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Abstract

Temperatures and concentrations of OH radicals in silica generating counterflow oxy-hydrogen diffusion flames are
measured using a broadband coherent anti-Stokes Raman spectroscopy (CARS) and a planar laser induced fluores-
cence (PLIF) techniques to study thermo-chemical effects of SiCly addition to flames. Numerical analysis considering
detailed chemical reactions including silica generating reactions is also conducted. The experimental results demonstrate
that temperatures decrease in preheated zone due to the increase in specific heat of the gas mixture while the decrease is
mitigated in particle formation zone due to the heat release through hydrolysis and oxidation reactions of SiCly. Also,
OH concentrations significantly decrease in silica formation flame, which can be attributed to the consumption of oxi-
dative radicals during the silica generating reactions of SiCl, and depletion of OH by HCI. The numerical simulation
agrees well for flames having relatively low flame temperatures of 1750 K but underestimates the decrease in OH con-
centration for high temperature flame over 2700 K. The disagreement for the high temperature flames would imply pos-
sible OH consumption via direct reactions between OH radicals and silicon chlorides, which is expected to be highly
sensitive to temperature.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction standing of silica formation in a flame is rather limited

due to lack of knowledge in chemistry of silicon chlo-

Flame aerosol synthesis or flame hydrolysis deposi-
tion (FHD) using silicon tetrachloride (SiCly) and
oxy-hydrogen flame is one of the most practical and fre-
quently adopted method to produce high quality silica
particles or planar waveguides [1,2]. However, under-
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rides and experimental difficulty in the measurement
for particle existing flames. Moreover, effect of dopant
addition and aerosol formation on a flame has not been
systematically investigated even though formation and
growth of particles are highly coupled with temperatures
and species concentrations in a flame [3].

Although previous analyses on silica formation fre-
quently omitted changes of flame structure caused by
dopant addition and particle formation [4], some exper-
imental results have revealed that the effect of dopant
addition and aerosol formation on flame structure
should not be neglected [5,6]. Recently, Hwang et al.
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[6] measured temperatures and OH radicals in silica
generating coflow diffusion flames using coherent anti-
Stokes Raman scattering (CARS) and laser induced flu-
orescence techniques, respectively. The result was that
even small amount of SiCl, addition could change ther-
mo-chemical structure of a flame significantly. Under-
standing of interaction between flame and particle
growth is important for the controlled formation of
nanoparticles in flames [7].

Motivated by this, the present study measures tem-
peratures and concentrations of OH radicals in silica
generating counterflow oxy-hydrogen diffusion flames
to study thermo-chemical effects of SiCl, addition to
flames. Numerical analysis with detailed chemistry
including silica generating reactions from SiCly is also
conducted to model both flame and particle generation.

2. Experiment and numerical analysis

A counterflow burner consists of a pair of rectangu-
lar nozzles having 12.7 X 63.5mm cross section and
15.0mm separation distance whose configuration is
shown in Fig. 1 [8]. Either H,/N,/SiCl; mixtures or
H,/N, mixtures are supplied through the lower nozzle
and O,/N, mixtures are supplied through the upper noz-
zle, respectively, to form planar oxy-hydrogen diffusion
flames with or without particle generation. Two pairs
of cases having different flame temperatures are tested
to investigate temperature effect on particle genera-
tion. In each case, flame characteristics with SiCl, addi-
tion in fuel stream is compared with those without SiCly.
In the low temperature case without particle generation,
hydrogen and nitrogen are supplied through the lower
fuel nozzle at the flow rate of 1.0 and 3.0liter per minute
(Ipm) and oxygen and nitrogen at the flow rate of 0.7
and 3.0lpm through the upper oxidizer nozzle, respec-
tively. For the high temperature case without particle
generation, both hydrogen and nitrogen are supplied

Oxidizer

Hz+ N2 X

SiCly

Fuel + Precursor

Fig. 1. Schematic of counterflow burner.

through the fuel nozzle at the flow rate of 2.0lpm and,
through the oxidizer nozzle, oxygen and nitrogen at
the flow rate of 1.4 and 1.11pm, respectively. In case with
particle generation, 0.11pm of SiCl, vapor is added to
fuel mixture instead of the same amount of nitrogen.
The flow conditions for the cases tested are shown in
Table 1.

