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Abstract—An experimental study has been carried out for heat transfer and particle deposition during the
outside vapor deposition process. The surface temperatures of deposited layers, and rates, efficiencies and
porosities of particle deposition were measured. For the characterization of the burner used, temperature
distributions in the flame were measured using thermocouples and the evolution of the particle sizes was
obtained  using a thermophoretic sampling technique and TEM (transmission electron microscope). Of
particular interest are the effects of the traversing speed of the burner, the flow rate of the chemical, and
different passes of burner traverse. It is shown that the axial variation of the surface temperature can be
assumed to be quasi-steady in the moving frame with the burner. As the traversing speed of burner is
increased, the deposition rate, the efficiency and the porosity increase due to the decrease of surface
temperatures. As the flow rate of the chemicals is increased, both the thickness of deposition layers and
the surface temperature increase. Deposition rate also increases, however, deposition efficiency decreases
for tests done. Later passes in the early deposition stage result in higher surface temperatures due to larger
thickness of porous deposited layers, which cause the deposition rate, efficiency and porosity to decrease.
© 1997 Elsevier Science Ltd.

INTRODUCTION

The outside vapor deposition (OVD) process is cur-
rently utilized to manufacture high quality optical
fibers. In the process shown in Fig. 1, fuel gases (H,
and O,), shield gas (N, or Ar) and carrier gas with
chemical reagents such as SiCl,, GeCl,, etc. are
injected vertically from the burner which traverses
repeatedly in the axial direction under the rotating
target rod. Due to the combustion of hydrogen and
oxygen, the flame hydrolysis and oxidation of chemi-
cal reagents occur near the burner exit to form fine
particles such as Si0,, GeO,, etc. The particles flow
with hot gases and finally deposit on the target rod.
The burner traverses repeatedly to form many
deposited layers that have a desired refractive index
profile by controlling the amount of dopants. When
the deposition is completed, the target rod is removed
and the porous hollow cylindrical deposit is dried
and sintered in a furnace at high temperatures. The
dehydration and sintering processes make the porous
deposit become a transparent rod called a preform of
optical fiber and then the drawing process produces a
long thin fiber. The quality and production rate of
optical fibers largely depend on the deposition process
in which the understanding of heat transfer and par-
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ticle transport is important since the major mechanism
for particle deposition in the process is thermophoresis
[11.

Most of the previous modelings of the deposition
process considered thermophoretic particle deposition
on a cylinder or a flat plate. Homsy e al. [2] and
Batchelor and Shen (3] studied thermophoretic depo-
sition on a cylinder utilizing the Blasius series solution.
Garg and Jayaraj [4] calculated particle deposition
on a cylinder specifying the pressure gradient of the
external flow, while Alam et al. [5] considered a flat
plate in a plane jet flow. Kang and Greif [6, 7] con-
sidered a jet flow instead of a uniform flow and cal-
culated temperature, flow fields, and particle depo-
sition by a numerical method using non-orthogonal
curvilinear coordinates. Choi et al. [8] studied the
effects of the deposited layers and the speed of trav-
ersing burner using a modeling which included the
conduction in the porous deposited layers. In the pre-
vious modelings except Choi et al. [8], surface tem-
peratures of the cylinder was assumed to be given and
the effect of burner traversing speed was not
considered. An experimental study has been reported
by Bautista et al. [9] who measured the particle depo-
sition efficiency for different target diameters and
compared their results with calculations. Graham and
Alam [10] carried out experiments using a stationary
burner and a rotating target rod. They reported the
particle deposition efficiencies for different burner-
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NOMENCLATURE
K thermophoretic coefficient x axial coordinate measured from the
Mg, molecular weight of SiCl, burner starting position
Mgo, molecular weight of SiO, z height above burner exit.
T temperature
Viumer  traversing speed of burner Greek symbol
Ve thermophoretic velocity v kinematic viscosity.
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Fig. 1. Schematic of OVD deposition process.
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target distances and carrier gas flow rates. Hwang
and Daily [11] experimentally studied electric field-
enhanced deposition on a disk and Kim [12] studied
the particle deposition on a cylinder using TiO,
particles.

