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Abstract

A method is presented to predict the soot volume fraction in soot-laden gas streams in systems where thermo-

phoresis is the dominant mechanism of particle deposition onto adjoining surfaces. In particular, we considered de-

position of silica particles on a circular cylinder in cross-flow to a premix CH4/O2 flame, a setup similar to the one used

in the outside vapor deposition process used for making optical fibers. Silica particles were produced by introducing

SiCl4 along with the premix gases to the burner and were collected on a cylinder. Heat flux and mass deposition rate

measurements on the cylinder were performed and recorded as a function of time. Considering thermophoresis to be the

dominant mechanism of particle deposition, a simple theory was developed to establish the relationship between the

measured quantities. The theory predicted that the thickness at any given time t was expected to increase linearly with

the integral of q00ðtÞdt (integrated from t ¼ 0 to t ¼ t), where q00ðtÞ is the heat flux. Such a linear relationship was ob-
served for five different reactant flow rates confirming thermophoresis to be the dominant mechanism of particle de-

position. Soot volume fraction and soot mass fraction were calculated from the slope of these linear fits and were seen to

be in good agreement with the estimates of the soot fraction from light scattering measurements. Based on the light

scattering estimates of particle diameter, particle number densities were also estimated.

� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Deposition of particles from flowing suspensions to

adjoining surfaces is important in many engineering

applications. Thermophoresis is the dominant mecha-

nism of particle deposition in a number of systems of

practical interest where highly non-isothermal environ-

ment exists. Thermophoresis is a phenomenon, which

describes the tendency of particles to migrate in the di-

rection of decreasing gas temperature (see e.g. [1,2]).

This phenomena has been extensively studied in the lit-

erature. Brock [1,2] and Talbot et al. [3] have developed

expressions for the thermophoretic force for continuum,

transition and Knudsen regimes. Goren [4] studied the

thermophoretic behavior of aerosol particles in the

laminar boundary layer on a flat plate. Batchelor and

Shen [5] and Shen [6] predicted thermophoretic deposi-

tion of particles onto cold surfaces in two-dimensional

and axisymmetric flows. Homsy et al. [7] and Walker

et al. [8] have developed analytical expressions for the

thermophoretic deposition rates in laminar tube and

other boundary layer flows.

Thermophoresis has been known to be the dominant

mechanism of particle deposition in different techniques

used for making optical fibers [9,10]. Numerical simu-

lations for the outside vapor deposition (OVD) process

have been done by Hong and Kang [11], Cho et al. [12]

and Wu and Greif [13]. The OVD process involves

generation of pyrogenic silica/doped silica particles in a

flame and then targeting and depositing them on a ro-

tating cylindrical target rod. Similar analysis for the
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modified chemical vapor deposition (MCVD) process

has also been reported by Park et al. [14], Park and Choi

[15,16] and Kim and Pratsinis [17]. In the MCVD pro-

cess, reactants are flown inside a glass tube as the tube

is heated by a traversing flame from the outside. The

reactants form particles in the tube and deposit on the

inside of the tube. Most of the studies outlined above

have theoretically treated the problem of thermopho-

retic deposition, while very few experiments have been

reported. Graham and Alam [18] experimentally mea-

sured preform temperature, deposition efficiency and

particle size distribution for a OVD system. Bautista

et al. [19] have attempted to explain the deposition effi-

ciency data for the OVD process using extensions of the

thermophoretic deposition model of Homsy et al. [7] and

an assumed target temperature. We have here carried

out deposition rate and heat flux measurements to

demonstrate that thermophoresis is the dominant

mechanism of particle deposition in the OVD process. In

particular, we considered deposition of silica particles on

a circular cylinder in cross-flow to a premix CH4/O2
flame, a setup similar to the one used in the OVD pro-