The present study adopts a broadband coherent anti-
Stokes Raman spectroscopy (CARS) from nitrogen to
measure temperature [6], which is appropriate for meas-
uring temperatures in silica generating flames since the
signal efficiency is high and the corresponding Raman
shift of nitrogen can be effectively isolated from those
of other species and silica particles [9,10]. The CARS
system adopts a folded box-type optical geometry [11]
and corresponding measuring volume has about 25um
diameter and 0.5mm length. A Q-switched Nd:YAG
laser (Spectra Physics, GCR-150) is used as a pump laser
which emits 10 Hz pulsed laser beam with 532nm wave-
length, 7ns duration, lem™! line width, and 250mJ
energy per pulse. A modeless dye laser emits Stokes
beam having 100cm ™! bandwidth, 607 nm mean wave-
length, and 15mlJ energy per pulse. Signal detection part
consists of a monochromator (Acton, AMS510; 1200
gv/mm) and an optical multi-channel analyzer (OMA;
Princeton Instruments, IRY-700G/RB), having lem™!
resolution. Experimental detail for the CARS measure-
ment is described in Hwang et al. [6].

Concentrations of OH radicals have been measured
qualitatively by using a PLIF technique [12]. For the
excitation of OH radical, Q(6) line of 282.95nm with
A?X* — X*I1(1,0) transition is adopted since this has
been reported to result in the weakest temperature
dependence of the fluorescence signal across the flame
field of view, [13,14]. An optical system comprising a
Nd:YAG laser (Continuum, PL8000), a dye laser (Con-
tinuum, ND6000), and a frequency doubler (Contin-
uum, UVT) generates an incident laser sheet beam of
15mm x 300 um size having 10ns duration, 1cm™! line
width, and 10’ W/cm?cm™"! spectral intensity which is
relatively high compared to saturation intensity for
OH excitation [10]. An ICCD camera (Princeton Instru-
ment, ICCD-576) with 576 x 384 pixels equipped with

Table 1
Flow rates for the tested cases (units in liter per minute at 298 K
and 1bar)

Case Upper nozzle Lower nozzle

H, N» SiCly 0, N»
1 1.0 3.0 0 0.7 3.0
11 1.0 2.9 0.1 0.7 3.0
111 2.0 2.0 0 1.4 1.1
v 2.0 1.9 0.1 1.4 1.1
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WG 305 and UG 11 filters detects fluorescence signals.
Light scattering from silica particles has been monitored
to visualize silica particles by using 532nm planar laser
sheet beam from the Nd:YAG laser and the ICCD cam-
era as a light source and a detector, respectively.

Numerical calculations were conducted to model sil-
ica generation and possible changes in flame structure
with the silica generation. Reaction mechanism consists
of 19 species and 43 reaction steps including 19 oxy-
hydrogen reactions [15] and 19 reactions related to chlo-
rinated species [16] as well as silica formation reactions
via oxidation [17] and hydrolysis [18] of SiCly, as listed
in Table 2. Governing equations and numerical schemes
have been presented in Lee and Chung [19] and Smooke
[20]. The effects of thermal diffusion, viscous dissipation,
and thermal radiation were neglected and a uniform
flow at the nozzle exit was assumed. Thermodynamic
and transport properties are calculated using
CHEMKIN II [21] and TRANSPORT PACKAGES
[22].

3. Results and discussions
3.1. Effect of SiCl, addition on flame structure

Fig. 2 shows the measured profiles of temperatures,
T, and OH fluorescence signals for the lower flame tem-
perature cases with and without SiCly as a function of
distance from fuel nozzle, Z. The cases are denoted
respectively as case II and case I in Table 1. Scattering
signals from silica particles for case II is also shown in
Fig. 2. The maximum temperature for case I is about
1750K at Z ~ 8mm and this is similar to case II. How-
ever, closer examination of Fig. 2 shows that, when
small amount of SiCly is added to flame (case II), tem-
perature decreases slightly in preheated zone of
2 <Z <6 compared to the flame without SiCly (case
I), while, in particle zone of 6 < Z < §, the temperature
decrease is mitigated having steeper increasing rate so
that the maximum temperature of the cases I and II
are nearly the same. Also, it can be clearly seen that
the OH fluorescence signal decreases significantly with
SiCl, addition.