The previous experimental studies on the OVD pro-
cess were relatively small and the scopes studied pre-
viously were rather limited. In particular, the effects
of the traversing speed of burner and the different
passes of deposition on the surface temperature and
particle deposition (rate, efficiency and porosity of
deposition) have not been reported. In this study, the
effects of burner speed, different passes and carrier gas
flow rates on particle deposition have been studied.
The flame temperatures were measured and the mor-
phology of particles was also obtained using a ther-
mophoretic sampling technique [13].

The objectives of the present study are to establish
further experimental data for the heat transfer and
particle deposition in the process and to investigate
the effects of the important process parameters such
as the burner speed, different passes, and carrier gas
flow rate.

EXPERIMENTAL APPARATUS AND PROCEDURE

The schematic of the experimental apparatus is
shown in Fig. 2(a). A stepping motor driven traverse
system has been constructed using a PC based pulse
algorithm to control the speed of traversing burner,
and the target rod is rotated by AC motor. Carrier
gas O, passes through liquid SiCl, in a bubbler to
vaporize SiCl, and then the mixture flows into the
burner. The flow rate of the carrier gas O,, fuel gases
(H,,0,), and shield gas N, are measured with the
rotameters that were calibrated using a wet test gas-
meter. The exit of the burner is composed of a series
of concentric annuli from which the mixture of SiCl,
and O,, N,, H, and O, are injected [refer to Fig. 2(b)
for a detailed counfiguration]. The shield gas prevents
undesirable particle deposition on the center nozzle
where the SiCl, vapor is injected, but large amounts
of a shield gas can diminish the particle deposition
efficiency by lowering the flame temperature. In this
study, the burner was designed to lower the center
nozzle below the other concentric nozzles from which
fuels are released, and by using a movable joint, the
spacing between the center nozzle and the other sur-
rounding nozzles can be controlled to minimize the
particle deposition on the center nozzle. This con-
figuration successfully prevented particle deposition
around the SiCl, nozzle with only small amount of a
shield gas due to the decreased temperatures near the
surface of the center nozzle that is positioned apart
from the flame location.

B type (Pt/6%Rh—Pt/30%Rh) thermocouples were
used to measure the flame temperature of the burner
and the data were transferred to PC via A/D
converter. The measurements were performed three
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times for each condition and the mean values were
used to obtain final flame temperature distributions.

In this study, an alumina rod (diameter = 19.05
mm, length = 920 mm) and SiCl, were used as a target
rod and chemical reagent, respectively. The distance
between the burner exit and the center of the rod is 34
mm, and the rod rotates at 90 rpm. The burner moves
at a constant speed ranging from 5 to 20 cm min~!
and returns at the speed of about 300 cm min~! to
repeat the pass when it reaches the location 650 mm
away from the starting position. While the burner
returns, the oxygen lines connected to both the burner
and the bubbler are closed. The fuel gas flow rates are
5.8 1min~' for H, and 7.3 1 min~! for O, (equivalence
ratio = 0.4). The flow rate of N, as a shield gas is
11min~', and the flow rates of carrier gas O, are varied
from 0.3 to 0.7 | min~"'. During the tests, following
reactions of SiO, particle formation occur

SiCl,(g) + 0. (g) — SiO,(s) +2Cl,(g)
SiCl, (g) +2H,0(g) - Si0, (s) +4HCl(g)

where (g) and (s) indicate gas and solid, respectively.

The particles formed move with hot gases in the
flame and are deposited on the rotating target rod
due to thermophoresis. A thermophoretic sampling
technique and TEM measurement {13] were employed
for a morphological description of evolution of flame-
generated particles.

