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Abstract

The effect of silane addition on the laminar flame speed (SY) of flames propagat-
ing in hydrogen-nitrous oxide-argon mixtures has been investigated experimentally
for the first time using the spherically expanding flame technique in a constant
volume combustion chamber. Replacing hydrogen by silane and maintaining the
equivalence ratio constant, much higher flame speeds, explosion peak pressures, and
pressure rise coefficients were measured. A previously developed detailed reaction
model has been updated based on ab initio thermodynamic properties calculations
and collision limit violation analysis. The improved reaction model demonstrates
encouraging performance in predicting the flame speed, with a mean absolute er-
ror below 11%. To explain the effect of silane addition on the flame dynamics, a
number of parameters have been calculated including OH and H rate of production,
heat release rate per reaction, and sensitivity coefficient on S9. The dynamics of
freely propagating flames in SiH4-Hy-NoO-Ar mixtures is essentially controlled by
reactions of the H-O-N chemical system: NoO+H=N,4+OH, OH+Hy;=H,O+H, and
NyO(4+M)=Ny+0O(+M). Whereas silane addition does not influence much the rate of
production of OH, it significantly modifies that of H with a number of pyrolytic chem-
ical pathways of silicon hydrides, such as SiH+Hy;=SiHs+H and Si+Hs;=SiH+H,
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which act as sink of H atom as they proceed in the backward direction. The reactions
forming SiO(s) and SiOs(s), such as SiO+OH=Si04(s)+H and 2S5i0=2SiO(s), are
exothermic and significantly contribute to the temperature increase. The adiabatic,
constant pressure flame temperature for mixture containing silane is significantly
higher, up to several 100’s K. The increase of SY induced by silane addition seems
to be mostly related to the large increase of the flame temperature which leads to
higher energy release rate.

Key words: Silane, Hydrogen, Flame speed, Expanding flame




1. Introduction

Accidental combustion events involving silane-oxydant mixtures, such as silane-
air/oxygen or silane-nitrous oxide, have been reported for example by Hirano [1].
Although the pyrophoric behavior of silane (SiH,) makes its handling very hazardous
[2], it is commonly used as a source of silicon atom to form solid protective layers of
SiO9 onto semi-conductor components [3, 4]. Silane is also a potential additive for

high-speed propulsion applications [5-7].

Although the combustion properties of silane-air/oxygen mixtures are not di-
rectly within the scope of the present paper, we note that they have been investi-
gated in a number of previous studies: (i) the study of spontaneous ignition [2, 3, §];
(ii) the measurement of the laminar flame speed and flammability limits [9]; and
(iii) the measurement of ignition delay-time in shock tube for diluted SiH4-O9 [10]

and SiH4-Hydrocarbon Fuel-Oq [5-7, 11] blends.

Concerning mixtures containing silane and nitrous oxide, many studies have been
focused on high-temperature chemical kinetics under high-dilution conditions. Mick
and Roth [12] employed direct absorption spectroscopy to measure Si and N con-
centrations and extract the rate constant for the reactions between Si and N5O.
Experiments were performed in the ranges T=1780-3560 K and P=50-171 kPa, re-
spectively. Javoy et al. [13] and Mevel et al. [14] obtained oxygen atom profiles in
shock-heated SiH4-NoO-Ar and SiH4-Ho-NoO-Ar over the temperature range 1606
and 2584 K and for pressures between 231 and 601 kPa. In addition, Horiguchi et al.
[15] have measured the flammability limits of SiH;-NoO mixtures and reported that,
at ambient temperature and pressure, the mixtures could be spark-ignited for silane
content in the range 1.9-87.1%. More recently, Thomas et al. [16] studied the de-
flagration to detonation transition in silane-nitrous oxide mixtures with equivalence
ratio ®=1.11, and with various amounts of nitrogen dilution in the range Xo=0-
0.925. For initial pressure and temperature of 101 kPa and 283 K, respectively,
they observed detonation-like pressure traces for X o up to 0.62. To the best of our

knowledge, no data on the laminar flame speed nor on the explosion characteristics



of silane-nitrous oxide based mixtures are available in the literature.

