube in fully developed, incompressible laminar
flow. There, the gas temperature is raised high enough that
SiCl, is oxidized, resulting in SiQ, and Cl,. Silica particles are
instantaneously formed and grow by Brownian coagulation.
These particles flow out of the reaction zone into the low-
temperature section of the tube (deposition zone). There, some
particles deposit to the tube walls by Brownian diffusion and
thermophoresis while the rest exit the tube by convection. This
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Figure 1. Simplified MCVD process.
SiCl, and O, enter the substrate tube where they are heated and
react, forming SiO, particles (reaction zone) that deposit to the cool
tube walls (deposition zone)

process is described by the energy and precursor vapor balances
and the general dynamic equation for the silica aerosol.
Assuming negligible axial heat diffusion (Pe, » 1), negligible
free convection (Kays and Perkins, 1985; Figure 29), and first-
order SiCl, oxidation kinetics (Powers, 1978; French et al.,
1978; Kleinert et al., 1980), the energy balance inside the pre-
AHk,

form tube is:
r\{ldT a9 oT —-E
W == = =22+ S R exp | ——
U{ (R)]az rar(' 6r)+ o, E”“’(RGT)C M

The first term on the righthand side (RHS) accounts for radial
heat transfer by conduction. The second RHS term in Eq. 1
accounts for the released heat from the exothermic oxidation of
SiCl,. The gas temperature at the tube inlet (z = 0) is 7 and the
boundary condition at the tube centerline (r = 0) is T/dr = 0
The temperature profile at the tube wall is a function of axial
distance (Morse et al., 1985). Thus, in the reaction zone (0 <
z < Ly):

T="Ty+ (Tper — TeMz/L))* for0=z<L, 2)
and

T - Tmax - (Tmax - Tmin)(z - Ll)/(LZ - LI)

forL,=z<lL, (3)
while in the deposition zone (z = L,):
T = Tmin (4)

Assuming negligible axial SiCl, vapor diffusion compared to
convection (Pe,, » 1), the SiCly vapor mass balance inside the
preform tube is:

ry19C D4 E
2U{1—(—§)]—2=—-—3—(r—) koexp(RGT)C 5)

The first RHS term in Eq. 5 accounts for radial diffusion of
SiCl, vapor and the second term accounts for consumption of
SiCl, by oxidation. At z = 0, the SiCl, concentration is C, and
the boundary conditions of Eq. 5 are 3C/dr =0atr=0and r =
R, assuming no flux of SiCl, to the preform walls (neglecting
chemical vapor deposition).

For silica particles undergoing diffusion, thermophoresis, and
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coagulation in the size range v, v + dv, the general dynamic
equation is (Friedlander, 1977):

r\2jén 1 3| d(Dn) Kv a dinT
2U[]_( )]62 rér[r or J+—;—5;(nr ar )

+ %fo”ﬁ(v, v — Dn()n(v ~ 7) dv

- f""ﬁ(v, D)n(o)n(@) do + S6(v — v;)  (6)
0

The first RHS term in Eq. 6 accounts for particle losses by
Brownian diffusion. The particle diffusivity is related to particle
size (Friedlander, 1977):

d2

kT 2
31rp d

A+ A, exp( ffd”)” (7

where 4, = 1.257, A, = 0.4, and A; = 0.55. The second RHS
term in Eq. 6 accounts for particle losses by thermophoresis
(Walker et al., 1979). In principle, the thermophoretic coeffi-
cient is related to particle size by a correlation over the entire
particle size spectrum (Talbot et al., 1980). However, for silica
particles less than 1 um dia., K is constant and equal to 0.55
(Mehrotra and Alam, 1986). The third and fourth RHS terms
in Eq. 6 account for particle gain and loss by Brownian coagula-
tion. For coagulation in the free molecule size regime, the colli-
sion frequency function is (Friedlander, 1977):

1/6 {6k . T\1/2
el Co) b
g Py v

while for coagulation in the continuum-slip regime, the coeffi-
cient is (Lee and Chen, 1984):

