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INTRODUCTION

Nitrous oxide is an ideal object for testing thermal
theory of flame propagation, since the kinetics of its
dissociation and the subsequent reactions is well
known over a wide range of temperatures and pres�
sures. What is especially important is that the reaction
scheme is simple enough to assume that the propaga�
tion of the flame is largely controlled by thermal fac�
tors, without a noticeable influence of active species
diffusion and chain reactions.

From the practical point of view, studying the reg�
ularities of the propagation of a nitrous oxide decom�
position flame is of considerable interest, since they
determine the critical conditions of combustion,
knowledge of which is required to work out recom�
mendations on explosion safety during transportation,
storage, and handling of nitrous oxide.

The most important characteristics of flame prop�
agation are the laminar flame speed and the minimum
diameters of channels in which the flame still propa�
gates. The first parameter determines the rate of pres�
sure rise in a vessel upon nitrous oxide ignition and the
character of the ignition process itself, since at low
flame speeds, convection is a factor that largely deter�
mines whether the flame can be initiated by an ignitor.
The second characteristic is extremely important for
explosion safety, since it provides information needed
for developing flame arresters. In the present work, we
obtained experimental and theoretical estimates of
both these characteristics.

EXPERIMENTAL

The experiments were performed in a vertical tube
with an inner diameter of 70 mm and a length of

600 mm. Nitrous oxide was initiated by electrical
explosion of a Constantan wire, 0.03 mm in diameter,
positioned near the lower endplate of the tube. The
wire was exploded by a discharge of a 16�µF capacitor.
In some experiments, the mixture was initiated near
the upper end plate. The time evolution of the pressure
was measured with a pressure transducer; a typical
pressure time history for an initial pressure of 10 atm is
shown in Fig. 1. As can be seen, within first 0.4 s, the
pressure changes only slightly, within the next 0.4 s, its
growth rate increases to its maximum value, after
which the pressure rises nearly linearly with time to its
maximum value (~120 atm). At initial pressures of 5 to
15 atm, the maximum relative pressure rise in this
bomb was virtually constant, 10–13, which corre�
sponds to a complete decomposition of N2O. At a
higher initial pressure, the pressure time history was
somewhat different (Fig. 2): a quasi�plateau with a
very slow pressure rise appeared within the range of
intense pressure rise. The pressure rise delay and
quasi�plateau level, unlike the pressure rise rate at the
final stage and the maximum pressure attained, were
dependent of the ignition energy. A similar pressure
time history (with a plateau) was also observed when
nitrous oxide was initiated near the upper endplate.

Experiments with initiation in bombs of different
lengths showed that there is an optimal length, depen�
dent on the initial pressure, at which nitrous oxide
decomposed completely. For example, at the initial
pressure of 3 atm, this length for a 70�mm�in�diame�
ter tube is 30 cm.

Experiments on determination of the critical diam�
eter of flame quenching were performed using two
schemes. In the first scheme (Fig. 3), the tube con�
sisted of two sections, 300 and 600 mm in length. A

Flame Propagation in Gaseous Nitrous Oxide
A. A. Borisova, K. Ya. Troshina, and Yu. S. Biryulinb

a Semenov Institute of Chemical Physics, Russian Academy of Sciences, Moscow, 119991 Russia
b Academy of the State Fire�Prevention Service of Emergency and Disaster Relief Ministry, Moscow, Russia

e�mail: borisov@center.chph.ras.ru
Received June 11, 2008

Abstract—The characteristics of the propagation of a nitrous oxide decomposition flame in a tube with an
internal diameter of 70 mm were measured. It was demonstrated that the pattern of flame propagation and
the extent of burnout are determined by the convective motion of the flame kernel because of a very slow
burning of nitrous oxide. The laminar flame speed estimated from pressure oscillograms and calculated using
thermal theory of flame propagation was found to be ~1 cm/s. The critical diameter of flame quenching in
channels were measured to decrease from 10 to 4 mm as the pressure was increased from 15 to 20 atm.
Because of the possibility of reignition of the fresh mixture behind the flame arrester by the outflowing com�
bustion products, the channel should be significantly longer than 200 mm.