The goals of the present study were (i) to measure the laminar flame speed of
silane-hydrogen-nitrous oxide mixtures using the spherically expanding flame tech-
nique; (ii) to determine the explosion parameters of these mixtures; and (iii) to gain
further insight into the silane oxidation mechanism under freely propagating flame
conditions through numerical calculations. The manuscript is organized as follows:
we first describe the experimental and modeling approaches that we employed; then
we then present our results and discuss them in view of several thermo-chemical

analyses; we finally conclude and propose some perspective for future work.

2. Materials and methods

2.1. Ezxperimental approach

A schematic of the experimental set-up is shown in Fig. 1. The combustion vessel
is a spherical stainless steel vessel of 250 mm inner diameter. Two windows made of
quartz with a diameter of 70 mm and thickness of 30 mm, are mounted opposite to
each other for visualizing the flame. During silane combustion, hot silica particles
were formed and impacted onto the windows. For protection, smaller glass windows
were added to the inside of the main windows, at the expense of the observation time.
Prior to experiment, the vessel was evacuated to below 2 Pa. The visualization was
achieved using a Z-type schlieren arrangement. The flame propagation was recorded
by a Kodak or a Photron high speed camera with a framing rate of up to 13,500
fps or 24,000 fps, respectively. The beam of a pulsed Nd-YAG laser was focused
onto the tip of a molybdenum electrode as the ignition source. The laser energy was
maintained as low as possible to minimize the effect of input energy on the flame
propagation. The flame expanded spherically from the hot spot resulting from the
laser light-metal interaction. We have chosen to employ this unusual ignition system
because we encountered difficulties to ignite the mixtures containing silane with our
electric spark system. We attributed this issue either to the electrical resistance of
silane or to the deposition of the electrically insulating condensed products onto the

electrodes. It is noted that the ignition is triggered through the mechanism of hot



surface ignition [17] and is thus different from classical laser ignition [18]. The area
of the heated surface, which leads to ignition, varies from one experiment to the
other because of small alignment changes between the laser beam and the electrode.
This leads in some cases to slightly elliptic flames. The pressure in the vessel was
monitored using a Kistler piezo-electric pressure transducer with an uncertainty of
+3%. The pressure increase during the laminar flame speed measurement period
was less than 2% of the initial pressure. The evolution of the flame radius (Ry) as a
function of time was obtained using an in-house Matlab program described in [19],
and was employed to extract the unstretched flame speed with respect to the burned
gas (Sp). In order to determine which extrapolation equations are the best suited
for the present experimental conditions, we calculated the Lewis number of the
deficient reactant(s) using Cantera [20]. Since some of the mixtures contained two
fuels, we adopted the so-called volume-based approach which was found to perform
best for hydrogen-hydrocarbon mixtures by Bouvet et al. [21]. Further details can
be found in the supplemental material. For all the SiH4-H5-NoO-Ar mixtures, the
Lewis number ranged between 0.5 and 2.5, which is consistent with the range of
Lewis number examined theoretically by Chen [22]. For lean Hy-NoO-Ar mixtures,
the range of Lewis number is outside the one studied by Chen. However, the study
of Varea et al. [23] has shown that for lean hydrogen-air mixtures, i.e. for low
Lewis number, the Non-linear Quasi-steady equation (NQ) may be used although
it leads to an uncertainty on the order of 10%. As a consequence, we followed the
recommendations of Chen and used the Linear Curvature (LC) equation in the case
of mixtures with high Lewis number (or positive Markstein length (Lg)), and the
NQ equation in the case of mixtures with low Lewis number (or negative Lg). The

LC and NQ equations are respectively given by
Sp=Sy-2(SPLg) | Ry, (1)

and

In(S) =In(Sy) -2(SyLz)/ (RsSh), (2)

