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INTRODUCTION

Two mechanisms of propagation of subsonic flames,

 

viz

 

., isothermal and thermal, are known in the combus-
tion theory [1]. Let us consider the specific features of
flame propagation in a branched chain process. The
structure of the ignition regime for the branched chain
process in the pressure–temperature coordinates is pre-
sented in Fig. 1 [2–4]. The rate of isothermal flames
(region 

 

I

 

) is determined by the diffusion of active cen-
ters of the branched chain process to the unreacted mix-
ture, and the branched chain mechanism should include
nonlinear branching (in this reaction, the number of
free valences increases, for example, when the active
centers interact with each other [2, 3]). Unlike isother-
mal flames, the specific features of thermal flames are
determined by a heat release in the front of the
branched chain process. The very strong, non-Arrhe-
nius [4–6] temperature dependence of the rate of the
branched chain process is the feedback factor providing
the appearance of a stationary combustion front. These
flames have extensively been studied for the branched
chain processes containing only linear (with respect to
active centers) branching reactions (for example, [7, 8]).
The self-ignition region of linear branched chain pro-
cesses 

 

II

 

 includes the region of chain-thermal explo-
sion 

 

IIc

 

. The chain-thermal explosion implies the
regime of chain combustion including both the chain
collapse and self-heating, as well as the collapse char-
acter of heat accumulation in the system when the rate
of heat release 

 

q

 

+

 

 is higher than the rate of heat removal

 

q

 

–

 

; 

 

q

 

+

 

 – 

 

q

 

–

 

 =

 

 ∆

 

q

 

 > 0, and 

 

d

 

∆

 

q

 

/

 

dT

 

 > 0 [4, 5].

The stationary flame propagation in linear branched
chain processes is excluded in region 

 

II‡

 

 near the lower
self-ignition limit because 

 

q

 

 

 

≈

 

 0, that is, the cited feed-
back factor is absent. At 

 

∆

 

q

 

 > 0 (region 

 

IIb

 

), the station-
ary wave of thermal combustion can appear (thin

arrows in Fig. 1). This regime can be named more spe-
cifically the chain-thermal regime because the compe-
tition of chain branching and termination is the deter-
mining factor for the flame propagation [4]. The com-
bustion flame in the chain-thermal explosion region
(

 

IIc

 

) should possess different properties. In fact,
according to data presented in [4], the concentration
limits of the chain-thermal explosion for hydrogen–
oxygen mixtures are close to the detonation limits of
these mixtures. This means that one has to expect the
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Abstract

 

—The transition of an isothermal flame to a thermal combustion regime is considered experimentally
and theoretically for the thermal decomposition of nitrogen trichloride. Experimental data on the transition of
a thermal regime of flame propagation to a chain-thermal explosion are presented for dichlorosilane oxidation.
One of the ways for the development of the chain-thermal explosion is shown to be the appearance of a local
center of intense combustion in the thermal flame front.
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Fig. 1.

 

 Scheme of the ignition regions in the branched chain
process: (

 

I

 

) isothermal flame propagation; (

 

IIa

 

) isothermal
self-ignition; (

 

IIb

 

) thermal flame propagation; and (

 

IIc

 

)
chain-thermal explosion. Transition of the isothermal
regime of flame propagation to the thermal regime is shown
by thin arrows; transition of the thermal flame propagation
to the chain-thermal explosion is shown by bold arrows.
The arrow lengths correspond to the self-heating value.
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appearance of transition combustion regimes between
the thermal regime of flame propagation and the chain-
thermal explosion region. This transition regime is
characterized by spatial heterogeneity. This was indi-
cated, for example, in [9] for monosilane oxidation
studied by the separate photometric method and in [10].

In this work, we consider the transition of the flame
propagation regime from region 

 

I 

 

to 

 

IIb

 

 (thin arrows in
Fig. 1), which is only possible in branched chain pro-
cesses with nonlinear branching, and some specific fea-
tures of the transition of the thermal flame propagation
regime to the chain-thermal explosion region 

 

IIc

 

 (solid
arrows in Fig. 1). These aspects have not been dis-
cussed earlier.

