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The	
  role	
  of	
  compression	
  waves	
  in	
  confined	
  flame	
  evolution	
  
Kiverin A.D., Yakovenko I.S., Ivanov M.F.
Joint Institute for High Temperatures of RAS, Moscow, Russia.
The phenomenon of flame propagation inside confined vessels (channels)
is studied using the model treating the flame as a moving energy source.
It is shown that the crucial role in flame dynamics and its structure
evolution belongs to the compression waves irradiated by non-steady
flame itself. The compression waves determine the flow pattern,
temperature and pressure fields in the vicinity of the flame front which in
turn determines the features of flame evolution on the different stages of
its propagation.
Introduction	
  
The combustion waves propagating within confined vessels determine
the basis for a wide range of the dynamic processes inside technical
systems. A clear understanding of the confined combustion features is
necessary for practical use while solving topical problems of industrial
safety and energy production efficiency. That is the reason of permanent
interest in gaseous combustion within basic units of any technical system
(within channels and tubes). It is well known that the flame propagating
through the channel evolves in a close feedback with the flow. The
feedback is organized by following basic steps: 1) non-steady
(accelerating) flame radiates compression waves; 2) compression waves
transfer momentum to the flow, determining the flow pattern in the
vicinity of the flame front; 3) the flow stretches the flame surface causing
additional flame acceleration or flame deceleration. Usually to get more
detailed analysis of the process in the specific conditions one assumes the
flame to be a gasdynamical discontinuity acting as a piston (or semitransparent piston) compressing the gaseous media. Here we decided to
analyze the features of flame evolution and its compression effect on the
flow inside the channel treating the flame as an energy release zone of
the finite width. Such a flame structure can be reproduced numerically
with a good accuracy using the reduced chemical kinetics and standard
transport models (see e.g. [1]).
First it is useful to emphasize the basic features of flame dynamics and
possible combustion regimes within closed channels. Frequently the
flames propagating through the channels were of interest in view of
studying the flame acceleration and transition to detonation phenomena
(see e.g. [2, 3] etc.). Usually such experiments were carried out in the
relatively long channels. The flame was ignited near the one of the closed
ends and propagated towards the opposite closed end. The onset of
detonation took place much earlier than the perturbations reflected from
the opposite end became to affect the flame surface. In short channels the
reflected perturbations would generate counter flows decelerating the
flame that could even prevent the transition to detonation (thus there was
no onset of the detonation in studies [4-6]). In both cases of relatively
long and short channels the flame evolution can be described in
following basic stages. On the early stage the flame ignited near the endwall propagates mainly due to the expansion of the hot combustion
products out from the ignition zone. The flame accelerates up to the
normal laminar speed and continues to accelerate in exponential-like
regime determined by the linear feedback between the laminar flame and
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the flow. After some period the flame dynamics transits in the non-linear
stage. There is no more exponential rate of acceleration. The flame can
even decelerate or propagate in oscillatory regime. Finally the flame can
reach the sonic speed and its further acceleration may trigger the onset of
detonation. The characteristic flame speed evolution is shown in fig. 1
(Uf(L)) for the case similar to described in [2, 3]. Recently [7] it was
shown that in particular cases the intrinsic features of flow evolution
inside the channel can explain the features of flame acceleration.
Depending on the channel geometry (channel width) and the reacting
mixture properties the flow pattern may vary and
cause corresponding distinctions in flame behavior. Thus there is some
critical channel width different for each combustible mixture that
changes flame dynamics. In channels thinner than critical one there is no
non-linear stage of acceleration which is connected with faster formation
of the poiseuille flow in thin channels. On the other hand the distinctions
in gasdynamics of the flow on the different stages of flame acceleration
may be crucial for the flame propagation regimes in the closed channels,
where the reflected compression waves become to play a great role in
flame evolution. The features of flame dynamics on the different stages
should determine the mechanisms of flame interactions with the counter
flows generated behind the reflected compression waves.
The aim of the paper is to get systematic and clear understanding of the
confined flames evolution features defined by the interactions with
intrinsic compression waves.
Approach	
  