DOI: 10.1134/S1990793109050170

COMBUSTION, EXPLOSION, 
AND SHOCK WAVES



814

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 3  No. 5  2009

BORISOV et al.

block with channels of the same diameter was inserted
into the longer section. Whether the flame passed
through the flame arrester or not was determined from
the character of pressure rise. It turned out that the
outcome depended not only on the diameter of the
channels but also on their length. For example, at the
initial pressure of 8 atm, the flame passed through
channels 8 mm in diameter and 100 mm in length but
failed to do so in the case of 15�mm�in�diameter and
200�mm�in�length. Note, however, that, for channels
of the same length, the result was quite expected: the
flame passed through a channel with a larger diameter
at a lower initial pressure.

In the second experimental scheme, a 200�mm�in�
diameter metal cylinder with perforated holes of vari�
ous diameters was closely attached to the upper end�
plate of the tube. At the end of each hole, flame indi�
cators were placed, which changed their state under
the action of high temperature and oxidative medium.
This scheme made it possible to determine the critical
diameter dcr in one experiment. The quenching diam�
eters measured using the second scheme were larger
than those determined employing the first one. Note,
however, that, when plotted in the logarithmic coordi�
nates, the pressure dependences of this characteristic
were parallel to each other, more specifically, the
quenching diameter was inversely proportional to the
initial pressure to the power of 1.7 (Fig. 4).

RESULTS AND DISCUSSION

Both the pressure time history and dependence of
the degree of decomposition on the bomb length were
found to be dependent on the flame speed, since pres�
sure records showed that nitrous oxide combustion
was a slow process, obviously subjected to a strong
influence of convection. Indeed, first estimates within
the framework of thermal theory yielded a very low
laminar flame speed of nitrous oxide decomposition
[1]. This was convincingly confirmed by experiments
[2] in which pressure time histories and cinemato�
graphic records of a nitrous oxide flame propagating
from the center of a spherical bomb 184 mm in diam�
eter were obtained. At the initial pressure of 26 atm,
only a twofold pressure rise was observed, with a burn�
out time of 1.35 s. This means that the degree of
decomposition was as low as 10%, a result that can be
accounted for by assuming that the volume of burning
nitrous oxide rapidly lifted, reached the upper wall,
and spread over it, being cooled in the process, so that
the combustion extinguished some time later. Similar
data on the maximum pressure rise were obtained in
[3] at markedly lower initial pressures.

Note that the degree of pressure rise at high initial
pressure can substantially exceed the above�men�
tioned values and those calculated using the equation
of state of an ideal gas, since at high pressure the equa�
tion of state of nitrous oxide differs significantly from
the equation of an ideal gas. Calculations performed in
[4] (Fig. 5) demonstrated a considerable increase in
the explosion pressure Pe to the initial pressure Pi as
the latter approaches the critical point. When a cor�
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Fig. 1. Pressure oscillogram for the ignition of nitrous
oxide near the lower endplate of the tube at an initial pres�
sure of 10 atm.
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Fig. 2. Pressure oscillogram for the ignition of nitrous
oxide near the lower endplate of the tube at an initial pres�
sure of 14 atm.
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rection for the nonideality of the state of nitrous oxide
at high pressure is introduced, the extent of decompo�
sition in spherical bombs becomes still lower.