Isothermal flames have been observed in dilute mix-
tures of 

 

CS

 

2

 

 with 

 

O

 

2

 

 [2, 3], for the thermal decomposi-
tion of nitrogen trichloride (

 

NCl

 

3

 

) [11], fluorination of
difluoromethane [12], and oxidation of monosilane and
dichlorosilane [13, 14]. Since these flames appear at
very low concentrations of fuel (~0.03% [2, 3]),
researchers are interested in them because of problems
of explosion safety: 

 

NCl

 

3

 

 is formed in the industrial
production of chlorine [15], and silanes are widely used
in microelectronics [16]. Therefore, it is important to
establish regularities of the flame propagation in
branched chain processes, including nonlinear branch-
ing. The thermal decomposition of 

 

NCl

 

3

 

 is a branched
chain process of decomposition of an individual sub-
stance in the gas phase at room temperature. Since the
kinetic mechanism of 

 

NCl

 

3

 

 decomposition is known
[11, 17–19], the branched chain process is convenient
for considering the transition of the isothermal flame to
the thermal regime. Unlike the branched chain decom-
position of 

 

NCl

 

3

 

 whose energy is consumed predomi-
nantly for the formation of atoms and radicals and
whose heat release is comparatively low [17], the
branched chain oxidation of dichlorosilane is strongly
exothermic (the heat of dichlorosilane combustion is
~170 kcal/mol [20]) and, hence, this process is conve-
nient for considering the transition of the thermal flame
propagation to the chain-thermal explosion.

The purpose of this work is to establish regularities
of the transition of the isothermal flame to the thermal
regime for the branched chain decomposition of 

 

NCl

 

3

 

and to reveal the spatial features of the transition of the
thermal regime of flame propagation to the chain-ther-
mal explosion for the branched chain oxidation of
dichlorosilane.

EXPERIMENTAL

Experiments with 

 

NCL

 

3

 

 were carried out under
static conditions at 

 

P

 

 = 2–100 Torr, 

 

T

 

 = 293 K, and
[

 

NCl

 

3

 

] = 0.11–4.00% in a glass vacuum setup described
in [11]. A quartz tube, 80 cm long and 4 cm in diameter,
was used as a reactor. The procedure of measuring the
flame rates has been described in [21]. The reactor sur-
face was covered by magnesium oxide, which provided

the diffusion region of chain termination at room tem-
perature [11, 17]. In kinetic measurements, the pressure
was detected using a diaphragm pressure gauge, whose
lower measurement limit was 

 

5

 

 × 

 

10

 

–3

 

 Torr. The con-
centration of 

 

NCl

 

3

 

 was determined according to the
total stoichiometry of the reaction 

 

2NCl

 

3

 

  N

 

2

 

 + 3Cl

 

2

 

[18]. Liquid 

 

NCl

 

3

 

 was synthesized and its mixtures
with He were prepared according to procedures
described in [17]. Before each experiment, the reactor
was evacuated to 

 

4

 

 × 

 

10

 

–4

 

 Torr (measurements were car-
ried out using a VIT-3 vacuum gauge). The spark-initi-
ated ignition of the preliminarily prepared mixtures of
5% dichlorosilane with dioxygen was studied at an initial
temperature of 300 K and pressures of 300–450 Torr. The
reactor was a metallic cylinder with a diameter and a
height of 10 cm equipped with optical windows and
electric and gas inlets. The optical system was a
schlieren setup. The experimental procedure, including
recording the images of the optical heterogeneity, has
been described in [22]. The reactor was evacuated to

 

10

 

–2

 

 Torr using a 2NVR-5D roughing-down pump, and
the pressure was detected by a standard vacuum gauge.
Dichlorosilane (98% [23]), He, 

 

O

 

2

 

, and 

 

SF

 

6

 

 (reagent
grade) were used.

