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Abstract

In this paper, the effect of flame stabilization within tubular burners is investigated numerically. Two main
regimes of combustion are observed - stabilized flames near the surface, called attached flame regime, and a
detached flame. In the case of the attached flame regime the strain of the flow stabilizes the flame front, which
exists in a very wide range of inflow rates. In the case of the detached flame regime joint effect of the strain, the
curvature and diverging outflow influences the flame front. Three additional sub-regimes are reported in this
case. Steady strain flames are found at relative low pressures and for lean mixtures. Then, with the increase of
the inflow rate the steady flame front becomes unstable and flame oscillations emerge in a near stoichiometric
mixture composition when the pressure is increased. This loss of stability is extremely sensitive to the ambient
pressure, molecular diffusion and chemical kinetic. Further increase of the inflow rate stabilizes the flame again
until another critical strain is attained and the flame quenches. The parametric range of these different regimes
is outlined and critical inflow velocities are determined.
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1. Introduction

Investigation of stretched and curved laminar
flames in one of the central problems in both
laminar and turbulent combustion [1, 2]. There
is an enormous amount of literature devoted to
experimental, analytical and numerical studies
of the effect of stretch and curvature on the flame
characteristics [3, 4]. The most attractive are those
configurations which allow the one-dimensional
formulation, like the counter flow planar and
spherical/cylindrical flames. These configurations
give an opportunity to single out the pure stretch
and curvature phenomena, respectively.

A significant knowledge has been gained
and accumulated for these systems, an-other
system - tubular flames, which has been to large
extent overlooked in the past and which allows
to investigate the combined effect of stretch
and curvature, becomes very interesting. As it is
demonstrated in [1, 2], the tubular configuration
can be formulated on a basis of a single spatial
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dimension adopting a Lagrangian coordinate
transformation. This drastically simplifies the
numerical analysis of such systems. Experiments
with tubular flames [5-7] demonstrated that
stretch rates comparable to the flat counter-flow
configuration can be attained for tubular flames. At
the same time, the flame diameter at the extinction
conditions can be of the order of millimeter, which
is smaller than the length of recombination zone
in hydrocarbon flames. Such a flame curvature
can not be achieved in burner stabilized systems
[8]. Thus the tubular flame configuration gives an
opportunity to investigate the interplay of stretch
and flame curvature in a geometrically simple and
unique, in terms of parameter values, system.
Most of the papers devoted to tubular flames
analyze the extinction characteristics of steady
cylindrical reaction fronts [5-7, 9-12]. Hydrogen,
methane and propane are considered as fuel.
Air and mixtures of oxygen and nitrogen, argon,
carbon dioxide - as an oxidizer. It is found that
preferential diffusion plays a crucial role in the
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near extinction behavior. In particular, flames
with Lewis numbers smaller than one become
stronger in response to flow induced contraction.
The burned temperature exceeds the adiabatic
temperature, while the diameter for extinction
can be fairly small. The critical equivalence ratio
for the extinction strain rate shifts to leaner
compositions in comparison to the at counter-
flow configuration [13]. In the case of the mixtures
with Lewis number close or greater than one
the reverse behavior takes place i.e. the burner
temperature is comparable or smaller than the
adiabatic one and the flammability limit extension
is not observed.

It is known that the variation of the Lewis
number may induce the onset of the thermo-
diffusive instabilities. In the case of the freely
propagating flame a linear stability analysis
shows that planar flames can loose stability
forming cellular (for Lewis number less than 1)
and pulsating (for Lewis number greater than 1)
instability [14]. The onset of cellular instabilities
in tubular flames is investigated in [12] for
the case of hydrogen and methane flames. It is
shown that petal or corrugated flame structures
can emerge as a result of the cellular thermo-
diffusive instability. The onset of flame pulsations
in tubular flame configuration has not been
studied yet and this is the main goal of our current
work. Flame pulsations are not only interesting
nonlinear dynamical phenomena by themselves,
they are also known to promote the onset of flame
extinction [15, 16] and can be used in verification
of the reaction mechanisms [17]. Thus the
analysis of the conditions for emergence of flame
oscillations and of their characteristics are of both
applied and fundamental importance.

