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Combustion Reactions in Silane-Air Flames
II. Counterflow Diffusion Flame
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A detailed chemical reaction scheme and a full set of governing equations for fluid dynamics were used to
elucidate the chemical and physical phenomena involved in a silane-air counterflow diffusion flame, where the fuel

and air issue from the lower and upper nozzles, respectively.

It was found that a stagnation surface, where the axial

velocities fall down to zero, is kept in a position slightly shifted to the upper side, dividing the system into two zones:
the upper air side and the lower fuel side; after leaving the nozzle silane begins to dissociate itself into SiHz and Hs
when it reaches the region of rising temperature; oxygen penetrates into the fuel side by diffusion and reacts with Hs

forming OH radicals and H atoms.

The produced SiHj is further dehydrogenated to SiO via HSiO; comparing

with premixed flames, the diffusion flames have large local equivalence ratios, so that the combustion reactions in

the latter flames occur through a different mechanism.

Opposite flow of gaseous fuel and air originates a
stagnation point at an intermediate position between the
two nozzles on the center line. The fuel and air are
mixed each other within a narrow region near the
stagnation point mainly due to diffusion and can hold
stably a diffusion flame as shown in Fig. 1 if the flow
velocities of the fuel and air do not exceed certain
critical values. The flame maintained in the stagnation
area is called a counterflow diffusion flame and has the
simplest structure among the various types of diffusion
flames.

Silane-air mixtures are very reactive and hence the
gas mixtures should be treated carefully to avoid even-
tual explosions. In diffusion flames, on the contrary,
the characteristic time of the diffusion process which
mixes the fuel and air is usually longer than that of the
chemical reactions, so that the former process controls
the rate of the whole combustion phenomenon. Diffu-
sion flames of silane are, therefore, preferred to pre-
mixed flames in both academic and industrial fields.

The mechanisms of chemical reactions occurring in
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diffusion flames, however, are not necessarily the same
as those in the corresponding premixed flames. This
investigation aims to elucidate the mechanism of com-
bustion reaction of a silane-air counterflow diffusion
flame and also its structure by means of computer
simulation.

Since diffusion flames have more complicated struc-
tures than premixed flames, their theoretical investiga-
tions have been predominantly based on the simple
model called Burke-Schumann flame sheet model.!
This model is constructed upon the following assump-
tions; (1) fuel and air react with a rate much larger than
their diffusion rates so that the reaction zone is thin
enough to be considered as a geometrical plane; (2) the
ratio between the diffusion rates of fuel and air into the
reaction zone equals the stoichiometry of the combus-
tion reaction of both components or, in other words, the
reaction zone is located at a position so that the above
condition is satisfied. The Burke-Schumann model
has been applied to various kinds of diffusion flames
and derived many useful results.2=®) However, most of
those researches have necessarily represented their com-
bustion reactions with overall reactions or replaced
them with correspondent exothermic processes to sim-
plify the analyzing algorithms.

The application of one-step reaction approximations
is not appropriate, in particular, for diffusion flames
where combustion reactions take place step by step such
as methane? and silane flames.8) A model containing a
full reaction scheme can describe precisely the reaction
mechanism and details of the flame structure such as the
distributions of temperature, reaction rates and chemi-
cal species.

Theoretical studies have been done on counterflow
diffusion flames by various workers;*19 in most of their
studies the flames are treated as hypothetical one-
dimensional flames by simulating only along the center
line. The one-dimensional treatment of such diffusion
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flames, however, is not satisfactory because the flames
do not strictly possess homogeneous structures along
any radial axis. Both full reaction scheme and detailed
fluid mechanics are included in the model used in this
investigation,

Simulation Model

The simulation model for the silane-air counterflow
diffusion flame treated here was formulated under the
same assumptions made in the previous work of this
series®) plus the additional condition of axial symmetry

of the flame. The governing equations can be written
as:
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where ¢ is the time, r and z the radial and axial distances,
u and v the radial and axial flow velocities; and A;, w;,
and @; are the enthalpy, the mass fraction and the
production rate due to chemical reactions of the i-th
species. The viscosity u, the thermal conductivity A
and the diffusion coefficient D of the components were
estimated, respectively, using Hirschfelder’s, Eucken’s,
and Hirschfelder’s approximated equations.! The
other thermodynamic data, including the equilibrium
constants were obtained from JANAF data.12

The partial differential equations were transformed
into the corresponding finite difference equations based
on the control-volume method.’® The resulting finite
difference equations were solved iteratively until time-
independent solutions were obtained.