where S, is the stretched flame speed with respect to the burned gas. The un-

stretched laminar flame speed with respect to the unburned gas (S?) was obtained



by dividing Sy by the expansion ratio o = p,/p,, where p, and p, are the density
of the unburned gas and of the burned gas at thermodynamic equilibrium. Flame
radii in the range Ry i =10-15 to R 4,=25-30 mm were typically used to extract
the unstretched flame speed. Because silane-based mixtures are more difficult to
handle than hydrocarbon ones, the uncertainty on S? is higher than typically ob-
served. This is because (i) it is difficult to precisely control the silane content since a
pipeline dead-volume could not be eliminated in the experimental arrangement (see
next paragraph); (ii) the additional glass windows used to protect the quartz from
hot particle impact reduce the image quality; (iii) the uncertainty on o is larger for
silane-based mixtures; and (iv) the radiative losses are more important for mixtures
containing silane due to the formation of condensed combustion products. Table 1
lists the sources of uncertainty as well as their maximum and minimum values for
mixtures with and without silane. A detailed explanation of the uncertainty cal-
culation is available in the supplemental material. The uncertainty is +11% at the
stoichiometry, while it reaches +15% for lean and rich mixtures. For the Hy-N,O-Ar
mixtures, under most conditions, the uncertainty is +5%. This is consistent with
the value we previously reported for these mixtures [19]. For the very lean mixtures,
the uncertainty reaches £12% due to radiative losses which were neglected in [19].
To be conservative, we have considered that this uncertainty represents only 1 o,
where o2 is the variance of a normal distribution, for silane-based mixtures. For

Hy-NoO-Ar mixtures, we have considered that this uncertainty represents 2 o,,.
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Figure 1: Schematic of the experimental set-up.



Reference

Source Hy-NyO-Ar mixtures SiHy-Ho-NyO-Ar mixtures

Py, T, 0.4 0.4 [24]

d 1-2 1.5-4.5 Present study
Confinement 2 2 [25]

Ignition 0 0 [25]
Buoyuancy 0 0 [25]
Instability 0 0 [25]

Radiation 2-6 10 Adapted from [26] using [27]
NL stretch 1-2 1-2 Adapted from [25]
Extrapol eq 2-10 2-10 [25]

Radius detection 2 2 Adapted from [24]
Sigma 0 2 Present study
Total 5-12 11-15

Table 1: Sources of uncertainty for the experimental determination of S°. Uncertainty values are given in %. See supplemental material for details. NL

stands for non-linear.



The mixtures were prepared from research-grade pure gases using the partial
pressure method. The dilution by Ar was fixed at 60%, and ® was varied between
0.3 and 2.4. The initial temperature was in the range 296-305 K and the pressure
was bl kPa, for safety reason. In the case of Hy-NoO mixtures, ® is simply defined
as Xpo/Xn20. For mixtures containing silane, the two following chemical reactions

are considered to define the stoichiometric combustion:
H2+NQO=H20+NQ (3)

SiH4+4N20= S’LOQ(S) +2H20+4N2 (4)

The equivalence ratio was defined for a given silane to hydrogen mole fraction ratio,

RSH; as:
Xno

N20

P =

x(1+4-Rsgy) (5)

Because of the pyrophoric nature of silane, it was not possible to pump down the fill-
ing line after introducing silane. As shown in Fig. 1, a special system of introduction
and evacuation was designed. Silane was introduced by successive small amounts (<
2.5 kPa). When the desired final pressure was reached, the silane remaining in the
line was pushed with nitrogen into a parallel line until it reached a secondary vessel
filled with Ny. The mixture was further diluted by a second Ny stream and evacu-
ated to the atmosphere through a 1 mm in diameter hole. After each experiments,
the vessel was opened and thoroughly cleaned to remove the solid particles formed

during combustion.

2.2. Modeling approach

The detailed reaction model corresponded to an update of the model of Mevel
et al. [13, 14]. It includes 417 reactions and 89 species. The reactions from Mevel
et al. [28] were used for the H-O-N system. For the silicon-containing species, the
reactions came from Babushok et al. [29], Kondo et al. [30], Miller et al. [31], and
Petersen et al. [32]. The reactions between the NO, and the Si-compounds were
taken from Mick et al. [12, 33] and Becerra et al. [34]. The reaction pathways given
by Suh et al. [35] for the formation of silicon-containing condensed combustion prod-

ucts, SiO(s) and SiO(s), were employed. The thermodynamic data for most of the

9



species were updated using ab initio calculations performed with the G4 method.
The rates of some reactions were found to violate the collision limit and were thus
corrected. The transport properties were from: (i) Konnov [36] for the H-N-O sys-
tem; (ii) Donovan et al. [37] for the Si-compounds; and (iii) from FlameMaster [3§]
for the species for which no data were available. The method employed to update

the reaction model has been described in detail in [39].