The surface temperatures of the deposited layers
were measured with two infrared thermometers. The
one (IRCON, Series 7000-799C10) for temperatures
greater than 1000°C has a focal length 330 mm, spec-
tral response 4.8-5.2 um and target diameter 3.3 mm
and the other (MINOLTA, TA-0510) for tem-
peratures below 1000°C has a focal length 500 mm,
spectral response 8—13 um and target diameter 9 mm.
To estimate the emissivity of the deposited layers, a B
type thermocouple was installed on the surface of
the deposited layer and then the surface temperatures
were measured by using both infrared thermometers
and the thermocouple under the condition of non-
rotating target rod heated by moving burner. From
the comparison of two measurements, the emissivity
of the deposited layer was determined to be 1.0 for
the infrared thermometer having the spectral range
from 8 to 13 um, but for the infrared thermometer to
measure temperatures higher than 1000°C (spectral
response 4.8-5.2 um), the emissivity was found to vary
with the porosities of the layers. Therefore, when the
surface temperature exceeds 1000°C, each case of
different deposition conditions was tested under the
condition of non-rotating target rod to determine
emissivity and the resulting different emissivities were
used in the determination of surface temperatures for
the rotating deposited rod. The variation of surface
temperatures in the circumferential direction was neg-
lected due to the rotation of the rod with 90 rpm [8].

The mass flow rate of SiCl, has been determined by
measuring the weight change of the bubbler for a
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geometry.

given time interval using an electronic balance. From
the mass flow rate of SiCl,, the maximum amount of
SiO, formed can be determined. The comparison of
this with the actual deposited mass of SiO, yields the
overall efficiency of particle deposition. The depo-
sition rate of SiO, is determined from the difference
in weight between the original rod and the deposited
one in a given time interval. The rate and efficiency of

particle deposition are obtained from the following
relations.

particle deposition rate
= deposited SiO, mass/deposition time

= weight change of the rod/(burner traversing dis-
tance/burner speed)
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particle deposition efficiency
= deposited SiO, mass/maximum possible for-
mation of SiO,
= (weight change of the rod/M,, )/(weight change
of the bubbler/My;;,)

where Mo, and M;c,, are molecular weights of SiO,
and SiCl,, respectively.

Porosities of the deposited layers which may affect
the subsequent processes of drying and sintering were
determined from the ratio of the density of deposited
layers to that of a fused silica. The volume of the
deposited layer was obtained from the burner trav-
ersing distance and the target rod diameters measured
before and after deposition. Dividing the deposited
Si0, mass by the volume gives the average density
of the deposited layers, which is then used for the
determination of porosity. The diameter of the rod
was measured at four different locations using a cath-
etometer (MARUBISHI, PRM-5) with 0.01 mm
accuracy.

An uncertainty analysis was performed for the mea-
sured values of the flame temperature, surface tem-
perature of the deposited layers, deposition rate, depo-
sition efficiency and porosity following the procedure
described in Benedict [14]. For the flame tempera-
tures, the average relative uncertainty by random
error is 6.3%. The relative uncertainties of deposition
rate, efficiency and porosity are estimated to be 11.7,
4.5 and 2.9%, respectively, for given conditions
(Voumer = 10 cm min™', carrier gas flow rate = 0.5
1 min~', 4 passes). The mass flow rate of SiCl, has
the largest uncertainty (14.5%) caused by even small
temperature change of the bubbler during the exper-
iments and by the use of rotameters to measure the
carrier gas flow rate. This resuited in a large random
error in the particle deposition rate. For the above
deposition conditions, the relative uncertainty of the
maximum surface temperature in the fourth pass was
6.7%.

RESULTS AND DISCUSSION

The dominant particle deposition mechanism in the
OVD process is thermophoresis; that is, from the
net force that a suspended particle experiences in the
direction of decreasing temperature in a non-
isothermal medium, and the thermophoretic velocity
is expressed as the following [15].

_ Kv
= —-—VT.
Ve TV

Therefore, the determination of temperature fields
around the target rod is important. In particular, since
the growth of the SiO, particles is strongly influenced
by its viscosity which is dependent on temperature
[16], the determination of the flame temperature is
needed for the characterization of the burner and for
the modeling of the OVD process. For the burner
used, the oxy-hydrogen flame temperatures were mea-

sured in the absence of SiQ, particles. The temperature
indicated by the thermocouple immersed in a flame is
lower than the real gas temperature due to the radi-
ation heat loss of the thermocouple bead. Neglecting
the error induced by the conduction through the lead
wire and the effect of disturbance in the flame by the
insertion of a thermocouple probe, an energy balance
equation can be made such that the heat convected
from the hot gas stream to the bead is equal to the
radiation heat loss of the bead [17]. The calibrated
flame temperatures were calculated from the energy
balance.