The reaction scheme used in this investigation is the
same as that in the previous work, and composed of
forty-five pairs of elementary reactions among SiHy,
SiHs, SiHg, SiH:20, HSiO, SiO, SiOz, OH, H, O, HOq,
H202, H20, Hz, Os, and Na. Silicon dioxide is present
in the solid or liquid phase and hence the produced SiOg
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is assumed to disappear from the gaseous reaction sys-
tem; therefore the steps producing SiO: from SiO do not
have their reverse reactions. Nitrogen is assumed to be
inert and any NO, production reactions are not included
in the reaction scheme.

The following conditions were imposed on the system
as the boundary conditions:

1. A mixture of 5% of silane and 95% of nitrogen
and air issue in the opposite directions from lower and
upper nozzles, respectively, with uniform flow velocity
of 0.3 ms~! at 298 K. The two nozzles are 8 mm in
diameter, and located oppositely with a displacement of
10 mm.

2. Nitrogen flows with constant velocity of 0.3 ms™!
outside both nozzles in order to stabilize the flow of the
fuel and air.

3. The gradients of all dependent variables are zero
at the lateral boundaries.

Results and Discussion

Flame Structure. The combustion conditions given
above can provide a stable diffusion flame without any
turbulence nor vortexes.

Figure 2 shows the flow velocity and temperature
distributions over the whole calculation area. The
points where the axial flow velocity becomes zero define
the stagnation surface; on the center line, the stagnation
point is located at 5.4 mm above the fuel nozzle. The
axial velocity temporarily increases by about 0.05 ms™!
at the lower edge of the high-temperature region because
of the sharp temperature rise; the momentary increase in
the axial velocity observed at the edges of the high-
temperature region is characteristic of this type of diffu-
sion flames.1® The radial component of the flow veloc-
ity increases as the gas flows away from the nozzles and
becomes 0.61 ms~! at the lateral boundary.

The high-temperature region is confined into a fairly
narrow zone of about 2 mm wide and is unevenly
distributed to the side lower than the stagnation surface.
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Fig. 2. Distributions of the flow velocity and tempera-
ture. The two nozzles are 8 mm in diameter and
separated by a distance of 10 mm. The contour lines
of the temperature are drawn for every 250 K from
500 K to 2000 K.
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The temperature reaches about 2000 K, which is the
highest temperature in this flame, at 4.0 mm in height on
the center line; the maximum value is much lower than
that found in premixed flames® due to the excess dilu-
tion of the combustion gas with nitrogen. The aver-
aged temperature gradient in the axial direction is about
1420 K mm™! at the lower side and larger than that at
the upper side suggesting that exothermic reactions
occur intensely at the lower side. The radial gradients
of the temperature are almost zero within the cylindrical
region between the nozzles.

The concentrations of the reactants and products are
shown with contour lines in Fig. 3. As described above
silicon dioxide is assumed to exist in the condensed
states and is removed out from the gaseous reaction
system. Its amount should be expressed with the
number and the size of deposited silicon dioxide parti-
cles but it is expressed here, for convenience’ sake, with
the mole fraction defined as the molar concentration
over the total molar concentration of the gaseous
components.