RESULTS AND DISCUSSION

It has previously been shown [11] that the pressure
interval in which the isothermal flame is observed
(Fig. 2a) expands with an increase in the 

 

NCl

 

3

 

 concen-
tration, and the upper limit of flame propagation is not
detected above a certain 

 

NCl

 

3

 

 concentration in He
(Fig. 2b, points). This indicates a substantial increase in
the role of self-heating. Let us qualitatively interpret the
regularities of the nonthermal flame propagation
observed for the known one-step mechanism of 

 

NCl

 

3

 

decomposition and describe the calculation algorithm.
The kinetic mechanism of the branched chain

decomposition of 

 

NCl

 

3

 

 can be presented as follows
[11, 17–19].

 

(0) NCl

 

3

 

  NCl

 

2

 

 + Cl,

 

k

 

0

 

 = 10

 

–3

 

–10

 

–5

 

 s

 

–1

 

 [24], 

 

chain initiation

 

;

(1) Cl = NCl

 

3

 

  NCl

 

2

 

 + Cl

 

2

 

 + 

 

Q

 

1

 

,

 

k

 

1

 

 = 1.6

 

 × 

 

10

 

–12

 

 cm

 

3

 

/s [24], 

 

chain propagation

 

;

(2) NCl

 

2

 

 + NCl

 

3

 

  N

 

2

 

 + Cl

 

2

 

 + 3Cl + 

 

Q

 

2

 

,

 

k

 

2

 

 = 3.4 

 

×

 

 10

 

–11

 

exp(–

 

ε

 

1

 

/

 

T

 

) Òm

 

3

 

/s, 

 

ε

 

1

 

 = 3050/

 

R

 

 deg

(

 

E

 

‡

 

 

 

in cal/mol

 

) [25–27], 

 

linear branching

 

;

(3) NCl

 

2

 

 + NCl2  N2 + Cl2( ) – 2Cl,

k3 = 6.0 × 10–13 Òm3/s [28, 29],
nonlinear chain termination;

(4) Cl2( )  2Cl,

Π3 +
ou

Π3 +
ou
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k4 = 4.8 × 102 s–1 [18, 30];

(5) Cl2( ) + Cl  Cl2( ) + Cl,

k5 = 1.6 × 10–10 Òm3/s [31, 32],

nonlinear chain termination;

(6) NCl2  wall, k6, heterogeneous termination

in diffusion region;

(7) Cl  wall, k7, heterogeneous termination

in diffusion region;

(8) Cl2( ) + M  Cl( ) + M,

k8 = 8 × 10–13–10–13 Òm3/s [31], deactivation.

Let us consider the specific features of the mecha-
nism of NCl3 decomposition. Since heterogeneous
chain termination was considered in the diffusion
region [8], the k7 and k8 rate constants were calculated
using the formula k = 23.2Di/(d2P) [3], where d is the
diameter of the reactor, and P is the total pressure. The
Di values in He (cm2/s, 293 K, 760 Torr) were taken
from [26, 32]

Steps (0)–(8) and kinetic constants are identical to
those used for the calculation in [18, 19]. In our calcu-
lation, the thermal effect Q1 was either 0 or 17 kcal/mol,
and Q2 was taken equal to 34 kcal/mol. These values
correspond to the published data on the energies of the
N–Cl bonds in the NCl3 molecule [32]. Taking into
account step (8), we can explain the presence of the
upper limit of flame propagation [19]. The k8 value pro-
viding the agreement between the experimental and
calculated data [19] effectively takes into account the
contribution of the termolecular chain termination at
the upper limit of the isothermal flame propagation,
which is not included in the scheme and, therefore, is
the upper boundary of the rate constant of step (8).

A lack of experimental data prevent us from intro-
ducing the termolecular chain termination in the reac-
tion mechanism. The upper self-ignition limit for NCl3
(P2) was experimentally observed in [25, 33]. There-
fore, at least one more chain termination reaction
occurs along with termination (8) because the decay of

only Cl2( ) in the step of linear branching (2) cannot
provide the upper self-ignition limit. In fact, if even two

Cl2 molecules appear in step (2) ( ) and are deacti-
vated, no termination occurs because one chlorine atom
remains. Thus, step (2) remains as the chain termina-
tion reaction. Reactions of the type Cl + NCl3 + M 
termination and NCl2 + NCl3 + M  termination are
expected. At the same time, possible products of these