1\/2 /3 | =1/N2
= @ + 97 (8)
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where B(v) is the Cunningham correction factor, B = 1+ 24,/
d,. The last RHS term in Eq. 6 accounts for the formation of
new particles by chemical reaction. Silica particles are instanta-
neously formed since nucleation of silica by oxidation of SiCl,
cannot be distinguished from chemical reaction (Ulrich, 1971).
Thus, the size of the newly formed particles is equal to the equiv-
alent molecular diameter of SiO, (d} = 4.35 A). The rate of
particle formation is equal to the oxidation rate of SiCl, (Pow-
ers, 1978):

S = Ny kyexp (-E/R;T)C (10)

In principle, one needs to write a number of general dynamic
equations like Eq. 6 along with the auxiliary Egs. 7-10 at each
streamline to cover the silica aerosol dynamics over the entire
particle size spectrum. Although this approach can be followed
using accurate numerical models from the literature (Tsang and
Brock, 1984; Warren and Seinfeld, 1985), the computational
efficiency of these models is uncertain for highly nonuniform-
nonisothermal aerosol processes (Brock and Qates, 1987) such
as the manufacture of optical waveguide preforms. An aiterna-
tive approach is the description of the aerosol dynamics through
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the evolution of the moments, M, of the aerosol size distribu-
tion:

Mq=£wnquv (1)

The use of moments has the advantage of simplicity while
providing the most important information about the process
(Pratsinis et al., 1986). The evolution of the gth silica aerosol
moment is obtained by substituting Eqs. 7-10 into Eq. 6, mul-
tiplying both sides of Eq. 6 by v?, and integrating over all par-
ticle sizes. It is to be hoped that a few moment balance equations
suffice to describe the silica aerosol dynamics. The major diffi-
culties for this procedure lie, first, in the form of the functions
describing the basic particulate processes {collision frequency
function for free-molecule regime and particle diffusivity) and,
second, in the closure of the moment model. The collision fre-
quency function in the free-molecule regime can be brought to
an integrable form by using the approximation (Lee and Chen,
1984):

(1/o + 1/8)'2 = b(1 /0 +1/7'/%) (12)
where b is a function of the width of the aerosol size distribution.
The particle diffusivity can be brought to an integrable form by
following the procedure of Lee and Liu (1980) in Eq. 7:

3.314>\)
—a (13)

kT

+
T 37u (d d,z,
This expression overpredicts D by 2-11% for 0.1 < Kn < 10 and
by less than 2% for all other Kn (Pratsinis and Kim, 1988).
Using the above approximations for 85, and D, moment equa-
tions can be written for any power of v.

A closed set of moment equations, however, cannot be
achieved unless the shape of the aerosol size distribution is
approximated by a specific function. For this purpose, a uni-
modal log normal function is used here since many experimental
results indicate that aerosol size distributions are nearly log nor-
mal (Okuyama et al., 1986, Figure 5) or, more frequently, aer-
osols are measured and characterized using the parameters of a
log normal function (Ingebrethsen et al., 1983, Table I). These
parameters are the total particle concentration My, the geomet-
ric average particle volume v, = M}/(MJM,)"? and the geo-
metric standard deviation o, [In® ¢ = In (M, M,/M?)/9]. Thus,
the first three moments of the distribution are sufficient to
describe the aerosol dynamics and the gth moment of the distri-
bution can be written in terms of the above parameters as:

M, = Mylexp (4.54° In° o) (14)

Subsequently, the evolution of the zero aerosol moment (total
particle concentration) is written as:

oM, B, o[
ZU[l — (R)J_a; = 75;["5(/‘4_,/3 + BZM—Z/S)}

Ky d M dinT
—_—— r
r or ar
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where the coagulation coefficient £ is the harmonic average of
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the coagulation coefficients in the continuum and free-molecule
size regimes (Fuchs and Sutugin, 1971; Pratsinis, 1988):

& = Ernbc/ Erm + E0) (16)
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by = 0.633 + 0.092¢% — 0.022¢° (19}

The evolution of the first aerosol moment (total aerosol volume)
is written as:
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The evolution of the second aerosol moment is written as:
r\2ioM, B, 3| ¢
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where the coagulation coefficient for the second moment, ¢, is
(Pratsinis, 1988):

§ = Cemle/ Cru + 0 (22)

{c=Bs

B, 1
1 + exp (In’0) + 3exp(—2- In? a)
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3 25 5
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b, = 0.39 + 0.5¢ — 0.2140% + 0.029° (25)
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Assuming that the reactant gases are free of particles at the
preform inlet, the initial conditions for the moments are:

atz=0, My=M,=M,=0 (26)