cess used for making optical fibers. Since the ther-

mophoretic deposition rate and the heat flux are both

proportional to the gradient of temperature, a simple

theory was developed which established a quantitative

relationship between the particle deposition rate and

heat flux. Motivated by this theory, soot deposit thick-

ness and heat flux were measured at the stagnation point

of a circular cylinder in cross-flow to a CH4/O2 premix

flame. Temperature measurements were also performed

in the flame, at a height equal to the distance between

the cylinder and the burner, using a B-type thermocou-

ple and were corrected for radiation losses. Based on

these measurements, we found that the rate of particle

deposition was linearly proportional to the heat flux,

confirming thermophoresis to be the mechanism of

particle transport to the surface. Moreover, the theory

was used to estimate the soot volume fraction in the gas

stream from the slope of the linear relationship between

the deposition rate and the heat flux. Independent

measurements of the soot volume fraction were also

performed using the static light scattering technique and

the predictions from the two techniques were in good

agreement. For these values of soot volume fraction and

using the soot mean diameter estimated from the light

scattering experiments, soot number densities in the gas

stream were also calculated. The approach outlined here

is similar to the one used by Eisner and Rosner [20] and

McEnally et al. [21], where they used temperature re-

sponse data of a thermocouple to determine the flame

volume fraction. However, by directly measuring the

heat flux on the target, we avoid the issues involved with

smoothing of the temperature response data for it to be

processed or assuming a correlation for obtaining heat

flux from thermocouple data.

Nomenclature

cp;p particle heat capacity

Dp Brownian diffusivity

dw cylinder diameter

dTC thermocouple bead diameter

h thickness

j00 mass flux

kg thermal conductivity of the gas

Np particle number density

Nuh Nusselt number

Pr Prandtl number

q00 heat flux

ReD Reynolds number based on cylinder diame-

ter

Re Reynolds number based on thermocouple

bead diameter

T temperature

Tw deposit surface temperature

TTC thermocouple temperature

Ts surrounding temperature

VT thermophoretic velocity

Greek symbols

aT thermophoretic diffusion coefficient

amom momentum accomodation coefficient

ap particle thermal accomodation coefficient

ew surface emissivity

/ soot volume fraction

c ratio of heat flux by soot deposition and by

the impinging flame

j exponent with which thermal conductivity

of gas increases with temperature

m momentum diffusivity

qp particle density

qd deposit density

qg gas density

r Stefan–Boltzmann constant

x mass fraction

Subscripts

e properties calculated at gas temperature Tg
p particle

g gas
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2. Methods

2.1. Theory

2.1.1. Principal assumptions

To capture the essential features of thermophoretic

deposition of particles on a cylinder in cross-flow to a

methane-oxygen flame, our analysis is based on the

following assumptions:

(a) Thermophoresis is the dominant mechanism of par-

ticle deposition. There is some inertial contribution

to the deposition rate [22] for high mass loading sys-

tems, but this contribution has been estimated to be

less than 20% [23]. Water cooling of the metal cylin-

der further enhances the thermophoretic contribu-

tion to the particle flux at the cylinder.

(b) Brownian diffusion of particles is neglected. The ef-

fect on the deposition rate due to the thin ‘‘Brown-

ian’’ sub-layer adjacent to the target [4] is considered

to be negligible.

(c) Conduction and convection are the dominant mech-

anisms of heat transfer from the flame to the target.

Radiation from the soot to the cylinder or from the

cylinder to the surroundings has been neglected.

(d) Depositing particles do not transfer appreciable heat

from the flame to the target. The ratio of heat flux

by soot deposition and by the impinging flame, c,
is estimated to be:

c ¼
q00p
q00f

¼
ðaTDpÞeqp/phapicp;pðTp;e � TwÞ

kg;eTg

� �
1

1� xe

ð1Þ

where (aTDp) is the thermophoretic diffusivity, Tw is
the deposit surface temperature, Tg is the flame
temperature, qp is the density of the soot particles,
/p is the soot volume fraction, hapi is the particle
thermal accommodation coefficient, cp;p is the soot
heat capacity, Tp;e is the particle temperature outside
of the boundary layer, xe is the soot mass fraction,

kg;e is the gas phase thermal conductivity and sub-
script e correspond to the properties calculated at

temperature Tg. For our system, this fraction was
calculated to be less than 0.03.