Figure 3 shows the flame temperature distributions
in the radial direction for the case without a shield
gas. The flame temperatures decrease with height and
the distributions become less flat. The shield gas has
an important effect on flame temperatures, which is
shown in Fig. 4. The temperatures of the center region
near the burner exit are significantly decreased
because the inert gas N, prevents the diffusion of the
hot gas produced by the combustion of H, and O, to
the center region of the burner. At higher locations
from the burner exit, the profiles become similar to
those of Fig. 3, but the overall temperatures have been
decreased.

The measurements of surface temperatures of the
deposited layers are based on the assumption that the
axial temperature distribution is steady with respect
to the coordinate moving with the burner ; that is, the
temperatures depend only on the relative distances
from the burner. To validate this quasi-steady
assumption, transient temperatures at different
locations have been measured as the burner traverses.
Figure 5(a) shows transient surface temperatures
along the rod at five different locations as a function
of the position of burner which is equivalent to the
elapsed time after the torch movement. A sharp tem-
perature rise was observed near the measuring
location when the burner passed the location. In Fig.
5(b), these transient data measured at five different
axial locations are plotted using the coordinate mov-
ing with the burner. These data now seem to fit on
one curve, which supports the quasi-steady assump-
tion used in this study.

The effect of the burner traversing speed on surface
temperatures for first pass is shown in Fig. 6. As
the speed is increased, surface temperatures decrease
because of the reduction of the time needed for the
burner to heat the rod. The decrease in porous (insu-
lating) silica layer thickness has been observed for
higher burner speeds and this may be another factor
to have lower surface temperatures. Choi et al. [8]
showed the insulation effect of the porous deposited
silica layer resulted in higher surface temperatures for
larger thicknesses up to 5 mm. Figure 7 shows the
surface temperature distributions of fourth pass for
three different burner speeds of 5, 10 and 15 cm min~'
where the emissivities for the pyrometer used for tem-
perature measurements greater than 1000°C were
found to be 0.45, 0.4 and 0.35, respectively. It is noted
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carrier gas).

that these emissivities were obtained by comparing
the infrared thermometer measurements with the ther-
mocouple measurements under the non-rotating con-
dition. The curves are similar to those of Fig. 6, but
the differences between the maximum temperatures
have become smaller for later passes. Since the
decrease in surface temperatures enhance ther-
mophoresis by increasing temperature gradients near
the surface, it is thought that the particle deposition
efficiencies would be larger for higher burner speeds.
This is confirmed in Fig. 8 where the efficiency, the
rate and the porosity of deposition are shown. As
the burner speed is increased, the efficiency increases,
which means the increase of deposition rate for the
same feed rate of SiCl,. This is consistent with the
numerical results of Choi et al. [8]. Figure 8 also shows
the increase of porosities of the deposited layers for
higher burner speeds due to the reduced surface tem-
peratures.

Figure 9 shows the effect of carrier gas O, flow rates
which is equivalent to the effect of the flow rates of
SiCl,, on the surface temperatures. The surface tem-
peratures are greatly influenced by the presence of

deposited SiO, layers because of the large difference
of thermal conductivities between the original target
rod and the porous deposited layers [8]. When the
alumina target rod is heated by the moving burner
without deposition, surface temperatures become low
due to the relatively high thermal conductivity of the
rod (see triangles in Fig. 9). Once the deposition
occurs, the low conductivity of the deposited layers
cause the surface temperatures to increase. As the
carrier gas flow rate is increased, the deposition thick-
ness increases, which causes surface temperatures to
increase due to the increasing insulation effect of
deposited layers. The effect of carrier gas flow rates
on deposition efficiencies, rates, and porosities for four
passes are shown in Fig. 10. As the flow rate increases,
increasing surface temperatures decrease the
efficiency, but the deposition rate increases since the
feed rate of SiCl, is increased. If the flow rate is further
increased, reduced flame residence time owing to the
increased injection velocity of SiCl, may cause incom-
plete reactions of SiCl,, which also would lower depo-
sition efficiency. The porosities are relatively insen-
sitive to the flow rates. It seems that on the
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determination of porosity the effect of reducing flame
residence time cancels the effect of increasing surface
temperatures for high flow rates. Particle residence
time in a flame determines particle sizes and shapes,
which would affect the porosity of deposited layer.
Different surface temperatures measured for different

flow rates will also affect the porosity of deposition.
This will be discussed again in Figs. 13(e)—(g), in
which the shape of particles collected at the same
heights for different carrier gas flow rates are shown.