The fuel and oxygen are both exhausted at about 4
mm in height. The following two points should be
noted on their profiles; (1) oxygen penetrates deeply into
the lower side across the stagnation surface; (2) a gap of
about 0.2 mm wide is observed between the disappear-
ing positions of the fuel and oxygen even on the center
line and such a displacement is much wider than the
reaction zone of silane-air premixed flames.8)

The location and thickness of the fuel-and-air mixing
region depend on the chemical and transport properties
of the gases such as reactivity and diffusivity. The
binary diffusion coefficient between oxygen and nitro-
gen is about 1.6X1074 m2s~! at 1000 K, for instance, and
about 1.6 times as large as that between silane and

Fig. 3.
tions.
to four values of equal intervals from the minimum to

Distributions of the stable species mole frac-
The contour lines for each species correspond

the maximum mole fraction (Xmax). The mole frac-
tions of SiHs (xmax=5.0X1072) and Oz (xXmax=2.1X
1071) are shown in the left half of the figure, and those
of SiOz (Xmax=1.3X10"1) and H20 (xmax=4.5X102)
are shown in the right half with the solid and the
dashed lines, respectively.
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nitrogen. The diffusional flux of oxygen overwhelms
that of silane and this species penetrates into the lower
side transgressing the stagnation surface. In a hydro-
gen—air counterflow diffusion flame, on the contrary,
hydrogen enters deeply into the air side over the stagna-
tion surface.l® Hereafter the regions below and above
the stagnation surface will be called fuel side and air
side, respectively.

As for the second point, the empty region of both fuel
and air indicates that the Burke-Schumann assumption
of the diffusion-rate ratio equal to the stoichiometry of
reaction between the two components is not valid in this
flame and that the fuel and oxygen do not directly react
each other.

Silicon dioxide is present in a narrow region lying
between the stagnation surface and the fuel-and-
oxidizer exhaustion layer; the confinement suggests that
the SiO2 formation occurs just below the stagnation
surface and, in addition, the species is carried by the
upstream flow toward the stagnation surface. The
other final product, water, however, extends widely due
to its movability.

Figure 4 shows the distributions of silicon-containing
intermediate species having important roles. The rest
three species are present in small amounts. The maxi-
mum mole fractions are 2.9X102 for SiHs, 6.9X10~4 for
SiH20, and 2.1X10-5 for HSiO; the amounts of the last
two species, in particular, are more than 100 times as
small as those in the premixed flame. The presence of
this group of species is concentrated in the fuel side,
while SiH20 and HSiO are distributed in regions with
radius larger than 6 mm.

The hydrogen—oxygen-containing species, however,
extend over fairly wide regions even in the air side
crossing over the stagnation surface as shown in Fig. 5.
Hydroperoxyl radicals distribute mainly in the region
above the stagnation surface though the amount is much
smaller than the three active species OH, H, and O.

Fig. 4. Distributions of the mole fractions of silicon-
containing intermediate species. The four contour
lines are defined as those in Fig. 3. The mole frac-

tion of SiHp (Xmax=8.9X10-3) is shown in the left half
and that of SiO (Xmax=4.1X10-3) in the right half.
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Fig. 5. Distributions of the mole fractions of hydro-
gen—oxygen-containing intermediate species. The
four contour lines are defined as those in Fig. 3. The
mole fractions of OH (xmax=3.4X10-3) and O
(%max=1.9X10-8) are shown with the solid and dashed
lines, respectively, in the left half and those of Ha
(Xmax=8.3X10-3), H (¥mn=1.9X1078), and HO:
(Xmax=2.0>X10-5) are shown with the dotted, solid and
dashed lines, respectively, in the right half of the
figure.

According to Figs. 4 and 5 the silicon-containing and
hydrogen-oxygen-containing species are present in two
regions clearly divided at about 4 mm in height, which
just coincides with the exhaustion zone of the fuel and
air suggesting that the reactions of silicon-containing
species and those of hydrogen-oxygen-containing spe-
cies take place separately in the fuel and the air sides,
respectively.