Adiabatic, constant pressure, constant enthalpy (CP) as well as constant volume,
constant internal energy (CV) equilibrium calculations were performed using Can-
tera [20]. These calculations are purely based on thermodynamic properties and may
consider either one phase, gaseous, or two phases, gaseous and condensed. Three
approaches were employed: (i) all species were gaseous and SiOj »(s) were the final
products; (ii) all species were gaseous and SiO;5(g) were the final products; and
(iii) all species were gaseous except SiO; o(s) which were treated as condensed, i.e.
solid or liquid. The difference between (i) and (ii) is that different thermodynamic
properties were used for the final products SiO; 2(s) and SiO; 2(g), whereas the dif-

ference between (i) and (iii) is the phase used to describe SiOq o(s).

A sparse, iterative flame solver [40] was employed to compute the laminar flame
speeds. These calculations take into account the kinetics, thermodynamic, and trans-
port properties of the species in the system. A mixture-averaged diffusion model
was used and Soret effects were included. For all flame speed calculations, grid-
independent solutions were ensured by using grids with more than 1000 points. For
these calculations, all species were treated as gaseous. The difference between the
flame speed results obtained when considering SiOq2(g) or SiOj5(s) is only due to
the difference in the thermodynamic properties of the final products and is not a
difference of phase, i.e. gaseous versus condensed. Other software like Chemkin or

Cantera do not provide either a flame speed code for multi-phase media.
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t=4.2 ms t=2.2 ms

t=>5.7 ms

(a): HQ-NQO-AI' (b) SiH4-H2-N20-A1"

Figure 2: Schlieren images of flames propagating in stoichiometric Hy-NoO-Ar (a) and SiHy-Ha-
N5O-Ar (b) mixtures. (a): X4,.=0.6; T1=302 K; P;=51 kPa. (b): Rgy= 1/3; X4,=0.6; T;=305
K; P,=51 kPa.

3. Results and discussion

3.1. Experimental results and model predictions
Typical examples of flame propagation are shown in Fig. 2. Using Eq. 1 and 2,
the unstretched flame speed has been extracted from the Ry=f(t) curves. Typical

evolutions of S,/Sy as a function of stretch rate are shown in Fig. 3.

14 T
O Rg,=0; #=0.6
121 x RSH=1/3; $=1.5|
~——NQ fit
1 = LC fit
Z o8
O(n.ﬁ
@
@2 06
0.4
0.2
0 . . . .
0 1000 2000 3000 4000 5000

Stretch rate (1/s)

Figure 3: Sb/Sl? as a function of stretch rate for Ho-NoO-Ar and SiH4-Ho-NoO-Ar. X 4,.=0.6;
T7,=300 K; P;=51 kPa.
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Figure 4: Experimental (symbols) and calculated (lines) SO for Hy-NpO-Ar mixtures with and
without SiHy. X 4,=0.6; T1=300 K; P1=51 kPa. Solid and dashed lines: calculations with SiOq 2(s)
and SiOq 2(g) as final products.

Figure 4 summarizes the results obtained for the different silane to hydrogen
ratios investigated, Rgy=0, 1/3, 1 and 3. It is noted that we have not attempted
to cover the full range of lammability of the mixtures. The addition of silane in
hydrogen-nitrous oxide mixtures induces a significant increase of S9. For example, at
®=1, replacing 25% of hydrogen by silane, Rgy=1/3, results in an increase of 32% of
SO Above Rgy=1, SO remains essentially independent of the silane content, within
the experimental uncertainty. The calculated laminar flame speeds are shown as solid
lines in Fig. 4. Qualitatively, the detailed model captures the effect of SiH4 addition
on SY. Quantitative assessment of the reaction model performance is summarized

in Table 2 which gives, for each Rgy, (i) the mean difference

- 1 X
A= NZabs (SS(Exp,i) - SY(Cal,i)), (6)
i=1
(ii) the mean relative error
~ 100 X SYU(Exp,i) - S Cal,i)
ET - b U U U Y ,
RIES 5 v

and (iii) the mean error score [41]

-1 & (SY(Exp,i) - SY(Cal, i)
bs = N Z( o (SY(Ezp,i)) ) (8)

i=1
where N is the number of data points; i is the number of experiment/calculation;
abs indicates the absolute value; and o is the uncertainty on the experimental mea-

surement. Given that the chemistry of silicon-containing species is much less known
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than the chemistry of hydrocarbons, the quantitative performances of the reaction
model are encouraging since A, E,, and Eg are approximately 4.1 cm/s, 11%, and

1.8, respectively.