This result is qualitatively consistent with the previ-
ous results for coflow diffusion flames [5,6]. Hwang
et al. [6] have measured temperatures in coflow oxy-
hydrogen diffusion flames with and without SiCl, addi-
tion and they have shown that temperatures decrease
in non-reacting preheated zone while they increase in
particle formation zone. The previous work suggested
that the temperature decrease in preheated zone and
their increase in particle formation zone would be due
to the increases in both specific heat and density of the
gas mixture in preheated zone and heat release through
hydrolysis and oxidation reactions of SiCly in particle

formation zone, respectively [6]. Hwang et al. [6] have
also shown that concentrations of OH radicals decrease
in particle formation zones and attributed the OH de-
crease to the consumption of oxidative radicals during
the silica generating reactions of SiCl, and the depletion
of OH by HCL

In order to study systematically the effect of SiCly
addition and silica generation on flame structure,
numerical analysis has been conducted. The present cal-
culation adopted the detailed chemical mechanism based
on oxy-hydrogen reactions of Mass and Warnatz [15].
Reactions for silica formation via oxidation [17] and
hydrolysis [18] of SiCl, is modeled as

SiCly + H,O = SiOCl, + products (1)
SiCly + O, = SiO,Cl; + products (2)
SiOCl, + H,O = SiO, + products (3)
Si0,Cl; = SiO; + products (4)
Si0, = Si0x(S) (5)

where the rate of reactions (3) and (4) for the intermedi-
ate species and phase transition of silicon dioxides (5)
between gas (Si0,) and solid (SiO,(S)) are assumed suf-
ficiently fast such that the controlling reactions for the
SiO, generation are reactions (1) and (2) and the phase
transition maintains equilibrium state controlled by tem-
perature. Reactions related to chlorinated species sug-
gested by Ho et al. [16] are also added to the scheme.
The kinetic model is given in Table 2. The present model
does not include aerosol dynamics for the growth of the
silica particles even though the silicon oxides generated
from reactions (1)—(5) would not remain as monomers.
Further modeling for aerosol dynamics of the silica par-
ticles should be a future study.

Calculated temperatures and OH concentrations for
cases I and II are compared with the experimental re-
sults in Fig. 3, demonstrating that the present model suc-
cessfully predicts temperatures and OH concentrations
for both flames with and without SiCl;. Numerical anal-
ysis reveals that the temperature decrease with SiCly
addition in the preheated zone is mainly due to the in-
crease in specific heat of the gas mixture. On the other
hand, the increase of the temperature gradient in the
particle formation zone results from the exothermic
reactions (1)—(5) where the release of latent heat during
phase transition of SiO, vapor to particle is most impor-
tant considering that the temperature of the particle
zone is sufficiently small compared to the boiling tem-
perature of SiO,. Also, sensitivity analysis demonstrated
that the decrease of OH concentration is owing to HCI
generated during hydrolysis of SiCl,; which depletes
OH radicals via
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Table 2

Rate constants used to model chemical reactions (units in kJ, mol, K, s, cm)

No. Reaction k = BT"exp(—E/RT)