In the current paper, the effect of curvature
on the emergence of pulsating diffusive-thermal
instabilities and dynamics of flame oscillations
similar to [18, 19] is in the focus of computational
study. In order to undertake such analysis a tubular
burner configuration is employed. The emergence
of pulsating solutions near the stoichiometric

compositions of hydrogen-air systems is reported.
A detailed study of the characteristics and critical
parameters for the onset of flame oscillations
for hydrogen-air flames is performed. First, the
mathematical model is presented and discussed
together with main physical assumptions made to
treat the phenomenon in one spatial dimension.
Then a numerical method and computational
procedure to address the considered configuration
is briefly outlined. In the results section four
different regimes of the fames observed are
described, characterized and the domain of their
existence and emergence estimated. The reported
regimes can be roughly subdivided into attached
and detached flame front regimes. The latter can be
further divided into steady, pulsating and strained
near extinction limit flames. All these phenomena
emerge in a very wide range of inflow rates.
Thus bifurcation system parameters - critical
values of the onset of different regimes represent
a particular interest for further validation of
physical sub-models used to describe combustion
of hydrogen systems. The latter motivates the
current study.

2. Mathematical model

The burner is considered to be infinite along
the direction of symmetry (z-axis) in cylindrical
coordinates (see Fig. 1). The mathematical model
and numerical algorithm for solving the system
of the governing equations employed in the
current work are based on a formulation of the
governing equation system for tubular flames [20]
and reformulated using the derivation of a one-
parameter-formulation for unsteady processes
described in [21]. Starting with the governing
equations for a two-dimensional axisymmetric
configuration and using the assumptions (see e.g.
[21] for more details)

e vanishing gradients of W;T in z-direction

¢ v, is only a function of r

e v, = zG(r)

°ev,=G(r)

r

T

2

BRI

Fig. 1. Schematic illustration of the tubular flame configuration.
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¢ neglecting dissipative terms in the energy
equation

e assuming that pressure variations are
negligible for the balance in the energy equation
(quasi-uniform pressure assumption, low Mach
number approximation)

e the axial pressure gradient is assumed to
obey (1/z)0p=0z = ] = const:

¢ the system behaves like an ideal gas law
P = pRT = M, which is considered to be a good

J = —Pw=FRy (C;rf:Ru:- T (E) e ) '
#=Fip

A system of conservation equations with
detailed chemical reaction mechanisms and
detailed transport models is considered. Then the
system of governing equations can be written as

approximations for the problems considered in
this paper.

We end up with a system of equations consisting
of the continuity equation, the equation for
G = v, = z, the species conservation equation and
the energy equation. The system is closed by the
ideal gas equation. Note that there is no need to
solve for the radial velocity component, because ]
is related to G via the boundary condition.

The detailed molecular transport is based on
the Curtiss-Hirschfelder approximation [22, 23]
including thermal diffusion (Soret effect) (see e.g.

[24]) by
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In these equations t and r are the time
and radius in cylindrical coordinates, T is the
temperature, w;is the mass fraction and x; the mole
fraction of species i; 4, ¢, and A are the density, the
constant pressure specific heat capacity, and the
heat conductivity of the mixture, respectively; cp;
M, w; h; and j; are the constant pressure specific
heat capacity, the molar mass, the chemical rate of
production, the specific enthalpy, and the diffusion

T =Ty povolw
oT _ 9% _
ar " a9y

ux density of species i. M is the mean molar mass,
DP; the diffusion coefficient for species i, and D7 is
the thermal diffusion coefficient.

The burner has a large thermal inertia and
thickness. Thus, it is assumed that the porous
medium of the burner remains at constant
temperature T, i.e. the burner is thermally
stabilized.

The boundary conditions are given as [25]

s—wli+ i =wf =K

(7)

i =
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where w’; denotes the mass fraction of species i in
the fresh mixture, which is fed into the burner and
poDo is the mass ux density of the fresh mixture.
% is a surface reaction rate (accounting e.g. for
the destruction of radicals at the burner surface),
which is in this work assumed to be zero, because
the pressure is relatively high, the surface of the
burner is cold (T, = 298 K) and flames considered
are typically far away form the burner surface.
These mixed boundary conditions account for the
ux of the mass fraction of species at the burner
entrance, diffusive ux and chemical reaction
taking place at r = R,. The temperature of the fresh
mixture at R, is assumed to be equal to the burner
temperature T,. The dominating mechanism of the
heat loss from the reaction front is supposed to be
due to the thermal interaction of the solid wall of
the burner and the combustion front. The body
forces are assumed to be negligible.