Series A (em/s) E, (%) E,

Rsy=0 2.8 123 34
Rsy=1/3 32 101 1.6
Rsn=1 5.6 119 1.3
Rsp=3 4.6 84 0.7
All 4.1 107 1.8

Table 2: Quantitative assessment of the reaction model performances in predicting S°. A: mean

difference; E,: mean relative error; F,: mean error score.

One of the important differences between the combustion of silicon compounds
and that of hydrocarbons, is the nature of the combustion products. For silicon com-
pounds, the most stable product is SiO,(s), with z € [1,2] depending on the mixture
equivalence ratio, which is condensed, whereas for hydrocarbons, the most stable
product is gaseous CO,. This indicates that part of the energy produced during the
combustion of silane is due to the phase transition SiO,(g)=SiO,(s). To evaluate
the importance of this process on the laminar flame propagation, we have performed
calculations with a modified reaction model which does not include the condensation
step. The oxidation process is thus terminated by the formation of SiO,(g). The
results of these calculations are shown as dashed lines in Fig. 4 and demonstrate
the primary importance of the condensation process on the flame propagation. The
flame speed calculated without condensed product formation is, on average, 2.8, 3.5,
and 3.9 times lower for Rgy=1/3, 1, and 3, respectively, than when the formation
of 510, (s) is included. This result is consistent with the observation of Babushok et
al. [29] who pointed out the importance of the formation of the condensed silicon

oxides in his study of the flame speed of silane-oxygen-nitrogen mixtures.
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Figure 5: Experimental and calculated CV peak pressure for Ho-NoO-Ar mixtures with and without
SiH;. X 4,.=0.6; T1=300 K; P;=51 kPa. Solid, and dotted lines are respectively the calculated
P.nar obtained when considering SiO4 2(s) as gaseous and condensed species. The dashed line is
the calculated P4, obtained when considering SiO; 2(g) as the final products. It is noted that
the experiments are subjected to various heat losses whereas the calculations were performed for

an adiabatic system.

The importance of the formation of the condensed combustion products is also
underlined in Fig. 5 which shows the experimental and calculated /theoretical peak
pressures. Experimentally, the peak pressure values increase with the addition of
silane. This increase is confirmed by the calculations, whatever the assumptions
made on the thermodynamic properties or phase of the final products. Whereas
the calculated results tend to indicate a shift of the maximum peak pressure toward
higher equivalence ratio, it cannot be clearly confirmed experimentally due to the
uncertainty on the pressure measurement. For mixtures without silane, the experi-
mental peak pressures are within 5% of the theoretical values, whereas for mixtures
containing silane, larger differences are seen when SiO;2(s) are considered as the
final products. It is of 15% on average if SiO;(s) are treated as gaseous species
against 10% if SiOq o(s) are treated as condensed species. The highest difference is
observed for the richest mixture at Rgy=3. On the other hand, when considering
Si012(g) as the final products, the difference between the experimental and ideal
values is below 4% on average. This seems to indicate that a significant fraction of
the energy released by the silica particle formation is lost. This might be mostly
attributed to the thermal radiation by the silicon oxide particles. Ngai et al. [27]
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measured the radiative heat flux from silane-air and ethylene-air diffusion jet flames
and found that it was 3.5 to 5 times higher for the silane flames. This is likely due
to the high concentration of silicon-containing particles formed in the silane flames
since, according to the CV calculations, most of the initial silane atoms are included

in the silica particles at equilibrium.

We adopted the method described in [42] to extract the experimental pressure

rise coefficient (/) which has an uncertainty of +12% and is defined as

K, = (dP/dt), . V'3 (9)

max

where V' is the volume of the combustion vessel. Figure 6 shows the evolution of
K, with ® for several silane contents. As silane content is increased, K, increases.
At ®=1, respectively for Rgy=1/3, 1, and 3, K, is 1.92, 2.75, 3.46 times higher
than for the mixture without silane. For all Rgy, the K,=f(®) curves demonstrate
a typical inverse U-shape. The maximum K, as a function of ® seems to shift
from $=0.9-1 for mixtures with Rgy <1 to ®=1.2 for mixtures with Ry >1. For

comparison, a K, of 75 MPa m/s was reported for a mixture of 3.7% silane in air [2].
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Figure 6: Pressure rise coefficient for Ho-NoO-Ar mixtures with and without SiHy. X 4,.=0.6;

T1:300 K; P1:51 kPa.