Cl NCl2 Cl2 ( ) NCl3 He

0.73 0.44 0.55 0.41 1.62

Π3 +
ou Σ1 –

g

Π3 +
ou Σ1 –

g

Πou
+3

Π3 +
ou

Π3 +
ou

reactions (NCl4, N2Cl3, or N2Cl5), which should be
chemically unreactive, were not observed experimen-
tally. However, note that P2 for the thermal decomposi-
tion of NCl3 depends on the chemical nature of the
reactor coating: for experiments on the nonthermal
flame propagation above magnesium oxide, the P2 val-
ues in the P–T coordinates are almost perpendicular to
the abscissa (temperature), which implies the practical
absence of P2, whereas for the KF coating the tempera-
ture plot is much less sharp [25]. The practical absence
of P2 in experiments above the magnesium oxide sur-
face indicates that some factor compensates for the
homogeneous termolecular termination. This allows us
to consider the chain termination reactions in the bulk
for NCl3 decomposition above MgO to be compensated
and ignored in calculations. This was made in [19] and
in the present work.

It has been shown in [19] that the results of numeri-
cal simulation of the isothermal flame propagation in
NCl3 mixtures with He, CO2, and Cl2 for steps (0)–(8)

7
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Fig. 2. Plots of the flame propagation vs. total pressure in
NCl3 mixtures with He: (a) nonthermal flame at (1) 0.38%
and (2) 0.11% NCl3 in He, points are experimental, and
curves are calculations [19]; (b) thermal flame, 4% NCl3
with He; points are experimental, curves are calculations at
(1) Q1 = 17 kcal/mol, Q2 = 34 kcal/mol (one-dimensional
problem) [19]; (2) Q1 = 17 kcal/mol, Q2 = 34 kcal/mol (two-
dimensional problem); and (3) Q1 = 0, Q2 = 34 kcal/mol
(one-dimensional problem).
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agree with the experimental data in the pressure interval
from the lower to upper limits. As shown in [19, 29], the
rate of linear chain branching is negligible in the region
of isothermal flame propagation. At the same time, an
increase in the rate of this reaction and, correspond-
ingly, an increase in the heat release with an increase in
the NCl3 content can result in the transition of the iso-
thermal regime of flame propagation to the thermal
regime.

In order to reveal the specific features of the qualita-
tive calculation performed, let us consider the two-
dimensional problem and choose the characteristic
scales: t0 = 1/(k1[NCl3]0), x0 = (D3/k1[NCl3]0)1/2, and
U0 = x0/t0 = (D3k1[NCl3]0)1/2, where t0, x0, and U0 are the
scales of time, lengths, and rate, respectively; D3 is the
diffusion coefficient of NCl3. Let us introduce dimen-
sionless variables τ = t/t0, ξ = x/x0, η = y/y0 (y is the sec-
ond dimension of the two-dimensional problem), ϖ =
U/U0, Yi = [Ai]/[NCl3]0 ([Ai] is the concentration of the
ith component), and δi = Di/D3 (Di is the diffusion coef-
ficient of the ith component). We obtain τ = k1[NCl3]0t,

Y0 = [Cl]/[NCl3]0, Y1 = [Cl2( )/[NCl3]0, Y2 =
[NCl2]/[NCl3]0, Y3 = [NCl3]/[NCl3]0, β = k2/k1, φ = k3/k1, γ =
k7/(k1[NCl3]0), λ = k4/(k1[NCl3]0), ζ = k6/(k1[NCl3]0),
µ = k6/k1, and χ = k8/(k1[NCl3]0). The total pressure
(Torr) is designated by P, that is, [NCl3]0 = sP, where
s is the molar fraction of NCl3 in the initial mixture,
and the time (s) is designated by t. The dimensionless
rate and coordinates of the front of the propagating
flame were determined through the diffusion coeffi-
cients of NCl3(D3): ϖ = U/(D3k1[NCl3]0)1/2, ξ =
x/(D3/k1[NCl3]0)1/2, and η = y/(D3/k1[NCl3]0)1/2, where
U, x, and y are the corresponding dimensional values.
The dimensionless diffusion coefficients (Di/D3, i = 0–2)
δ0, δ1, and δ2 in He are referred to the chlorine atoms

Cl2( ) and N  radicals, respectively. The station-
ary propagation of the chemical reaction wave was con-
sidered ignoring the chain initiation rate [34]. The sys-
tem of two-dimensional diffusion kinetic equations for
the reaction mechanism presented has the following
form (the one-dimensional problem was considered in
[19]):

(1)

Π3 +
ou

Π3 +
ou Cl2

.