In this work we use the Warnatz mechanism
[21, 24] which includes 38 elementary re-actions
taking place between nine species (H,, H, H,0,
H,0, OH,, N, 0O, 0, OH). This mechanism is
considered as a representative example only.
In the investigations made the outcome should
not be qualitatively affected by the usage of a
particular mechanism, however, as it is shown
below the phenomenon is very sensitive to system
parameters. The onset of pulsating regimes and
their characteristics scatter the system states in
the composition space which signifies dependence
of the critical phenomena on the chemistry and
diffusion properties of the mixture.

3. Numerical method

In order to simplify the numerical treatment
the time derivative of in the continuity equation
Eq. (2) is replaced based on the ideal gas equation
according to

5 8T — s 1 fuy
=B MY ®)

where M denotes the mean molar mass, and the
right hand side of the equations are used. In this
way the continuity equation no longer involves
an explicit time derivative, and after spatial
discretization Eq. (2) results in an algebraic
equation.

A spatial discretization of the partial differential
equation system on a non-equidistant grid using
finite differences (central differences for the
transport terms and upwind differences for the

convective terms) results in a large differential/
algebraic equation system, which is solved by
the linearly implicit extrapolation method LIMEX
[26, 27] with error, order, and step size control.
The spatial grid is statically adapted based on the
magnitude of the local gradients and curvature
of the dependent variables (see [24] for details).
This altogether allows to integrate the system very
accurately both in time and in space, which is very
crucial for transient flame propagation regimes
considered in the study.

In the numerical computations the temperature
of the burner is in all cases - T, = 298 K, while
pressure - P, mass ux of the fresh mixture at the
burner surface controlled by inflow velocity - v,and
equivalence ratio - ¢ are varied in the parametric
study. The governing system of equations Eq. (2)
is integrated numerically for the given parameters
until the solution converges either to a steady
combustion front, to en extinguished system or to
a periodically pulsating solution. In the latter case,
the time integration is stopped, once the periodic
solution is found, i.e. when the amplitude of
oscillations is not changing and e.g. x,(x;t) = x;(x;t
+ 1) is satisfied, where t defines a period of flame
oscillations and x; is species mole fraction.

The initial solution profile is taken from the
closest results obtained before in the parameter
space - (P, v, ¢). The loss of stability of the steady
combustion fronts is analyzed numerically similar
as described in [18, 19, 28].

Now, the main steps of the computational study
are briefly outlined. All the control parameters (P,
v, and ¢) are fixed except for one, namely, v. The
solutions are integrated from the case of steady
flame and v is gradually increased until flame
pulsations occur. The amplitude of the oscillations
is traced by choosing an observable variable (e.g.
Xon) to monitor the time history and distinguish
periodic behavior. The local maximum of Xgy
distribution can be an example of such observable.
The amplitude and frequencies of pulsations are
analyzed as function of the bifurcation parameter
- v. Note that the neutral stability boundary in the
space of parameters can be found by repeating
this procedure for different values of control
parameters.

4. Results and discussion

The numerical analysis described above reveals
that there are four regimes of combustion in the
considered configuration of the cylindrical burner.
For very small mass fluxes at the boundary the
flame sheet is located very close to the surface of
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the burner. We call this regime - burned stabilized
or attached flame regime. The flame-wall thermal
interaction (mainly heatloss) governs the behavior
of combustion front in this case. For mass fluxes
which are close to (or slightly exceeding) the mass
flux of freely propagating flames the combustion
front detaches from the burner surface and the
radius of the location of the flame increases with
v. The latter regime will be referred to as the
detached flame.

4.1. Attached flame regime

The attached flame behavior is illustrated in
Fig. 2. The temperature, OH radical mole fraction
and local gas flow velocity profiles are plotted for
¢ =1, P = 4 bar. This case is taken as a reference
one throughout the exposition because it is
representative to all parametric range investigated
in this study. The main features of the regimes
observed can be seen and outlined elaborately.
For other set of parameters the observed regimes
will only be shifted in the parameter space, but
qualitatively will remain similar.

The radius of the burner is taken to R, = 5 mm.
The location of flame front is determined by the
radius, at which the maximum mass fraction of OH
radical is attained.

Figure 2 on the left shows temperature profiles
of the steady flame fronts. A set of blue lines show
the attached burner stabilized profiles with inflow
velocities well below the laminar flame front such
thatheatlossesto the wallsinfluences dramatically
the flame temperature. It drops almost by a factor

of two compared to the maximum value, but still
reacting solutions are observed. One may conclude
that even a small strain has stabilizing effect if
compared to [28], where burner stabilized flame
front on the external surface of cylindrical burner
was investigated, presented and discussed. Next,
the red profile represents a critical solution right
before the flame detaches the surface. One can see
a local maximum of temperate is attained near
in this particular case. When the strain / inflow
mass flux / inflow velocity is further increased the
flame front detaches the surface (laminar velocity
-v;=1.77 (m/s) for this case), but remains steady
with slight flame temperature decrease compare
to the critical one shown by the red line.