Cylindrical symmetry dictates the boundary conditions at the
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tube centerline:
atr=0, —=—=—"->==90 27)

Assuming that every particle arriving at the wall sticks there (no
resuspension of particles), the wall boundary conditions are:

atr =R, My=M,=M,=0 (28)

Eqgs. 1-5, 14-28 constitute a system of coupled algebraic and
partial differential equations (PDE) that describes silica forma-
tion and deposition inside the preform tube. Using an explicit
finite-difference scheme (Ferziger, 1981) at P radial points
across the preform tube, the five PDE’s are converted to 5 x P
ordinary differential equations (ODE) (Kim, 1988). The ODE’s
are solved by an efficient algorithm for stiff equations (here by
DGEAR, IMSL, 1980).

Once the profiles of temperature, SiCl, concentration, and sil-
ica aerosol moments are calculated along the preform tube axis,
the MCVD process parameters (efficiency, reactant conversion,
silica volume average diameter, and polydispersity) are calcu-
lated from the mixing cup averages of the moments. The reac-
tant conversion, Ej, is the fraction of the inlet reactant gas
(SiCl,) that was oxidized (Ez = 1 — C,,/C). The process yield
(deposition efficiency), E,, is the equivalent fraction of inlet
reactant gas (here, SiCly) that was deposited onto the substrate
tube (Ep = Ex — M,,,/CoN,,v,). The volume average diameter
isd, = (6M,/mM,)'”?, and the aerosol polydispersity index, W =
(M,;My/M3,; — 1)'/, is a measure of the spread of the silica
particle size distribution (Pratsinis et al., 1986).

Resuits and Discussion

The accuracy of the numerical scheme was investigated by
comparing the solution of the heat equation in the absence of the
heat of reaction and fixed wall temperature with the series solu-
tion of Carslaw and Jaeger (1980). Excellent agreement was
obtained between the two techniques. Simultaneous solution of
Eqgs. 1 and 6 in the absence of chemical reaction, particle diffu-
sion, and coagulation describes particle transport to tube walls
by thermophoresis in nonisothermal laminar tube flow. Figure 2
shows that good agreement was obtained between the computed
asymptotic deposition efficiency by this model with that com-
puted by trajectory calculations (Walker et al., 1979) for vari-
ous KPr and T* (Pratsinis and Kim, 1988). The numerical
scheme has also been found in excellent agreement with litera-
ture results when only particle diffusion (Hinds, 1982, Figure
7.9) or only coagulation (Lee, 1983; Lee et al., 1984) is operat-
ing (Pratsinis and Kim, 1988).

Table 1 lists the employed process conditions for simulation of
MCVD. The inner diameter of the preform tube, inlet SiCl, con-
centration, gas flow rate, and minimum, maximum, and inlet
temperatures are typical for industrial MCVD processes
(Walker et al., 1980; Simpkins et al., 1979). All transport prop-
erties of the carrier gas (O,) and the constants, B, have been
estimated at the average process temperature, T, to simplify the
computations (Walker et al., 1980). The SiCl, diffusivity was
estimated from the Chapman-Enskog equation (Bird et al,
1960). The employed low particle volume fractions, Reynolds,
Grashof, and Peclet numbers are in agreement with our assump-
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Figure 2. Deposition efficiency of particles in laminar
tube flow by thermophoresis as a function of T*
and KPr.

tions for laminar flow, negligible natural convection, and negli-
gible axial heat and mass diffusion compared to convection.
Reaction of SiCl, and deposition of SiO, at the walls of the
reaction zone by chemical vapor deposition are neglected since
silica deposits have not been observed at the torch area of the
preform during MCVD (Simpkins et al., 1979). In this model, it
is assumed that all particles coalesce after colliding. This
assumption does not affect the silica deposition rate, which is
controlled by thermophoresis, a particle transport mechanism
independent of size for submicron particles. This assumption
may, however, affect, the coagulation rate of silica and subse-
quently the predicted particle concentration, average size, and
polydispersity since silica particles are produced in the form of