∂Y0/∂τ δ0 ∂2Y0/∂ξ2 ∂2Y0/∂η2+( ) 2φ Y2( )2
+=

+ 3Y2Y3β 3050/T–( )exp 2λY1 Y0Y3– γY0,–+

∂Y1/∂τ δ1 ∂2Y1/∂ξ2 ∂2Y1/∂η2+( )=

+ 2φ Y2( )2 λY1– χPY2,–

∂Y2/∂τ δ2 ∂2Y2/∂ξ2 ∂2Y2/∂η2+( ) 2φ Y2( )2
–=

– ξY2  –  Y 2 Y 3 β 3050/ T – ( ) exp , 

The rate of heat release in the reaction chain unit is
described by the latter equation in system (1), where 

 

c

 



 

is the thermal capacity at a constant pressure (1.25 cal
g

 

–1

 

 deg

 

–1

 

 for He [35]), 

 

T

 

 is temperature (K), 

 

δ

 

4

 

 =

 

D

 

(He

 

−

 

He)

 

/(

 

D

 

3

 

c

 



 

ρ

 

),

 

 and 

 

ρ

 

 is the density of He (g/cm

 

3

 

)
[35]. The solutions to system (1) satisfy the following
boundary conditions for the flame propagation from
right to left:

 

(2)

or

 

where 

 

I

 

 is the transversal diameter of the reactor, the
symmetry conditions are specified in the axis, and 

 

α

 

 is
the thermal conductivity coefficient, which was esti-
mated from the correlation 

 

α

 

 = 

 

∆Λ

 

e

 

/(

 

Lr

 

2

 

) (

 

L

 

 is the ratio
of the surface area to the volume (cm

 

–1

 

), 

 

r

 

 is the radius
of the reactor (cm), 

 

e

 

 = 2.718, 

 

∆

 

 is the critical parameter
(2.0) [1], and 

 

Λ

 

 = 

 

D

 

(He–He)

 

 is the thermal conductivity
coefficient for dilute mixtures).

It has been shown that the results of calculations do
not change qualitatively when the boundary conditions
with respect to 

 

T

 

 of the first or third order are used.
Therefore, the calculations with the first-order bound-
ary condition are presented below. The representation
of the Laplacian in the cylindrical coordinates does not
result in qualitative changes in simulations either.
Set (1) of equations was numerically integrated. The
calculation details are presented in Appendix.

The upper limit of the isothermal flame propagation
at [

 

NCl

 

3

 

] = 4% is not observed in either experiment or
simulation. It can easily be seen by comparing data in
Figs. 2a and 2b that two solutions corresponding to the
thermal and isothermal flames are valid at the same
total pressure (in the given case >35 Torr) and different
concentrations of 

 

NCl

 

3

 

. Furthermore, at [

 

NCl

 

3

 

] =
0.38% the thermal flame is not observed in either calcu-
lation or experiment. This implies that the possibility of
transition to the thermal regime of flame propagation is
determined by the initial concentration of 

 
NCl

 
3

 
 and has

the critical character with respect to pressure (Fig. 2b).

∂Y3/∂τ ∂2Y3/∂ξ2 ∂2Y3/∂η2+( )=

– Y0Y3  –  Y 2 Y 3 β 3050/ T – ( ) exp ,

∂T /∂τ δ4 ∂2T /∂ξ2 ∂2T /∂η2+( )=

+ sβ k2Y2Y3 3050/T–( )Q1 Y0Y3Q2+exp( )/ cpρ( ) = ∆q.