B n E
H>/0; reactions
1 0O, +H=0H+O0 2.00E + 14 0.0 70.3
2 H,+O=0OH+H 5.06E + 04 2.7 26.3
3 H,+OH=H,0+H 1.00E + 08 1.6 13.8
4 OH+OH=H,0+0 1.50E + 09 1.1 0.4
5 H+H+M=H,+M 1.80E + 18 -1.0 0.0
6 H+OH+M=H,0+M 2.20E + 22 -2.0 0.0
7 O0+0+M=0,+M 2.90E + 17 -1.0 0.0
8 H+0,+M=HO,+M 2.30E + 18 -0.8 0.0
9 HO, + H=OH + OH 1.50E + 14 0.0 4.2
10 HO,+H=H,+ 0, 2.50E + 13 0.0 2.9
11 HO,+H=H,0+O0 3.00E + 13 0.0 7.2
12 HO,+O0O=0H+ 0O, 1.80E + 13 0.0 —-1.7
13 HO, + OH = H,O + O, 6.00E + 13 0.0 0.0
14 HO, + HO, = H,0, + O, 2.50E + 11 0.0 —-5.2
15 OH + OH + M=H,0, + M 3.25E + 22 -2.0 0.0
16 H,0, + H = H, + HO, 1.70E + 12 0.0 15.7
17 H,0, + H=H,0 + OH 1.00E + 13 0.0 15.0
18 H,0, + O =0H + HO, 2.80E + 13 0.0 26.8
19 H,0, + OH = H,O + HO, S5.40E + 12 0.0 4.2
Silica generating reactions
20 SiCly + H,O = SiOCl, + products 1.00E + 12 0.0 1214
21 SiCl, + O, = SiO,Cl; + products 3.10E + 19 0.0 400.0
22 SiOCl, + H,O = SiO, + products Fast
23 Si0,Cl; = SiO, + products Fast
24 SiO, = SiO4(S) Fast
Chlorinated species reactions
25 H+Cl+M=HCI+M 5.30E + 21 -2.0 -8.3
26 Cl+Cl+M=ClL+M 3.34E + 14 0.0 -7.5
27 Cl+ HO, = HCl + O, 1.08E + 13 0.0 -1.4
28 Cl + HO, = CIO + OH 247E + 13 0.0 3.7
29 Cl + H,O, = HCI + HO, 6.62E + 12 0.0 8.1
30 Cl+ HOCI = Cl, + OH 1.81E + 12 0.0 1.1
31 ClIO+0=Cl+0, 9.70E + 12 0.0 2.1
32 ClO + H, = HOCl + H 6.03E + 11 0.0 58.8
33 HOCI = Cl + OH 1.76E + 20 -3.0 236.3
34 HOCI=H + CIO 8.12E + 14 -2.1 390.3
35 HOCI + H = HCl + OH 9.55E+ 13 0.0 31.8
36 HOCI + O =0OH + CIO 6.03E + 12 0.0 18.2
37 HOCI + OH = H,0 + CIO 1.81E + 12 0.0 4.1
38 HOCI + Cl = HCl1 + CIO 7.28E + 12 0.0 0.4
39 HCl+ H=H, + Cl 1.69E + 13 0.0 17.2
40 HCI+O=0OH + Cl 5.24E + 12 0.0 26.7
41 HCI + OH = Cl + H,O 245E + 12 0.0 4.6
42 Cl, + H=HCIl + Cl 8.59E + 13 0.0 4.9
43 Cl,+O=Cl+ClO 251E+12 0.0 11.3
HCl+OH=Cl+H,0 (6) model. Fig. 4 shows the profiles of measured and

Flames having extremely high flame temperatures are
also investigated both experimentally and numerically in
order to verify temperature dependency of the present

calculated temperatures and OH concentrations for
cases III and IV. The result demonstrates that these
cases have extremely high flame temperature over
2700K and that the present model underestimates the
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Fig. 2. Distributions of measured temperatures, OH fluores-
cence signals, and SiO, scattering signals for cases I (hollow
symbols) and II (solid symbols).
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Fig. 3. Measured (symbols) and calculated (lines) profiles of
temperatures and OH concentrations. Hollow symbols and
solid lines represent case I and solid symbols and dotted lines
represent case II, respectively.

decrease in OH concentration with SiCl, addition. The
disagreement for the high temperature flames implies
possible OH consumption via direct reactions between
OH radicals and silicon chlorides, which is expected to
be highly sensitive to temperature.

3.2. Characteristics of silica particle generation

In order to examine the characteristics of silica gener-
ation with respect to flame structure, the calculated pro-
files of temperature, 7, particle velocity, U,, SiO,
scattering signal, Qvv, and the formation rate of
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Fig. 4. Measured (symbols) and calculated (lines) profiles of
temperatures and OH concentrations. Hollow symbols and
solid lines represent case III and solid symbols and dotted lines
represent case 1V, respectively.
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Fig. 5. Distributions of (a) particle velocity and temperature
and (b) SiO, scattering signal and silica formation rate for case
II.