Table 1. Simulation Conditions for the MCVD Process
G 1.0 x 107° mol/cm?
L, 20 cm
L, 22cm
Q 1 or 5L/min
R 1cm
Ty 800°C
T 1,700 or 1,500°C
Toin 180°C
Py 2.32g/cm’
AH 251 kJ/mol
ko 1.7 x 10" 7!
E 402 kJ/mol
T, = 940°C T, = 840°C
(T ax = 1,700°C) (T ez = 1,500°C)
D 0.83 cm?/s 0.73 cm?/s
“ 54 x 107*g/em . s 51 % 107 g/fcm - 5
a 2.36 cm?/s 2.04 cm?/s
A 3.76 x 107 cm 3.40 x 10°cm
p 3.22 x 107* g/em? 3.50 x 107 g/em’
G 1.09J/g - K 107J/g - K
Pe, 18 (@ = 1 L/min) 19 (Q = 1 L/min)
Pe,, 52 55
Gr 3,477 4,368
Re 26 27
916
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irregular aggregates (Ulrich and Subramanian, 1977). In mod-
eling coagulation of irregular particles, the collision rate of
spherical particles is usually scaled by a shape (or bulkiness)
factor. For example, Ulrich and Riehl (1982) arbitrarily used
1.2 as a shape factor for SiO, coagulation during oxidation of
SiCl, in laminar flames. Here, the effects of particle shape and
van der Waals forces on silica coagulation are not included in
these simulations. Finally, in this model the silica aerosol
dynamics are described efficiently by approximating the aerosol
size distribution by a log normal function throughout the
MCYVD process. It should be noted, however, that a unimodal
log normal function may not always give an accurate description
of the detailed particle size distribution, especially during new
particle (here, SiO, monomer) formation. Nevertheless, this
function always gives a consistent and fairly accurate descrip-
tion of the effects of various physicochemical phenomena (nu-
cleation, condensation, coagulation, and diffusion) on the key
aerosol characteristics such as particle concentration, volume
average diameter (Brock and Oates, 1987), polydispersity
(Pratsinis, 1988), and penetration/deposition efficiency (Lee
and Gieseke, 1980).

Figures 3—6 show radial profiles of the process variables in the
reaction (solid lines) and deposition (broken lines) zones of the
preform (P = 10). Figure 3 indicates that the temperature pro-
file is parabolic (concave in heating [z/R =< 20] and convex in
cooling [z/R > 20]) throughout the process at T, = 1,500°C.
Thus, the temperature inside the preform tube is determined
primarily by radial heat conduction while the released heat from
the exothermic oxidation of SiCl, is important only in a small
section of the reaction zone of the preform. Specifically, for the
values of AH, p, c,, and C, of Table 1, the released heat from the
oxidation reaction corresponds to a 172°C rise of the carrier gas
temperature at adiabatic conditions. The MCVD process, how-
ever, is not an adiabatic one. Thus, the released heat from the
exothermic reaction increases the gas temperature, retarding
additional radial heat transfer from the preform tube. When the

z/R=20
1600 < __ 21 <
~
N
\
1200} \ .
X \
G 22|
£ 3 \ T
s \
gsoo- Vo
R \
d \ -
_____ 80 _ \}
400}
0 5.5 04 _"'0.6 B8 70

Preform Radius, r/R

Figure 3. Temperature profiles inside preform tube.
— Reaction zone; ---- deposition zone
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heat of the oxidation is not accounted for (AH = 0), the maxi-
mum centerline gas temperature is 122°C lower than that
obtained with AH = 251 kJ/mol at carrier gas flow rate @ = 1
L/min. The evolution of the dimensionless SiCl, concentration
profile along the preform axis is shown in Figure 4. For z/R <
16, the gas temperature is not high enough for significant SiCl,
oxidation to take place across the preform tube. Further down-
stream (16 < z/R < 20), the gas stream temperature is raised
substantially and the SiCl, is almost completely oxidized at the
exit of the reaction zone.