Y0 ξ η,( ) Y1 ξ η,( ) Y2 ξ η,( ) T ξ η,( ) 0,, , ,
ξ ∞ ;±

Y3 ξ η,( ) 1, ξ ∞ ;–

Y3 ξ η,( ) 0, ξ ∞ ;+

Y0 ξ I,( ) 0, ∂Y1 ξ η,( )/∂η( )i 0,= =

Y2 ξ I,( ) 0; ∂Y3 ξ η,( )/∂η( )i 0;= =

T ξ I,( ) = const

λ ∂T ξ η,( )/∂η( )i–  = α T T0–( ),
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It can be seen from data in Fig. 2b that the isothermal
flame occurs at low pressures, and then with the pres-
sure increase the transition to the thermal regime occurs
at P ~ 20 Torr. This transition pressure corresponds to a
pressure value at which the experimental plot of the
flame rate vs. P has a break and the calculated curves
presented in Fig. 2b diverge. The flame rates calculated
using the one-dimensional [19] and two-dimensional
models are very close (Fig. 2b, curve 3). Note that tak-
ing into account the heat release only in the step of lin-
ear chain branching (2) (Q1 = 0, Q2 = 34 kcal/mol) does
not result in the transition to the thermal regime at pres-
sures below 100 Torr (Fig. 2b). Therefore, the heat
release in step (1) was also taken into account. How-
ever, note that the very broad confidence intervals for
the parameters determining the heat release (Q1, Q2, α,
and ε1) make it only possible to speculate on the quali-
tative agreement between the experimental and simu-
lated data. We did not attempt to attain the coincidence
of the simulated and experimental values of the rate and
limits of flame propagation by the variation of the ki
constants. This fitting is not valuable because the simu-
lation makes use of many parameters.

Analysis of the two-dimensional problem resulting
in the qualitatively valid results for the transition of the
isothermal regime of flame propagation to the thermal
regime was also applied for the consideration of the sta-
bility boundary of the thermal regime of flame propaga-
tion. We studied the spatial features of the appearance
of instabilities under the condition d∆q/dT > 0 along
with the condition ∆q > 0, which is already fulfilled in
the region of thermal flame propagation IIb. The results
of simulations are presented in Fig. 3. The left bottom
corner of each fragment (a–c) contains the distributions
of the temperature and concentrations of the NCl3 mol-

ecules, N  radicals, and chlorine atoms over the

reactor. The simulated [Cl2( )] values in the thermal
flame front are ~10 times lower than those in the non-
thermal flame front. Therefore, the two-dimensional

distributions Cl2( ) were not simulated under the
conditions presented in Figs. 3b, 3c and 4b, 4c, 4d. The
authors of [36] have found that an increase in the total
pressure increases the chemiluminescence intensity of

Cl2( ) in the 2–5 Torr pressure interval (depending
on the NCl3 concentration), and then the chemilumines-

Cl2

.

Π3 +
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Π3 +
ou

Π3 +
ou
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T

NCl3
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Cl Cl
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Fig. 3. Distributions of the components and flame rates for different regimes of combustion wave propagation (T0 = 300 K, two-
dimensional problem): (a) P = 5 Torr, 4% NCl3 in He, isothermal flame propagation; (b) P = 35 Torr, 4% NCl3 in He, thermal flame
propagation; and (c) P = 5 Torr, 14% NCl3 in He, c = 0.125 cal g–1 deg–1, transition to chain-thermal explosion. (For clarification
of the figure, see text.)
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cence intensity decreases sharply. This fact agrees qual-
itatively with the calculated result obtained, as well as
the maximum concentrations of the N  radicals [21]
and Cl atoms [25].

The lines in the two-dimensional distributions cor-
respond to constant concentrations. The distributions
between the wall and axis of the reactor were deter-
mined because the problem is centrally symmetric.
Thus, in each of four two-dimensional distributions
(five for Fig. 3a) the top of the “frame” is the reactor
wall and the bottom of the frame is the reactor axis. The
one-dimensional distributions of the components over
the reactor axis are presented in the left top corner. The
right part of each fragment contains data for the estab-
lishment of the stationary rate value (Fig. 3c) or the rate
corresponding to the established stationary regime
(Figs. 3a, 3b). The vertical arrows indicate the time at
which the distributions were detected. The right top

Cl2

.
corners in Figs. 3b and 3c show changes in the NCl3
concentration and the ∆q and d∆q/dT values in the
flame front in the one-dimensional form along the reac-
tor axis.