(e) No appreciable soot nucleation takes place in the

thermal boundary layer adjacent to the target. Most

of the particle nucleation takes place far upstream in

the flame.

(f) It is assumed that the heat flux sensor location on

the cylinder is completely covered with soot within

first 5–6 s of exposure to the soot-laden flame. This

allowed us to extrapolate the tail of the heat flux

curve for times >6 s. The heat flux measurements

were not performed for longer times because the

maximum service temperature of the sensor face

was 600 �C.
(g) Since the thickness of the deposit formed during the

heat flux measurements is small, it is considered that

the heat flux to the original target surface (sensor) is

equal to the heat flux at the depositing surface. We

have developed methods to estimate the time depen-

dent relationship between heat flux on the surface of

the original target and heat flux at the deposit surface

for thick deposits (including effects due to rotating

target and traversing flame), details of which will

be presented in Tandon and Balakrishnan [24].

(h) The soot thickness is much smaller than the cylinder

radius.

(i) Multiple scattering events are neglected in estimat-

ing the number densities from the light scattering

data.

(j) A quasi-steady conduction–convection–radiation

energy balance can be used to estimate the radiation

correction to the thermocouple measurements [20].

2.1.2. Mathematical model

The particle thermophoretic drift velocity, VT, is
given as [25,26]:

VT ¼ ðaTDpÞ
�
� gradT

T

�
ð2Þ

where aT is the thermophoretic diffusion factor, Dp is the
particle Brownian diffusivity, T is the local gas temper-
ature and gradT its local spatial gradient. From Eq. (2),
the thermophoretic deposition mass flux on a circular

cylindrical in cross-flow to a soot-laden stream is cal-

culated as [20]:

j00 ¼ ðaTDpÞe
Nuh
dw

1

1þ j
1

"
� Tw

Tg

� �1þj
#
qp/p;e ð3Þ

where /p is the soot volume fraction, qp is the density of
the soot particles, j is the exponent with which gas

stream thermal conductivity increases with the gas

temperature, Nuh is the orientation averaged Nusselt
number for heat transfer, dw is the cylinder diameter, Tw
is the deposit surface temperature, Tg is the mainstream
gas temperature outside the thermal boundary layer and

subscript e corresponds to the properties calculated at

Tg. The thermophoretic flux expression given by Eq. (3)
takes into account the effect of temperature dependent

gas properties in the thermal boundary layer. Similarly,

heat flux to the cylinder is calculated as [20,27]:

q00 ¼ kg;eTg
Nuh
dw

1

1þ j
1

"
� Tw

Tg

� �1þj
#

ð4Þ

where kg is the gas thermal conductivity. Exploiting the
relation:
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j00 ¼ qd
d

dt
dw
2

� �
¼ qd

dh
dt

ð5Þ

Eqs. (3) and (4) are combined to give:

hðtÞ ¼
ðaTDpÞe/p;eqp

Tgkg;eqd

� � Z t

0

q00ðtÞdt ð6Þ

where hðtÞ is the deposit thickness and qd is the density
of the deposit. Thus, if thermophoresis is the mechanism

of particle transport to the surface, we expect a plot of

measured hðtÞ vs. the integral of the RHS of Eq. (6)
(calculated based on measured heat flux data) to be a

straight line with the slope equal to the expression in the

square bracket. The thermophoretic diffusion coefficient,

aTDp, in the free-molecular regime is calculated as

[26,28]:

aTDp ¼
3

4

� �
1
h

þ pamom
8

� �i�1
m ð7Þ

where amom is the tangential momentum accomodation

coefficient (taken to be 0.9 [25,26,28] and m is the

momentum diffusivity of the local gas mixture.