Figure 5 shows the evolution of the radial profile of total silica
particle concentration along the preform axis. Early in the reac-
tion zone (z/R =< 16), some silica particles are formed close to
the preform walls. For 16 < z/R =< 20, the particle concentra-
tion is determined by coagulation and chemical reaction. Ther-
mophoresis and coagulation reduce particle concentration when
the preform wall temperature is lower than that of the gas
stream (z/R > 20). For the above conditions the particle con-
centration is determined by chemical reaction, coagulation, and
thermophoresis while particle diffusion to the preform walls is
not important. Radial diffusion of SiCl,, however, is important.
Figure 6 shows the dimensionless particle volume concentration
profiles along the preform axis. At the beginning of the reaction
zone, the particle volume increases near the tube wall where the
reaction is fairly fast. As SiCl, is oxidized first near the preform
wall, the local SiCl, concentration is depleted, and SiCl, diffuses
from the centerline toward the region near the wall where it
reacts forming SiO, particles. As a result, further downstream
(16 < z/R = 20) more SiO, is present adjacent to the preform
wall (r/R > 0.7) than the SiO, that corresponds to the inlet
SiCly (M,/CyN,, v, = 1 stoichiometrically for complete reac-
tion). At the end of the reaction zone (z/ R = 20), silica particies
have accumulated near the preform wall (sharp peak at 0.7 <
r/R < 1) by the combined effects of SiCl, diffusion and oxida-
tion. These particles, however, do not deposit to the wall because
of the low particle diffusivity (<10~ ¢cm?/s) and the unfavor-
able temperature gradient. When the particle-laden stream is
cooled (z/R > 20), these particles rapidly deposit to the preform
walis by thermophoresis and the dimensionless particle volume
decreases. Further downstream (z/R = 30), the silica volume

%
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) [=)
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06 08 1.0
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Figure 4. Dimensionless SiCl, concentration profiles in-

side preform tube.
Reaction zone; ---- deposition zone
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concentration reaches its asymptotic profile across the preform
tube. For these conditions, about 60% of the inlet SiCl, was
deposited as SiO, onto the preform tube.

Walker et al. (1980) identified qualitatively two distinct oper-
ating regimes during MCVD: the particle transport-limited
regime in which the deposition efficiency is limited by particle
transport to preform walls, and the reaction-limited regime in
which the deposition efficiency is limited by the extent of chemi-
cal reaction across the preform tube. They reported that in
industrial units the latter regime is encountered at high gas flow
rates (4-5 L/min). The present model can be used to determine
quantitatively the process conditions under which particle trans-
port-limited or reaction-limited operation takes place. Figure 7
shows the deposition efficiency (broken line) and the SiCl, con-

24
2.0
16
1.2

0.8

04 — — =L - 2

o

Dimensionless Particle Volume Concentration

1 L
0O 02 04 06 08 10
Preform Radius, r/R

Figure 6. Dimensionless particle volume profiles inside

preform tube.
—— Reaction zong; ---- deposition zone
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version (solid line) along the preform axis for two gas flow rates,
1 and 5 L/min, and two maximum preform wall temperatures,
1,500 and 1,700°C. With T,,, = 1,500°C, it is seen that at low
gas flow rate (1 L/min) practically all inlet SiCl, is oxidized
(98%) but only about 58% of the product SiO, is deposited, Fig-
ure 7a. This corresponds to operation in the particle transport-
limited regime. At high gas flow rate, about 10% of the inlet
SiCl, is oxidized and almost all product SiO, is formed only
close to the tube wall and deposits there easily by thermophore-
sis while the process gases exit almost free of particles. Similar
results are obtained when high torch temperatures, 7T, =
1,700°C, are employed such as those used in industrial MCVD
processes, Figure 7b. It should be noted, however, that typical
flow conditions used in current industrial production of light-
guide preforms are >5 L/min with T,,,, ~ 1,900°C. Most previ-
ously published temperature measurements were low by some
200°C because of the use of optical pyrometers that used a
wavelength at which the glass was partially transparent (K. L.
Walker, personal communication, 1988). Although SiCl, is
fully converted at low flow rates, only 60% of the product SiO,
deposits to the substrate tube. Of course, at the latter tempera-
ture higher SiCl, conversion rate and higher SiO, deposition
efficiency are obtained than with T,,,, = 1,500°C. Operation of
MCVD units at high gas flow rate clearly corresponds to opera-
tion in the reaction-limited regime. When the exothermicity of
- the oxidation reaction is not accounted for (AH = 0) in reaction-
limited MCVD operation, the process yield (deposition effi-
ciency) is lower by 10-20% depending on gas flow rate and torch
temperature.