Figure 3b shows that ∆q > 0 in the established
regime of thermal combustion, and d∆q/dT < 0. How-
ever, when the condition d∆q/dT > 0 is fulfilled, as can
be seen from the data in Fig. 3c, the thermal flame loses
its stability, and its rate begins to increase. This condi-
tion, as shown in [4], corresponds to the transition of
the thermal ignition of combustion to the chain-thermal
explosion regime. Region IIc corresponds to this
regime in Fig. 1. Note that the transition of the thermal
flame propagation to the regime where d∆q/dT > 0 can-
not be obtained at the values of the parameters of sys-
tem (1) for NCl3 decomposition. This qualitative result
agrees with the data in [15], which show that NCl3 mix-
tures in He in a wide interval of NCl3 concentrations
cannot detonate. However, with a tenfold decrease in

(d)
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Fig. 4. (a) Initial distributions and (b, c, d) distributions of the components and flame rates on going from the thermal flame propa-
gation to the chain-thermal explosion. Vertical arrows indicate the moments corresponding to the distributions presented in the fig-
ure. Dotted lines in the plot of V vs. t reflect the specificity of calculation related to the relatively large counting increment for obtain-
ing a reasonable counting time. (For clarification to V0.2, V0.5, and V0.8, see Appendix.)
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the thermal capacity of the system or an increase in the
thermal effect of the branched chain process to
100 kcal/mol, the transition shown in Fig. 3c is already
observed in simulations. The oxidation of dichlorosi-
lane with oxygen is characterized by these values of
parameters. The detailed mechanism of dichlorosilane
oxidation is not found. Note that dichlorosilane oxida-
tion is a branched chain process with nonlinear branch-
ing [14] and, hence, this reaction should manifest
kinetic features similar to those of NCl3 decomposition.

The simulated changes in the distribution of the
components under the chain-thermal explosion condi-
tions are shown in Figs. 4c, 4d, and 4e. The initial con-
ditions (Fig. 4a) were specified in such a way that the
time of achievement of the stationary regime would be
minimum. The data in Fig. 4c show that the develop-
ment of the chain-thermal explosion is accompanied by

the appearance of the intense combustion center in the
front of the stationary thermal flame. Evidently,
Figs. 4b and 4c have real physical sense because further
transition to the chain-thermal explosion and establish-
ment of the stationary rate of this process require taking
into account the equations of gas dynamics and temper-
ature dependences of the thermal capacity and thermal
effects of elementary reactions [4].

Experimental data on the detection of this transition
regime are presented below for dichlorosilane combus-
tion. Note that, since the detailed mechanism of dichlo-
rosilane oxidation is not found, the results obtained
only qualitatively indicate that transitions regimes of
combustion wave propagation can occur when the sign
at d∆q/dT changes. The well reproduced images of the
optical heterogeneity of the initiated ignition of the 5%
dichlorosilane + O2 mixture at 450 Torr are presented in

1 2 3

4 5 6

Trigger
electrodes 1 2

3

4 5 6

Fig. 5. Development of the initiated ignition of a mixture of 5% dichlorosilane with O2. Interval between frames is 10–3 s, P =
450 Torr, T0 = 300 K.
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Fig. 5. Initiation was carried out in the left bottom part
of the reactor (both trigger electrodes are seen in all
frames). The center of intense combustion appears in
the flame front 3 ms after initiation (Fig. 5, frame 4),
and the flame starts to accelerate. As can be seen from
Fig. 5, the thermal flame passes through half a volume
of the reactor within ~5 ms, and the center is passed
during 1.5 ms. Thus, the center is propagated with a vis-
ible rate ~3 times higher than the visible rate of the ther-
mal flame. This estimate is very rough because the
propagating flame near the walls is already “tightened”
by the unburned gas and is retarded. The role of the
Mache effect in the formation of this combustion center
is insignificant because the instability is formed at the
moment when the flame front is still far from the wall
toward which it is propagated. Therefore, the unreacted
gas is not heated due to the adiabatic compression. We
believe that the transition of the thermal flame to the
chain-thermal combustion is experimentally detected in
Fig. 5 (frames 4–6). The formation of the unstable state
has a critical character because no instability is
observed either in the presence of the weak inhibitor
SF6 (2%) [37] or with a decrease in the total pressure by
~5%: only the uniformly propagating thermal flame is
detected.