The laminar flame speed for nitrous oxide decom�
position was estimated from pressure oscillograms
recorded in experiments with ignition from above. For
a pressure rise range within which the flame front was
expected to be planar, the laminar flame speed was
determined from the pressure rise rate. At the initial
pressure of 60 atm, it was found to be 1 cm/s. Esti�

mates based on an analysis of oscillograms showed
that, within the range of dynamic pressure from 50 to
130 atmospheric, the laminar flame speed is propor�
tional to P–1.25. The initial portions of pressure records
for ignition from below also make it possible to esti�
mate the laminar flame speed of nitrous oxide decom�
position. Although an analysis of these portions
yielded approximately similar results, the smallness of
the pressure rise makes it impossible to ensure a satis�
factory accuracy of determination of the flame speed;
in addition, the convective lift of the flame kernel may
substantially change the shape of the flame.

We also calculated the laminar flame speed within
the framework of the thermal theory with consider�
ation of the kinetics of nitrous oxide decomposition at
high pressure. It was taken into account that the sec�
ond order of the reaction of decomposition of nitrous
oxide held only up to 20 atm, gradually approaching
the first order at higher pressures. The calculations
performed showed that, at pressures below 20 atm, the
laminar flame speed is nearly constant, ~1 cm/s. At
higher pressures, it must be inversely proportional to
P0.5. That the experimentally measured pressure
dependence is stronger can be explained by two fac�
tors: (1) at high pressure, the gas density in the formula
for the flame speed is proportional to the pressure to a
power larger than unity and (2) the curvature of the
flame, which was considered planar in calculations,
depends on the initial pressure. In our opinion, the
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Fig. 3. Schematic of the setup for determination of the
critical quenching diameter for a nitrous oxide decompo�
sition flame: (1) flame arrester and (2) igniter.
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Fig. 4. Experimentally measured pressure dependences of
the critical diameter for the quenching of a nitrous oxide
decomposition flame passing through a flame arrester of
length � installed between two sections of the tube ((Δ) � =
200 mm and (�) �= 100 mm) and (�) a flame arrester
positioned face�to�face with the upper endplate. The open
and closed symbols denote flame passage and extinction,
respectively.
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second factor is more important, since the density
increase associated with the nonideality of gaseous
nitrous oxide is expected to be small. Overall, esti�
mates of the laminar flame speed of nitrous oxide
decomposition as determined from pressure time his�
tories are in satisfactory agreement with the predic�
tions of thermal theory.

That the nitrous oxide decomposition flame prop�
agates slowly makes the flame kernel produced by
ignition from below leave the site of ignition before it
reaches the tube wall. At a low initial pressure (for the
run the pressure record of which is displayed in Fig. 1),
convective motion manages to transport the flame ker�
nel closely to the upper endplate rather rapidly, so that
the flame surface area increases continuously, due to
both the propagation of the flame toward the tube
walls and the spread of hot combustion products over
the endplate; therefore, oscillogram features mono�
tonic pressure rise. At higher pressure (Fig. 2), the
velocity of convective lift of the flame kernel is lower
because of a higher gas density and, hence, a greater
resistance to its motion (as can be seen from a compar�
ison of Figs. 1 and 2), and, therefore, the flame
reaches the tube walls earlier. Upon doing so, it
becomes flatter, and the pressure rise slows down
sharply. This explains why a quasi�plateau appears in
the pressure record. For ignition from above, the
quasi�plateau in the pressure time history begins to
form when the flame touches the lateral walls of the
tube and becomes flatter. The subsequent increase in
the pressure rise rate is associated with the inverse cur�

vature of the flame front caused by the cooling of the
combustion products by the lateral walls of the tube
and by convective flows from the tube axis to the
periphery.

Due to a strong influence of convection on the
propagation of the nitrous oxide decomposition flame,
the problem of explosion safety of this gas is intimately
related to the actual geometry of the volume it occu�
pies. Indeed, when produced near the upper wall, the
flame kernel should be large enough to forestall its
quenching by the wall.