Although fully documented experimental data of MCVD are
not available in the literature for a detailed comparison with this
theory, the above predictions for the deposition efficiencies are
in agreement with the reported deposition efficiencies of indus-
trial MCVD units, 50 to 65% (Walker et al., 1980). The results
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Figure 7a. Reaction extent (——) and deposition effi-
ciency (----) along preform axis,
1,500°C.
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Tmnx =

of Figure 7 are in good agreement with the work of Walker et al.
(1980) for the conditions (here gas flow rates) that separate
MCVD operation in the particle transport-limited and reaction-
limited regimes.

The results of Figure 7 can be used for the design and opera-
tion of highly efficient MCVD units. This can be accomplished
by selecting the process conditions for operation in the reaction-
limited regime and recycling the gases that exit the preform.
Specifically for T, = 1,700°C, Q = 5 L/min, and a recycle to
fresh feed ratio 4:1, the overall deposition efficiency is above
70% while the single pass efficiency is 32%. Although this calcu-
lation is for a single (and inexpensive) species (SiCl,/SiO,)
MCVD, this process yield is better than the current industrial
yields for silica (50-65%). Operation at the above conditions
reduces the preform fabrication time by more than 60% over
that with operation in the particle transport-limited regime
(Q = 1 L/min) without recycle. When the effluent gases are
separated and recycled, the process yield can be close to 100%.
This can be an economic incentive, especially for costly dopants
such as GeCl, (Bohrer et al., 1985).

The proposed model for MCVD predicts the concentration,
average diameter, and polydispersity of the newly formed par-
ticles along the axis of the preform. Figure 8 shows the mixing
cup average particle concentration along the preform axis at two
process gas flow rates with T, = 1,700°C. The particle concen-
tration increases inside the reaction zone as long as new particles
are formed by chemical reaction. In the reaction zone, the par-
ticle concentration obtained at 1 L/min is higher than that
obtained at 5 L/min since chemical reaction and subsequently
particle formation take place for a longer time inside the pre-
form. When the reaction ceases (by SiCl, exhaustion with Q = 1
L/min or by exiting the high temperature zone with @ = 5L/
min), coagulation rapidly reduces the particle concentration. In
the deposition zone, lower particle concentrations are obtained
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Figure 8. Mixing cup average particle concentration
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at low than at high flow rates since particle coagulation and
deposition operate for longer time. Figure 9 shows that larger
particles are formed at low rather than at high gas flow rates
since Si0O, coagulation takes place much longer, and also high
SiCl, conversion (100 vs. 34%) is achieved and more SiO,
remains in the gas phase (40 vs. 2% of the corresponding inlet
SiCly) during preform fabrication at low gas flow rates (7., =
1,700°C). Figure 10 shows that the polydispersity index of silica
increases as new particles are generated across and along the
reaction zone of the preform. Downstream in the deposition
zone, the polydispersity index decreases by coagulation and
reaches an asymptotic value, W = 0.283, corresponding to the
asymptotic geometric standard deviation for coagulation in the
continuum regime (o0 = 1.32; Lee, 1983) at each streamline
[W = (exp (In?6) — 1)"/?]. Lee observed that the asymptotic
distribution is in reasonably good agreement with the self-pre-
serving distribution (Friedlander and Wang, 1966). It should be
noted, however, that the asymptotic W of Figure 10 is different
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Figure 9. Mixing cup average particle diameter along
preform axis, T, = 1,700°C.
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from 0.283 since the evolution of the mixing cup average W 'is
shown along the preform axis. More polydisperse silica particles
exit the preform tube at high than at low gas flow rates since
strong radial differences of SiCl, conversion and thus SiO, par-
ticle sizes exist across the tube at the former gas flow rates. Note
that, at high gas flow rates, two-thirds of the inlet SiCl, are not
oxidized with T, = 1,700°C. Knowledge of the particle size
and polydispersity is important for understanding dopant incor-
poration and deposition during multicomponent MCVD of
lightguide preforms (Wood et al., 1987). The current model can
be extended to describe the more fascinating and industrially
more important multicomponent MCVD.