3.2. Thermo-chemical analyses
To explain the effect of silane addition on the laminar flame dynamics, we per-

formed a number of analyses including OH and H rate of production (OH and H
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ROP), heat release rate per reaction (HRR), and sensitivity on S9, for which the
sensitivity coefficient for reaction i was defined as Cg(i) = (k;/S%)(05%/0k;) with
k the rate constant. The distance-resolved ROP and HRR profiles are shown in
Figure 7 to 9. In addition, the ROP and HRR were integrated over the domain used
for the flame speed calculation. All quantities were normalized using the highest
absolute value. The normalized ROP and HRR results are shown in Figure 10 in
which the reactions were grouped within the following reaction classes: (i) reactions
of the H-O-N system; (ii) reactions forming SiO,(s); (iii) reactions describing the
oxidation of Si-containing species; and (iv) reactions involving silicon hydrides. The
reactions identified through the ROP, HRR, and sensitivity analyses are listed in
Table 3.

R+# in text Reaction Class

1 N,O+H=N,+OH H-N-O system

2 OH+H,=H,O+H H-N-O system

3 O+H,=0OH+H H-N-O system

4 NH+NO=N,O+H H-N-O system

5 NoO(4+M)=Ny+0O(+M) H-N-O system

6 NH+OH=HNO+H H-N-O system

7 SiO+0OH=Si04(s)+H Forming SiO,(s)

8 2S10=2SI0(s) Forming SiO,(s)

9 SiH4+OH=SiH3+H,O Oxidation of Si-containing species
10 SiH3+0O=H,SiO+H Oxidation of Si-containing species
11 SI4+N,;O=SIO+N, Oxidation of Si-containing species
12 SiH+H,=SiH,+H Involving silicon hydrides

13 Si+Ho=SiH+H Involving silicon hydrides

14 SiH,+M=SiH,+H,+M Involving silicon hydrides

Table 3: List of important reactions identified through the ROP, HRR, and sensitivity analyses.

As seen in Fig. 7 and 10 a), for all Rgy, the production and consumption
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of OH radical is dominated by the chemical reactions of the H-O-N system: Rj:
N,O+H=Ny+OH and Ro: OH+H,=H>O+H. As Rgy is increased, R3: O+H,=0OH+H
and Ry: NH4+NO=N,0+H, as well as two reactions involving Si-containing species,
R7: SiO4+0OH=SiOs(s)+H and Ry: SiH4;4+OH=SiH3+H,0, become more important
but their relative contributions to the overall OH dynamics remain weak, less than
22% as compared to R;. Figure 8 and 10 b) show that, for all Ry, the dynamics
of H atom is dominated by Ry and Ry. For Rgy > 1, two oxidative reactions involv-
ing Si-species, Rg and Ryg: SiH34+0O=H,SiO+H, produce H atom but their combined
contributions amount 25-30% that of R;. More significant is the role of the pyrolytic
pathways, Ris: SiH+Hy=SiHs+H and R3: Si+Hy=SiH+H, which consume H atom

with a combined contribution of up to 67% for Rgp=3.
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Figure 7: Distance-resolved OH ROP profiles for flames propagating in Ho-NoO-Ar and SiHy4-Hs-
N5O-Ar mixtures. $=1; X4,=0.6; T;=300 K; P;=51 kPa.
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Figure 8: Distance-resolved H ROP profiles for flames propagating in Ho-NoO-Ar and SiHy4-Hs-
N5 O-Ar mixtures. $=1; X4,=0.6; T;=300 K; P;=51 kPa.

Figure 9 and 10 c¢) show the effect of silane addition on the HRR. For Rgy=0,
the HRR is dominated by the linear chain R; and Ry. The contributions of these
two reactions to the HRR are not much modified by the addition of silane. As
silane content is increased, the contributions of Rs: NoO(+M)=Ny+O(+M), Rz, Rs:
25i0=25i0(s), Rqg, Ri1: Si+N2O=SiO+Ny, Ry, and Ryy: SiH4+M=SiHy+Hs+M
increase. The reactant decomposition reactions, R; and R4, are the two main en-
dothermic pathways. The reactions forming the condensed product SiO;5(s), Ry
and Rg, constitute an important source of HRR, with a combined contribution in
the range 36-71% of the HRR induced by Ry, respectively for Rgy=1/3 and 3. The
combined contribution of the oxidative, Rip and Ry, and pyrolytic, Ry2, chemical
pathways to the overall HRR increases from 19 to 74% of HRR of R; as Rgp is