Combustion Reaction. Figure 6 shows the distribu-
tions of the predominant reactions occurring at the early
silane combustion and the species participating in that
step. Silane is dehydrogenated by hydrogen atoms at a
height as low as 3.5 mm through reaction

SiHs+H — SiHz + Ho, (R25)

and the produced SiHs further reacts also with hydrogen
atoms through reaction

SiHs +H — SiHz + Ho. (R28)

About 359% of SiH, is transformed into SiH2 by the
above pair of reactions even at very low positions of the
fuel side, where the temperature is about 1400 K. The
rest of the fuel is directly decomposed to SiHz by
reaction

SiH,— SiHz+ H: (R22)

in a region located 0.2 mm above that for reactions
(R25) and (R28). It is noticeable that the reactions
converting SiHs to SiHs do not require Oz or any
oxygen-containing species.

Figure 7 shows the distributions of the other silicon-
containing species and the reactions yielding the prod-
ucts up to SiO2. The SiH: formed by either of the
above reaction pathways is oxidized through
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SiH; + O —> HSiO+ OH. (R32)

Then, the produced HSiO is immediately dehydrogen-
ated by reactions

HSiO+H—SiO + Hz (R39)
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Fig. 6. In the left-hand side: distributions of SiH
(lower solid contour line for the mole fraction of
x=9.0X10-3), SiHs (dotted line, x=5.9X10—*), SiHz
(dashed line, x=1.8X10-8), and Oz (upper solid line,
x=3.9X102); in the right-hand side: distributions of
reactions (R22) (solid contour line for the reaction
rate of ¢=57 molm—3s71), (R25) (dotted line, ¢=43
molm—3s-1), and (R28) (dashed line, ¢=33 mol
m—3s-1). The reaction numbers correspond to those
in the text. The mole fractions and the reaction
rates designated by the contour lines are 80% of the
corresponding maximum values.
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Fig. 7. In the left-hand side: distributions of SiH:

(dashed line, x=1.8X10-3), HSiO (dotted line,
x=4.3X10-8), SiO (dotted-dashed line, x=8.2X10—4),
and SiOs (solid line, x=2.7X10-2); in the right-hand
side: distributions of reactions (R32) (dotted line,
=66 molm—3s~1), (R38) and (R44) (the two dotted-
dashed lines, for ¢=23 molm—3s~! and ¢=29 mol
m~—3s~1 respectively, lie upon each other), (R39)
(dashed line, ¢=34 molm—3s1), and (R45) (solid
line, ¢=39 molm—3s71).
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or

HSiO+M—SiO+H+ M. (R38)

According to Fig .7 the SiO-producing reactions are
intensely activated from about 4 mm in height but the
produced SiO appears even at 3 mm on the center line.
The conservation equation of chemical species requires,
in the steady state, that each species must keep the
balance among the five terms of Eq. 5, that is, axial and
radial convection and diffusion, and reaction terms;
only one steady state should be realized due to given
boundary conditions but independently of initial condi-
tions. Silicon monoxide in the mesh located at 3 mm
in height and on the center line, for instance, increases
with a rate of 1.9X107! mol m—2s~! by diffusion in the
axial direction, decreases with a rate of 1.6X10~1 mol
m™3s~! by axial convection and is compensated with the
other three terms. The reaction term is negligible as
described above, and the two radial terms, particularly
radial diffusion, are also small.

The final oxidation predominantly consists of reactions

SiO+OH —Si0:+ H (R44)
and

Si0+ 02— SiO2+ 0. (R45)

The former reaction occurs in lower positions.

Consequently SiHy is oxidized step by step according
to the sequence SiHs;—»SiHs—>HSiO—Si0O—-Si0;g; the
first step is composed of two routes, the direct dehy-
drogenation and the route via SiHa.

The hydrogen—oxygen-containing species required by
the above reactions as reactants are hydrogen atoms at
the early stages, hydroxyl radicals at the final stage and
oxygen at the middle and final stages. Those species
and the main reactions related to them are shown in Fig.
8. The comparison of Figs. 7 and 8 indicates that the
reactions among the hydrogen-oxygen-containing spe-
cies take place at higher positions than those occurring
among the silicon-containing species.