2.2. Experiments

2.2.1. Particle generation and deposition

Silica particles were generated in a methane-oxygen

flame by introducing SiCl4 as the precursor to the burner

using a bubbler. SiCl4 oxidized in the flame to give rise

to silica particles [29,30], which then grew by aggrega-

tion and vapor scavenging as they were transported and

deposited on the cylinder. Experiments were done for

different combinations of oxidizer, fuel and precursor

flow rates and heat flux and growth rate measurements

were performed. Static light scattering experiments were

also performed for the same set of conditions and the

results from the two techniques were compared.

2.2.2. Heat flux measurements

In Fig. 1, we show a schematic of the experimental

setup used to collect the heat flux data. The experimental

set-up consisted of a stainless steel cylinder, 800 long with

a 400 outside diameter and 0.500 wall thickness. A thin-

film heat flux sensor [31] manufactured by Vatell Cor-

poration was imbedded in the wall of the cylinder at the

mid-point. The top face of the sensor consisted of a thin-

film (	2 lm thick) deposited differential thermopile and
an independent thin-film resistive temperature sensor

(RTS). The diameter of the sensor was 0.2500 and was

mounted such that the active flat face was virtually flush

with the cylinder surface to minimize flow disruptions.

Flame temperatures exceeded 2000 K. However, since

the maximum service temperature of the sensor face was

600 �C, the sensor housing was water-cooled to maxi-
mize sensor life. The water temperature was maintained

at 23 �C by a Neslab water chilling unit. The SiCl4
bubbler temperature was maintained using a PID con-

troller. A high temperature baffle was attached to the

cylinder to serve as a shutter between the sensor and the

flame. This allowed the sensor to remain unexposed to

the flame between runs to ensure consistent initial

thermal conditions for each run and to allow removal of

the deposited soot from the previous run. To initiate a

run, the cylinder was rotated by a stepper motor from

the shuttered position to an orientation where the sensor

was positioned at the stagnation point of the flame. The

sensor remained at the stagnation position for approxi-

mately 5 s before the cylinder was rotated back to the

shuttered position. Simultaneous heat flux and sensor

face temperature data was acquired at a sampling rate of

1000 Hz by an IBM Think Pad lap-top computer using a

National Instruments 16 bit data acquisition card. The

shutter events are evident in the heat flux plots shown in

Fig. 2. This process was repeated for five flow conditions

for a burner to sensor distance of 500.

2.2.3. Soot deposition rate measurements

The same experimental set-up used to acquire heat

flux data was also used to collect soot deposition rates.

The conditions used for the heat flux experiment were

duplicated for the soot collection experiment. These in-

Heat 

Flux 

Sensor 

Target 

Deposit

Flame 

Soot 

Particles 

Burner 

CH4, O2

SiCl4 

Soot

Aggregates

Fig. 1. Experimental setup for heat flux and deposition rate

measurements.
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clude water cooling temperature, bubbler temperature,

burner to sensor distance and stepper motor angular

velocity. The soot collection experiments were per-

formed at a burner to sensor distance of 500. For this

experiment, the sensor was left in the stagnation position

of the flame for 10, 15, 20 and 30 s intervals respectively.

These exposure times were repeated for each set of

burner flow conditions. After each run when the sensor

was in the shuttered position, the soot deposited on the

sensor face during the exposed time was carefully re-

moved and the thickness measured and recorded to the

nearest thousandth of an inch. The entire surface sur-

rounding the sensor was then cleaned prior to the next

run. The soot deposition rates are shown in Fig. 3.