increased from 1/3 to 3.
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Figure 9: Distance-resolved HRR profiles for flames propagating in Hy-NoO-Ar and SiH,-Ho-NoO-
Ar mixtures. ®=1; X 4,=0.6; T:=300 K; P;=51 kPa.
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Figure 10: Normalized OH ROP, H ROP, and HRR for flames propagating in Hy-NoO-Ar and
SiH4-H9-N5O-Ar mixtures. ®=1; X 4,=0.6; T1=300 K; P;=51 kPa.
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Figure 11 shows the effect of silane addition on the normalized sensitivity coef-
ficients on S?. For all Rgy, the two most sensitive reactions are R; and Rs which
both belong to the H-O-N chemical system. Among the six other sensitive reac-
tions, five of them involve the H atom. The reactions Ry and R; both contribute to
the increase of temperature and regenerate H atoms which further react with NoO
through R;. The reactions Ry, Ris2, and Rg: NH+OH=HNO+H, all act as a sink of
H atom (in the backward direction), and thus exhibit a negative C's. The reaction
Rg competes with R; for SiO consumption and prevents the regeneration of H atom.

Thus, it demonstrates a negative C'g, despite its exothermicity.
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Figure 11: Normalized sensitivity coefficients on S for flames propagating in Hy-NoO-Ar and

SiH4-H-N5O-Ar mixtures. ®=1; X 4,,=0.6; T1=300 K; P;=51 kPa.

From the analyses shown in Fig. 7 to 11, it can be observed that the most im-
portant reactions for the dynamics of freely propagating flames in SiH,-Hy-N,O-Ar
mixtures belong to the H-O-N chemical system, Ry, Ry, and Ry for instance. While
the ROPs of OH radical are not much affected by silane addition, endothermic py-
rolytic chemical pathways of silicon hydrides constitute a significant sink of H atom.
The reactions forming SiO; »(s) are exothermic and significantly contribute to the
temperature increase. Figure 12 shows the adiabatic, CP flame temperature (77)
calculated for the mixtures presently studied. T is significantly higher, up to several
100’s K, for mixtures containing silane. Considering SiO; »(s) as gas or condensed
products has little impact on Ty with a maximum difference of 0.5%. Considering

Si012(g) as the final products, T is close to the case without silane. The increase
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of SY induced by silane addition seems to be mostly related to the large increase of
Ty which leads to higher energy release rate, overcoming the decrease of the ther-
mal diffusivity induced by silane addition. While the predictions of the reaction
model were overall encouraging, significant discrepancies were found for lean and
rich mixtures at high silane contents. For the rich mixtures, these differences may
be attributed to (i) radiative losses by the particle which were neglected; (ii) missing
pathways for silicon hydrides which importance is highest in rich mixtures at high

Rgp; (iii) the flame model which does not account for the phase change of SiO »(s).
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Figure 12: Adiabatic, CP flame temperature for Ho-NoO-Ar and SiH4-Ho-NoO-Ar mixtures.
X4r=0.6; T1=300 K; P1=>51 kPa. Solid and dotted lines: T; obtained when considering SiO; 2(s)
as gaseous and condensed species. Dashed line: Ty obtained when considering SiO; 2(g) as the

final products.

4. Conclusion

The laminar flame speed of hydrogen-nitrous oxide-argon mixture with and with-
out silane has been investigated experimentally and numerically for the first time. At
a fixed equivalence ratio, silane addition induces a large increase of the flame speed.
Chemical kinetics analyses have shown that the flame dynamics is mostly controlled
by the reactions of the H-O-N system. However, the much higher flame temperature
induced by silane addition greatly enhances the energy release rate which leads to
higher flame speed. The exothermic formation of condensed combustion products,

Si012(s), appears as an important process for the flame propagation in silane-based
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mixtures. Although the energy released during this process has been accounted for
in our simulations by considering the thermodynamic properties of the condensed
species, the actual phase change has been neglected due to a lack of available flame
speed code. Future work should focus on developing such a code and evaluate the
effect of the phase change on the flame speed. In addition, the losses associated
with the emission by these condensed products should also be considered in future

simulations.
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