CONCLUSIONS

Thus, the regularities of the transition of the isother-
mal flame to the thermal combustion regime were
established for the thermal decomposition of nitrogen
trichloride using the two-dimensional kinetic model on
the basis of the detailed mechanism of the process.
Experimental data on the transition of the thermal
regime of flame propagation to the chain-thermal
explosion were presented for dichlorosilane oxidation.
It was experimentally and theoretically shown that one
of the ways for development of the chain-thermal
explosion can be the appearance of a local center of
intense combustion in the thermal flame front.
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APPENDIX
At the distribution of the Yi functions specified at the

initial time moment, their further evolution is deter-
mined by system (1) with boundary conditions (2). The
finite-difference approximation of system (1) on the
uniform lattice of the Cartesian coordinates was used
for the numeric solution. The two-step implicit scheme
provided the second order of approximation (1) with
respect to the spatial and time variables [16]. The
results were obtained for 500 points of division over the
ξ coordinate and 100 points of division over the η coor-
dinate. The Laplacian was approximated by the “cross”
scheme. The boundary conditions at the wall and in the
symmetry axis of the reactor were approximated with
second-order accuracy, and the partial derivatives with
respect to time were approximated by one-sided differ-
ences providing first-order accuracy. Integration was
performed by the explicit scheme. New values of con-
centrations corresponding to the occurrence of chemi-
cal reactions were simulated first, and then these values
were corrected taking into account diffusion processes.
The local “wave” rates (dY3/dt)/(dY3/dx) were simulated
to monitor the attainment of the numerical experiment

to the “running wave” regime. The calculation process
was reflected graphically on the display, which made it
possible to change the simulated parameters during
counting and to determine the time of its end in the con-
versational mode. The shape of the front of the initial
component in the cross sections parallel to the reactor
axis were approximated by the correlation Y3 = 1/2 –
1/π( ), and the fronts of the initial concen-
trations of intermediate products and temperatures in
these cross-sections were specified in the form Yi =
aiexp(–biξ2), where ai and bi are the scaling coeffi-
cients. For the intermediate products ai < 1, and for the
temperature a4 was varied in the 200–2000 interval,
which corresponded to the peak intensity of the initial
pulse of a temperature of 200–2000 K. Thus, the spec-
ified initial fronts were imitated using initiation by an
external source, as it is usually performed in experi-
ments. Note that when system (1) contained the solu-
tion in the form of a running wave then it was achieved
regardless of the initial conditions. Thus, the rates of
the initial fronts change during integration until the
achievement of the regime of propagation of all fronts
Yi with the same rate or the zero rate. For the quantita-
tive estimation of the moment when the solution
attained the running wave regime, the rates of spatial
migration of points in which Y3 = 0.2, 0.5, and 0.8 were
calculated and displayed (see Figs. 4c, 4d). It was con-
sidered that the running wave regime is achieved when
the average rate determined from these points remained
unchanged at a distance of 100 characteristic sizes of
the flame front. This regime is achieved rather rapidly
in the middle of the flame propagation region and much
more slowly at the limits of the nonthermal flame prop-
agation. When prolonged calculations were necessary,
the following procedure was used. The running wave
occupied up to 50 units of the lattice. When the wave
approached the left boundary of the simulated region
and was completely localized in the left 100 units of the
lattice (only zero values were at the right), the Yi values
from the left part of the lattice were transferred to the
right part, and counting was continued. This method
was quantitatively verified in [19] in comparison with
simulated data from [29].

b3ξ( )arctan