2.2.4. Temperature measurements

Temperature measurements were performed by direct

insertion of a B-type thermocouple in the flame at 500

from the burner. The measured temperatures were cor-

rected for radiation cooling using the procedure de-

scribed in Eisner and Rosner [20]. Considering that the

bead was spherical, a quasi-steady energy balance is

given as:

kg;eTgð2f1þ ðRePr=4ÞgÞ
dTC

1

1þ j
1

"
� TTC

Tg

� �1þj
#

¼ ewrBðT 4TC � T 4s Þ ð8Þ

where the left hand side represents convective heat flux

through a boundary layer with variable thermophysical

properties and the right hand side is the radiative flux. In

the above equation kg;e is the thermal conductivity of the
host gas mixture at the gas temperature, Tg, TTC and Ts
are the gas, thermocouple and surrounding temperature

respectively, dTC is the bead diameter, Re is the Reynolds
number calculated on the basis of thermocouple bead

diameter, Pr is the gas Prandtl number, j is the tem-
perature exponent with which the thermal conductivity

scales with temperature (j ¼ d ln kg;e=d ln Tg), ew is the
surface emissivity and rB is the Stefan–Boltzmann con-
stant. Eq. (8) was used iteratively to calculate the

radiation corrected gas temperature (Tg) from the

thermocouple (TTC) data.

2.2.5. Light scattering measurements

The silica soot particles generated in the flame were

analyzed by measuring the scattering intensities ob-

tained from their interaction with a polarized argon ion

(514 nm) laser. Part of the light beam produced by the

laser was passed through the flame and interacted with

the silica soot particles. Two detectors placed at 20�
(forward scatter) and 160� (backward scatter) recorded
the scattering intensities of the silica soot particles. The

ratio of the scattering intensities at these two comple-

mentary angles (often referred to as the method of dis-

symmetry ratio in the literature) turns out to be a

function of mean particle diameter only [32–35]. Laws

governing Mie scattering intensity [36] at angular posi-

tion h of a single particle of size dp, refractive index l
and for light wavelength k were used to calculate the
mean particle diameter from the ratio of the scattering

intensities at the two angles. The number density of the

suspended particles was estimated from the ratio of the

total scattered light measured to the theoretical scatter-

ing intensity expected from a single particle. In the

above calculations, we neglected multiple scattering

events and considered light scattering from N particles

to be sum of light scattered from individual particles.

Soot volume fraction estimates from static light
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Fig. 2. Heat flux measurements at the forward stagnation point

of a circular metal cylinder in cross-flow to a premix flame for
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scattering measurements were compared with the cor-

responding measurements from the heat flux method.

3. Results and discussion

In Fig. 2, we show the heat flux measurements on the

surface of the metal cylinder for five different flow rates.

The heat flux was seen to decrease rapidly initially and

then more gradually as a result of the growth of deposit

on the surface. For the purposes of integrating the flux

over time t > 6 s, the tail of the curves was extrapolated,
assuming that a sufficiently thick soot layer was already

deposited by then. The corresponding evolution of de-

posit thickness with time is shown in Fig. 3 (the units

‘‘mils’’ correspond to thousandths of an inch). The de-

posit thickness was plotted against the integral of heat

flux over time and such a plot yielded a straight line for

all the flow rates (Figs. 4–8), confirming thermophoresis

to be the dominant mechanism of soot deposition. The

slope of such a linear fit was used to estimate the soot

volume fraction in the flame and the calculated values

are reported in Table 2. These estimates were in very

good agreement with the earlier estimates of soot vol-

ume fraction in the OVD process (see e.g. [22,23]) and

the light scattering measurements described below. For
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each of the flow setups, the temperature in the flame at

500 from the burner was measured using a B-type ther-

mocouple and corrected for radiation cooling (Table 1).