SiOx(S), Rsio,, for case II are shown in Fig. 5. Here
the particle velocity is determined from gas velocity
and thermophoretic velocity assuming the free molecu-
lar regime for particles [23,24].

Fig. 5a shows the flame structure of case II. The par-
ticle stagnation plane is located at Z = 6.3mm and the
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flame is located in the oxidizer side of the stagnation
plane near Z ~ 8§mm. As shown in Fig. 5b, formation
of SiO, mainly occurs between the flame and the stagna-
tion plane (6 < Z < 8.5mm) where temperature ranges
from 1200K to 1750K. Generated SiO, monomers
coagulate each other moving to stagnation plane so that
both the mass concentration and average sizes of the
aggregates increase approaching stagnation plane.
Therefore, the scattering signal of silica particles show
skewed aspects from the flame to the stagnation having
maximum value at the particle stagnation plane.

Fig. 6 shows the flame structure and characteristics of
particle formation for the high temperature flame (case
1V), which are quite different from those of the low tem-
perature flame (case II). Even though the locations of
the particle stagnation plane (Z = 6.4mm) and the flame
(Z =~ 8mm) are nearly the same with case II, tempera-
tures at the stagnation and flame are over 1000 K higher
than those of case II.

More drastic difference appears in characteristics of
silica formation. Silica formation occurs in fuel side of
the stagnation plane due to elevated temperature in the
preheated zone. Consequently, generated particles are
transported towards high temperature region undergo-
ing particle growth so that the profile of scattering signal
is inversely skewed compared to case II. Moreover, the
formation rate has double peaks; the low temperature
peak would be attributed to the silica formation by
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Fig. 6. Distributions of (a) particle velocity and temperature
and (b) SiO, scattering signal and silica formation rate for case
Iv.

hydrolysis of SiCl, and the high temperature peak would
be resulted from oxidation of SiCly. Considering that sil-
ica formation in this high temperature flame mainly oc-
curs via oxidation close to the flame, the
underestimation of OH decrease mentioned above in
Fig. 4 might be owing to the consumption of OH radi-
cals during oxidation of silicon chlorides by at high tem-
perature region, which has not been considered in the
present modeling.

Interestingly, the scattering signal decreases before
the particles reach stagnation plane at Z = 6.2 mm where
temperature is about 2300 K. This is consistent with the
numerical result considering that the calculated silica
formation rate decreases rapidly at Z =15.9 and has al-
most zero at Z = 6.2 where the scattering signal starts
to decrease. The decrease of scattering signal can be
partly responsible to the decrease of scattering cross sec-
tions of silica aggregates by sintering process since the
rate of sintering process increases fast with temperature.
Future studies on aerosol dynamics considering sinter-
ing effect are needed to identify the present result for
the high temperature flame.

4. Concluding remarks

Temperatures and concentrations of OH radicals in
silica generating counterflow oxy-hydrogen diffusion
flames are measured using a broadband CARS and a
PLIF techniques to study thermo-chemical effects of
SiCly addition to flames. Numerical analysis considering
detailed chemical reactions including silica generating
reactions is also conducted. The experimental results
demonstrate that temperatures decrease in preheated
zone due to the increase in specific heat of the gas mix-
ture while the decrease is mitigated in particle formation
zone due to the heat release through hydrolysis and oxi-
dation reactions of SiCly. Also, OH concentrations sig-
nificantly decrease in silica formation flame, which can
be attributed to the consumption of oxidative radicals
during the silica generating reactions of SiCly and the
depletion of OH by HCI. The numerical simulation
agrees well for flames having relatively low flame tem-
peratures of 1750K but underestimates the decrease in
OH concentration for high temperature flame over
2700K. The disagreement for the high temperature
flames would imply possible OH consumption via direct
reactions between OH radicals and silicon chlorides,
which is expected to be highly sensitive to temperature.
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