Therefore, in all experimental studies, the pressure
at which the flame was capable of propagating down�
ward was above 10 atm; i.e., it was necessary to ensure
a high density of the starting hot kernel and a narrow
reaction zone in the flame (which decreases with
increasing pressure), so that heat losses could not
extinguish the incipient flame. Ignition at a certain
distance from the upper wall sometimes gives rise to a
flame kernel, which rapidly reaches the upper wall,
and the chance that it will spread over the entire vol�
ume is determined by whether it is large enough to sur�
vive cooling by the upper wall. When ignited at a large
distance from the upper wall, the flame can spread
throughout the entire volume (at a sufficient ignition
energy and a high pressure), reach the upper wall and
then propagate downward, or extinguish because of a
too fast lift of the flame kernel accompanied by a
supercritical extension of the frame. This, as pointed
out in [5], explains why an optimal channel height for
the complete decomposition of nitrous oxide exists.
The large scatter in the values of the minimum pres�
sure at which nitrous oxide was considered to burn in
the works of different authors can also be explained by
the above processes, since in many cases the extent of
decomposition was small: once ignited, the flame soon
extinguished.

As to the critical diameters of flame propagation in
channels, the differences in their values obtained by
the two different methods can be explained by the
flame being reignited by the outflowing combustion
products behind the flame arrester even if it extin�
guished while passing through the channel. This con�
clusion is supported by the dependence of the quench�
ing diameter of a channel on its length. Indeed, as the
length was increased to 200 mm, the quenching diam�
eters determined by the first method approached the
corresponding values measured by the second
method, which involved no outflow of the combustion
products into the unburnt gas.

We estimated the quenching diameter based on
thermal theory of flame propagation [6] and the mea�
sured laminar flame speed of nitrous oxide decompo�
sition. At a pressure of 10 atm, dcr was 1.8 cm, in close
agreement with the measured value. According to
thermal theory, the quenching diameter should be
inversely proportional to the pressure at less than
20 atm and to the square root of the pressure at higher
values. In all probability, the reason why the experi�
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Fig. 5. Relative pressure of nitrous oxide decomposition in
a closed volume with consideration given to the nonideal�
ity of the initial state of the gas; ti is the initial temperature.
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mental and theoretical dependences deviate from each
other is the same as that underlying the stronger
decrease of the laminar flame speed with increasing
pressure compared to the theoretical predictions,
more specifically, the pressure dependence of the
flame front curvature. Indeed, the behavior of the
experimentally measured laminar flame speed sug�
gests that, with increasing pressure, the flame front
becomes flatter (because of a slower convective
motion) within the pressure oscillogram portion used
to calculate the laminar flame speed, and, therefore,
the pressure rise in a closed vessel slows down. The rel�
ative heat losses for a less curved flame are lower, and,
consequently, the flame can propagate in a narrower
channel, as observed in experiment.

CONCLUSIONS

The experiments performed revealed a compli�
cated pattern of the propagation of nitrous oxide
decomposition flame due to a strong influence of con�
vection on the flame kernel motion and its shape.
According to experimental data and theoretical esti�
mates, the laminar flame speed for nitrous oxide is as
low as 1 cm/s, and, therefore, convective flows should
strongly affect the characteristics of the nitrous oxide
decomposition flame. In this case, in contrast to fast�
burning mixtures, the explosion safety of nitrous oxide
is determined not only by the characteristics of the gas
itself, but also by the parameters of the setup on which
its explosibility is tested, since the convective motion
of the flame kernel and the very thick reaction zone
make an incipient flame vulnerable to extinction on
the walls. For this reason, when ignited with a powerful

source, nitrous oxide can decompose only to a small
extent, a behavior observed in all experiments on its
combustion.

While the simple mechanism of nitrous oxide
decomposition makes it possible to apply thermal the�
ory of flame propagation and obtain satisfactory
agreement with experiment in laminar flame speed
and critical quenching diameter at fixed initial condi�
tions, the measured pressure dependences of these two
characteristics differ significantly from those predicted
by the theory. It makes sense to explain this discrep�
ancy by the flame shape being different in experiment
and calculations; generally, the flame shape should
depend on the initial pressure, since the convective
motion pattern should depend on the gas density.
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