The temperature dependent gas properties of ‘‘combus-

tion’’ gases were calculated using the following relations:

kg ¼ 1:62� 10�4ðT=1000Þ cal=cmsK

m ¼ 2:4ðT=1000Þ1:7 cm2=s
ð9Þ

The densities of soot particles and the soot layer were

taken to be 2.2 and 0.5 g/cm3 respectively. The soot mass

fraction, x, was estimated from the soot volume fraction
using the approximate relation:

x
1� x


/qp
qg

ð10Þ

where qg is the gas density. The soot number density, Np,
was calculated as:

Np ¼
6/
pd3p

ð11Þ

where the particle mean diameter, dp, was estimated
from light scattering experiments. The calculated soot

mass fraction and number density are reported in Table

2, where we also present the calculated number densities

for the different flow setups using light scattering ex-

periments. The two techniques gave soot number den-

sities, which were in good agreement with each other,

with the exception of flow setup 1.

Light scattering is a standard technique for getting

soot characteristics in soot-laden flows and flames.

However, the method presented here has some advan-

tages. The heat flux method presented here is rather

inexpensive compared to the light scattering method.

Moreover, light scattering is a difficult technique to use

close to a target since scattered light from the suspended

particles can be blocked by the target. This is precisely

the location where knowing soot volume fraction is

critical for ‘‘deposition efficiency’’ considerations. It is

also not always easy to set-up light scattering measure-

ments in most engineering systems of practical interest.

For calculating the soot volume fraction by the

technique outlined here, it is assumed that thermopho-

resis is the dominant mechanism of particle deposition.

However, for high loading systems, thermophoretic de-

position is somewhat coupled with the inertial deposi-

tion of particles [22,37]. The inertial contribution is due

to high particle mass loading [23] and not because of

particle Stokes number being greater than the critical

Stokes number [38]. Methods presented here will be re-

fined in future to include effects due to inertia for im-

proved estimates of soot volume fraction. In estimating

the particle deposition rates, we have considered that the

soot population with a particle size distribution can be

Table 2

Estimated values of soot volume fraction, soot mass fraction and soot number density from the slopes in Figs. 4–8

Flow setup Soot volume

fraction� 105
Soot mass

fraction

Soot number

density� 10�9 (#/cm3)
Soot mean diameter

(lm): light scattering
Soot number

density� 10�9 (#/cm3):
light scattering

1 9.94 0.55 23.73 0.194 3.96

2 4 0.287 9.549 0.215 6.06

3 1.5 0.17 3.58 0.272 3.89

4 1.33 0.129 3.174 0.175 5.55

5 1.655 0.163 3.95 0.201 4.68
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Fig. 8. Soot thickness vs. integral of heat flux over time for flow

setup 5.

Table 1

Temperature measurements in the flame at a distance of 500 from

the burner for different flow rates

Flow setup Radiation corrected

temperature (K)

1 2017

2 1618

3 2186

4 1791

5 1890
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represented by a volume-equivalent mean particle di-

ameter. The assumption is justified since the ther-

mophoretic diffusivity in the free-molecular regime is

insensitive to particle size and structure [25,39]. How-

ever, the particle size distribution will effect the inertial

contribution to the thermophoretic flux.

4. Conclusions

We have here presented a novel method to estimate

soot volume fraction, mass fraction and number density

in the gas stream from heat flux, mass deposition rate

and temperature measurements in systems where ther-

mophoresis is the dominant mechanism of deposition.

We have implemented this scheme to estimate the soot

volume fraction at 500 from the burner by measuring the

heat flux and deposition rate at the stagnation point on a

metal cylinder in cross-flow to a CH4/O2 premix flame.

For five sets of flow conditions, mass deposition rate was

seen to be linearly proportional to the heat flux con-

firming thermophoresis to be the dominant mechanism

of particle deposition. Soot volume fraction were cal-

culated from the slope of these linear fits. Light scat-

tering experiments for these flow conditions were also

performed and particle number densities and mean di-

ameter were estimated. The estimated values of soot

volume fraction, mass fraction and number density from

the heat flux measurements were in good agreement with

the ones obtained from light scattering experiments.
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