Hydrogen liberated by reaction (R22) reacts with
oxygen at positions higher than 4 mm by reactions

O+Hs— OH+H (R3)

and

H+0O;— OH +O0. (R2)

These are the predominant chain-branching reactions
which are of great importance in almost all flames of
hydrogen-containing fuel, and produce hydroxyl radi-
cals with exponentially increasing rate. The hydroxyl
radicals oxidize hydrogen to water and further produce
hydrogen atoms by reaction

OH+H;— H+ H:0. (R5)
Reactions (R2) and
OH+OH—0+H:0 (R4)

proceed backward between 4 and 4.5 mm in height.

Combustion Reactions in Silane Flames 11
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Fig. 8. Inthe left-hand side: distributions of Hz (lower
solid line, x=1.7X10-3), H (dashed line, x=3.8X107%),
OH (dotted line, x=6.2X10—%), H2O (dotted-dashed
line, x=8.9X10-3), and Oz (upper solid line, x=
3.9X1072); in the right-hand side: distributions of
reactions (R2) (upper dashed line, ¢=66 mol m—3s~1
for forward reaction and lower dashed line, ¢=18
mol m—3s~1 for backward reaction), (R3) (dotted line,
©=18 molm—3s~1), and (RS) (solid line, ¢=39 mol
m—3s1).

Oxygen and hydroxyl radicals are produced so that their
insufficient supply to the lower region is compensated
by those reactions. Hydrogen atoms are produced at
heights above 4 mm and diffuse toward lower positions
because of their large diffusion coefficient and are con-
sumed by reactions (R25) and (R28).

In the previous paper on the combustion mechanism
of silane-air premixed flames® two different pathways
between SiHs and HSiO have been reported under a
wide range of equivalence ratios: SiHs—»SiHsz—
SiH,O—HSi0, which proceeds in low-temperature
regions, and SiHs—SiH>—HSiO, occurring at high
temperatures. These two routes can be clearly distin-
guished by the parameters of temperature and equival-
ence ratio. Hydroxyl radicals are the most important
oxidizer in those pathways and in the former mecha-
nism, in particular, they promote the dehydrogenation

SiHs+ OH — SiHs + H20 (R27)
and

SiHz + Os—> SiH20 + OH (R31)
with the cooperation of oxygen. The direct dehydrogen-

ation of SiH4 to SiH: by reaction (R22) is not acceler-
ated until about 2000 K.

The two dehydrogenation pathways of SiH4 are also
observed in the counterflow diffusion flame; however,
the one via SiHs does not proceed toward SiHz20 and, in
addition, the reaction partners of SiH, and SiHs are
hydrogen atoms instead of hydroxyl radicals. The
main reason for those differences is that the local equi-
valence ratio in the region where the silicon-containing
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species reactions occur is remarkably small in the diffu-
sion flame so that SiHs is not oxidized into SiH20.

Conclusions

A silane-air counterflow diffusion flame was simu-
lated using a detailed reaction scheme and complete
fluid-dynamic governing equations, and the following
conclusions were obtained:

(1) Oxygen which issues from the upper nozzle
transgresses the stagnation surface, and hence reaction
zone is formed in the fuel side. The temperature
becomes maximum near the fuel-side edge of the reac-
tion zone. Silane is preferentially oxidized in the fuel
side of the reaction zone, and then the liberated hydro-
gen is oxidized producing active species necessary for
silane combustion such as hydroxyl radicals and hydro-
gen atoms.

(2) Silane reacts through the sequence: SiHs—SiHs—
HSiO—SiO—Si0z. The first step is composed of two
alternative routes: the direct dehydrogenation of SiH, to
SiHz and the route SiHs;—SiH3—SiHs; the direct
hydrogenation is predominant though the activation
energy of unimolecular dissociation (R22) is much
larger than the initiation reaction of the indirect dehy-
drogenation. In the premixed flames a large variety of
species are present even at early stages of the reactions,
but in the diffusion flame the initiation reaction, in
particular, inevitably proceed in the state of insufficient
oxygen-containing species relatively to premixed flames.
The fuel oxidation up to silicon dioxide, therefore,
occurs only in small amounts in the fuel side.
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