Figure 11 shows the surface temperature dis-
tributions for different numbers of pass. As expected,
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deposition of particles results in higher surface tem-
peratures than for the case of heating the rod without
deposition, and further passes show even higher tem-
peratures. Figure 12 is the result of deposition for 2,
4 and 6 passes under the same conditions (Vyueme: = 10
c¢m min~!, carrier gas O, = 0.5 1 min~"'). As the pass

is repeated, the average efficiency, rate and porosity
decrease, which would be due to the increasing surface
temperatures as evidenced by Fig. 11.

Figures 13(a)-(e) are transmission electron micro-
graphs which show a morphological evolution of
flame-generated particles collected at different heights
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from the burner exit when the carrier gas flow rate is  nearly same sizes are observed. As the particles move,
0.3 1 min~'. Near the burner exit, chain cluster type they collide with each other and become larger, and
aggregates composed of many primary particles of sintering processes yield almost spherical shapes at
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Fig. 13. TEM micrographs of silica particles collected at different heights and different carrier gas flow
rates: (a) 0.3 1min~!, z=5mm; (b) 0.3 Imin~", z = 15mm; (¢) 0.3 1min~, z = 25mm; (d) 0.3 I min—',
z=35mm; (€) 0.31Imin"', z=45mm; (f) 0.5 1 min~', z=45mm; (g) 0.7 1 min~', z = 45 mm.

higher locations [18]. Note that the particles collected
at higher locations are of different sizes and larger
than those collected at lower locations. Comparing
Fig. 13(e)—(g), the effect of flow rates can be identified.
The case of 0.5 1 min~"! resulted in smaller size and
incomplete sintering at z = 45 mm [see Fig. 13(f)].
An even higher flow rate of 0.7 I min~! produced both
spherical particles and aggregates at the same height,
which resembled the shapes in Fig. 13(b) which
showed particles at lower location at z = 15 mm for
the flow rate of 0.3 [ min~'. As the flow rate is
increased, the average particle size is reduced and the

particles deviate from spherical shapes for high flow
rates at the axial distance of 45 mm. This is the result
of the reduced residence time for larger flow rates. In
particular, in the case of large carrier gas flow rate
(0.7 1 min™") the chain cluster type aggregates and
large spherical particles are observed to coexist. The
fact that different particle sizes and shapes evolved
for different flow rates did not affect significantly the
porosities of the deposited layers (see Fig. 10) indi-
cates that partial sintering effect which depends on the
resulting surface temperatures for different flow rate
also contributed the determination of porosity.
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CONCLUSIONS

An experimental study has been carried out for
heat transfer and particle deposition during the OVD
process. The effects of burner speed, carrier gas flow
rate and different passes were studied and the fol-
lowing conclusions have been drawn.

(1) The surface temperatures of the rotating target
rod can be assumed to be quasi-steady in the moving
frame with the burner.

(2) As the burner speed is increased, surface tem-
peratures decrease, which causes the deposition
efficiency, rate and the porosity to increase.

(3) As the carrier gas flow rate is increased, the
efficiency decreases due to the increase of surface tem-
peratures, but the deposition rate increases. Porosities
are found to be relatively insensitive to the flow rates.

(4) Later passes result in higher surface tem-
peratures which cause the efficiency, rate and porosity
to decrease.

(5) The sizes of particles rapidly increase by coagu-
lations and aggregates of small primary particles
existed near the burner exit have evolved to spherical
polydisperse particles.

(6) Average particle sizes are reduced for higher
carrier gas flow rates. For 0.7 1 min~! flow rate, spheri-
cal particles and aggregates coexist even at z =45
mm.
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