The results presented below are obtained for initially planar flame
propagating through the channel filled with hydrogen-oxygen
stoichiometric mixture numerically using the mathematical models,
program codes and problem setup described in our previous papers (see
e.g. [7, 8]). As it was shown recently in [8] the pattern of the process
evolving in two- dimensional channel is qualitatively similar to the real
three-dimensional one. Therefore here we present results of twodimensional solution for the flame propagating through the channel with
non-slip walls. To resolve chemical kinetics we used reduced kinetic
scheme by Warnatz [1].
Results	
  and	
  Discussion	
  
To understand the features of the compression waves and flows induced
by an accelerating flame first let consider a freely propagating non-steady
flame. Such an unconfined flame can be observed in the open spaces [9]
or on the first stage after ignition in the vicinity of the ignition zone.
Unconfined flame can be treated as an energy release zone of a given
width (flame width) propagating with a given speed (flame speed). Such
a moving energy source irradiates compression waves in both up-wind
and down-wind directions. In case of unconfined diverging flame the
waves propagating upward to the center of the flame first converge with
amplification and then after passing the center diverge with attenuation.
On the early stage when the flame radius is relatively small these waves
may outrun the flame front as they propagate with a sonic speed that is
much greater than the combustion speed (Un). This phenomenon
determines the expansion of the combustion products and flame
acceleration on this stage up to the visible flame speed Uf(L)=θUn,
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where θ – is an expansion factor determined as a relation of the densities
of cold fuel (ρf) and hot combustion products (ρb). The compression
waves going downward attenuate relatively fast giving insufficient value
of momentum to the gas ahead the flame front. Therefore there is no
further acceleration of the flame due to the positive feedback between the
flame front and the flow ahead. In absence of the additional
gasdynamical perturbations causing the flame front instability [9] the
freely propagating diverging flame represents a ``normal`` flame which
dynamics is determined only by the structure of the reaction zone (flame
front) and expansion of the hot products. Otherwise the instability growth
determines the existence of accelerating flame.
When studying the flame propagating through the channel out from the
closed end one should observe less attenuation of the compression waves
going downward (the compression waves in the channel are
approximately planar). The waves transfer momentum and energy to the
gas ahead the flame front, consequently every further wave propagates in
more compressed and heated media with a higher speed. As a result the
flow ahead the flame front accelerates involving the flame in the
accelerating movement. Such a positive feedback determines an
exponential acceleration rate. The exponential stage exists until the flame
adopts to the flow structure ahead the flame (uniform in the bulk and
decelerating in the boundary layers down to the zero velocity on the
walls) [7, 8]. After it the flame transits in a regime with lower rate of
acceleration.
During the first stages of flame propagation out from the closed end the
sufficient role belongs to the compression waves traveling upward,
reflecting from the closed end and overcoming the flame front. Their
speed equals to the sonic speed in the combustion products (ab).
Therefore on the initial stages when the distance (Xf) between the flame
front and the closed end is relatively small the compression wave
overcomes the distance of (Xf+∆X)~∆X while the flame front overcomes
distance of ∆Xf with a speed Uf(L)<<ab. Hence on the first stages
∆X>∆Xf, that means that the compression waves reflected from the
closed end outrun the flame front. This phenomenon equalizes the
pressure behind the flame front and supplies the flow ahead the flame
front with additional amount of momentum and energy. On the other
hand, when the flame front propagates sufficiently far from the closed
end and its velocity increases up to the sonic values (Xf>>0, Uf~ab) there
is no more influence of the reflected compression waves on the reaction
zone (∆Xf>>∆X). The existence of these two asymptotics tells one about
the existence of the intermediate flame propagation stage when the
compression waves reflected from the closed end interact with each other
behind the flame front at some distance from the closed end (X<Xf) (that
in some cases may cause formation of the weak shocks outrunning the
flame front). There is no more pressure equalization behind the flame