Conclusions

A model accounting for the concurrent single-species oxida-
tion kinetics and aerosol dynamics during lightguide preform
manufacture by MCVD was developed. The performance of the
model was validated by comparing its predictions with known
solutions at certain limiting cases. This model unravels the
importance of various physicochemical phenomena taking place
during MCVD and relates process variables (vapor concentra-
tion, flow rate, torch temperature) to the MCVD process yield
(deposition efficiency) and the characteristics {concentration,
average size, polydispersity) of the product silica.

Using realistic MCVD process variables, the conditions for
operation in the particle transport-limited and reaction-limited
regimes were identified. Operation in the former regime results
in high single-pass reactant conversion and product particle
deposition, but a significant fraction (40%) of the product par-
ticles is lost with the gas outflow. Although operation in the lat-
ter regime results in lower single-pass conversion and deposition
efficiencies, it has a potential for achievement of high process
yields and deposition rate through recycling the effluent gases
since almost all product particles are collected at the preform
walls.

Aside from the reactant conversion rate and the process depo-
sition efficiency, this model also provides information regarding
the evolution of the particle concentration and size distribution.
This information is useful for understanding dopant condensa-
tion and dissolution onto silica particles during manufacture of
multicomponent optical waveguides.
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Notation
b = constant
b, = constant, Eq. 19

b, = constant, Eq. 25
particle diffusivity constant, kzT./(1627°)"/°u
B, = slip correction constant for diffusion, 3.314A(xr/6)"/?
B, = coagulation constant (continuum), 2k;7,/3p
B, = slip correction constant for coagulation, 1.257A(4x/3)"/?
B, = coagulation constant (free molecule), (3/4m)/4(6ksT./p,)"/*
¢, = heat capacity of O,, J/g - K
C = SiCl, concentration, mol/cm®
C, = inlet concentration of SiCl,, mol/cm’
d, = particle diameter, cm
d* = equivalent diameter of a SiO, molecule, cm
D = diffusion coefficient of particle, cm*/s
D - diftusivity of SiCl, in O, cm?/s
E - activation energy for oxidation of SiCl,, J/mol
Ej, = deposition efficiency
Ex = SiCl, conversion
g = gravitational acceleration, cm/s?
Gr = Grashof number, 8R?*0’g(Tpox —
kg = Boltzmann’s constant
k, = heat conductivity of Oy, J/cm - s
ko = preexponential Arrhenius rate constant, s~
K = thermophoretic coefficient
Kn = Knudsen number, 2\/d,
L,, L, = axial distances in reaction zone
m = molecular weight of gas
M, = gth moment of aerosol size distribution
n = particle size distribution function
Ng, = Avogadro’s number
P = number of radial points for finite-difference method
Q = total gas flow rate through preform tube, L/min
Pe, = Peclet number for energy transfer, 2RU/a
Pe,, = Peclet number for SiCl, mass transfer, 2RU/:D
Pr = Prandtl number, v/«
r = radial distance, cm
R = preform tube radius, cm
Re = Reynolds number, 2RU /v
R = gas constant
S = rate of formation of SiQ, molecules by oxidation, cm™ . 57!
T = gas temperature, K
T, = average temperature, 0.5 (T,pp + Topn), K
Tomex = Maximum tube temperature (just above torch), K
T, = Minimum tube temperature (downstream of torch), K
Ty = inlet gas temperature, K
T* = dimensionless temperature drop, T/ (Tmax — Tomin)
U = average gas velocity, cm/s
v, T = particle volume, cm’
v, = geometric mean volume of SiO, particle, cm’
v, = volume of a SiQ, molecule, cm’
W = polydispersity index
z = axial distance of preform tube, cm

&
!

Toin)/ (3T

1

Greek letters

@ = thermal diffusivity of O,, k,/pC,, cm’/s
B = coagulation coefficient
AH = heat of reaction for SiCl, oxidation, J/mol

{ = coagulation coefficient for second moment
A = mean free path of gas, »(xm/2k;T.)"/?, cm
= viscosity of gas stream, g/cm - s

v = kinematic viscosity, cm?/s

£ = coagulation coefficient for zeroth moment
p = density of gas stream, g/cm’

pp = density of SiO, particle, g/cm’

¢ = standard deviation of log normal size distribution
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Subscripts

C = continuum regime
FM = free-molecule regime
m = mixing cup average
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