front and one can cognize a pressure spike in the reaction zone (see Fig. 2
after the time instant marked as ``1``) formed by the compression waves
irradiated by the reaction zone in all the directions (like in case of freely
propagating flame). The weak shocks may deform the pressure profile
flowing the pressure spike out from the reaction zone and in some cases
causing flame speed oscillations. It takes place until the flame front
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reaches the sonic speed in the fuel in the region of the leading edge of the
flame (Uf(L)=af). The perturbations irradiated by the accelerating flame
are not able to flow downward below the leading edge of the flame. They
lag behind the leading edge compressing the reaction zone and the
combustion products (see Fig. 2 after the time instant marked as ``2``). It
cause an additional energy supply to the reaction zone and provides
conditions for more violent increase of the combustion velocity (Uf) and
corresponding acceleration of the flame up to the sonic speed in the
combustion products ab. As the perturbations do not influence the flow
ahead the flame the flow cognize the flames leading edge as a piston
moving with the sub-sonic speed (Uf(L)-uf)=Uf, where uf – is a mass
velocity of the flow in the vicinity of the flames leading edge. As the
flame accelerates up to ab the piston surface moves through the reaction
zone, that compresses the reaction zone. The piston-induced compression
of the gas inside the reaction zone cause the formation of the shock
which birth on the scales of thin reaction zone produces detonation wave
due to the CJ-conditions of detonation wave formation. This is a
mechanism of detonation formation as a sequence of flame acceleration
in sufficiently long channels. Figure 3 represents schematic illustration of
the main stages of the process.
Above the features of gas compression and flow dynamics in the
confined combustion were discussed. Now it is useful to point out the
features of combustion processes taking place in the reaction zone during
the different stages of flame propagation through the channel as they are
closely interconnected with those gasdynamical processes discussed
above. Fig. 1 represents the evolution of the flame front characteristics
(flame thickness and combustion velocity in the leading point of the
flame surface) and gasdynamics characteristics of the flame (flame speed
and peak pressure). In fig. 1 one can see vividly the margins of all the
stages mentioned above. The first stage of flame formation by the
combustion products expanding out from the ignition region in the
presented case lasts less than 0.01ms. During this stage the flame
accelerates up to the normal laminar speed (for T0=300K and p0=1atm
the scheme [1] gives Uf~12.9m/s which is in relatively good agreement
with experimental data), the flame thickness reaches the corresponding
normal value of Lf~0.26mm. Further stage of exponential acceleration
lasts till 0.13ms and is accompanied with the combustion velocity
increase up to Uf~20.0m/s provided by the pressure increase in the
reaction zone up to 1.5atm and preheating up to 350K. The flame
thickness slightly increases as the flame front is stretched by the
gasdynamical flows developed in the vicinity of the flame front. The
flame thickness can be estimated qualitatively as Lf~λ/Uf, where λ is an
effective temperature conductivity coefficient (its value is determined by
molecular
conductivity and gasdynamical factors). As the combustion velocity
increases on this stage one can conclude that the increase of the flame
thickness is a pure gasdynamical effect. On the next stage when the
gasdynamical factors become less sufficient the acceleration is generally
determined by the increase of the combustion velocity that provides less
intensive regime of acceleration. After compression waves localization
on the leading edge of the reaction zone the combustion velocity begins
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to increase more intensively due to higher heating and pressure rise in the
compression waves. Meanwhile the flame thickness decreases down to
the shock-driven reaction front.
Conclusions	
  
It is shown that the compression waves irradiated by the non-steady
propagating flame play a crucial role in the establishing of positive
feedback between the accelerating flame front and the flow ahead the
flame front. The model treating the flame as a moving energy source
allows one to understand the features of the flames propagating inside the
channel out from the closed end, the supersonic flames and the transient
flames transiting into the detonation. The compression waves determine
the flow pattern, temperature and pressure fields in the vicinity of the
flame front which in turn determines the flame structure.
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