Figure in the middle can be used to trace the
position of the flame front and its structure
for different inflow rates. One can see that by
increasing the inflow rate the position of the
maximum of OH (flame front position/distance)
moves first towards the burner surface, it reaches
a minimal value and then, similar as reported in
e.g. [28], it increases until the flame detaches the
burner surface. Note here a low maximum of OH
mole fraction corresponds to low flame temperate
regime having a lower inflow rate.

In the right sub-figure of Fig. 2 the gas local
velocity profiles are shown such that the inflow
rate corresponds to a boundary value. It shows
additionally vast differences in the inflow rates
between the attached, critical and detached
regimes when they emerge. It can be seen that
when the combustion front is attached to the
surface of the burner the mass flow rate speeding
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Fig. 2. The structure of the attached flame for ¢ = 1 and P = 4 bar: (left) the flame temperature profiles; (middle)
the OH mole fraction profiles; (right) the mass flux profiles; The solid red line shows the critical profile (v = - 1.73
(m=s)), while blue lines depict attached flame regime (with v = - 1:55%¥10?%; 4.34 * 10°%; 1.27%10%; 3.78%10%; 1.17
(m=s)) and black ones (for v = -2; -2.5; -2.75 (m=s) respectively) illustrate the detached flame fronts profiles for

moderate mass fluxes before the pulsating regime onsets.
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up right at the surface (see blue and red curves),
while the black lines show the detached regime
and the gas flow first slows down before the flame
front is reached. The local maximum corresponds
approximately to the flame front velocity of
the planar steady flames such that the balance
establishes between both the mass flow rate
coming from the surface and slowing down and
the mass flux of products (in radial and in axial
directions).

Note that for the attached regime (blue curves
in all Figs. 2) higher the inflow rate leads to higher
burned temperature and higher maximum of
the OH mole fractions along the system solution
profile. When the flame detaches the burner
surface (red curve represent a critical moment)
the situation changes the maximum of OH growth
further while temperature drops down and he
flame front position moves towards the symmetry
line (r = 0).

The stability of the steady attached flame is
not in the focus of this study. It was investigated
in detail in [28] and is not expected to be very
different unless some very small radius of the
tubular burner will be considered. This is because

of the burner radius is still large compared to the
flame front width and the strain is very small for
the attached regimes. Thus no large differences
are expected between these configurations in the
attached regime. Moreover, cases with very small
radius are difficult to realize in real experiments
and hence these remain beyond the scope of
current computational study. The dependence of
the critical mass flux for the onset of oscillations
in the detached regime is the main focus of this
study and is be outlined in the following.

4.2. Detached flame regimes

The detached strained flame can be further
subdivided into steady, pulsating/oscillating and
strained - near extinction regimes. When the
critical condition (e.g. with respect to pressure)
is not attained the flame front remains steady. As
far as a critical condition is met the flame becomes
unstable and oscillates in a wide range of system
parameters. However, when the inflow rate is
further increased it stabilizes the flame again and
the flame front becomes stable again until the
critical strain is reached and the flame quenches.
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Fig. 3. The structure of the steady flame for ¢ = 1 and P = 1 bar: the temperature, mass flow rate and OH with H,0,
radicals are presented for v=-5.3,- 11.6, - 17.9, - 26.3 (m/s). Note here that the higher the inflow rate the closer the
flame front (local maximum of the gas velocity profile) to the symmetry line.
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4.2.1. Strained steady flame regime

The steady flame front for all ranges of inflow
ratesis observed for the case e.g. ¢ =1 for pressures
below P~3 bar. Figures in fig. 3 show typical flame
front structure and species profiles for steady
flame for ¢ =1 and P = 1 in a wide range of inflow
rates. Temperature profiles show how the flame
temperature varies with the increase of the inflow
rate. [t drops down, while OH mole fraction grows
and attains its maximum when the flame fronts
comes closer to the symmetry line. One can see
that in a wide range of inflow rates the flame
structure remains qualitatively very similar (see
e.g. the profile of the H,0, radical mole fraction)
even the flame local mass flow rate at the flame
front position does not change much. It signifies
a balance between strain (in the diverging flow),
curvature effects, chemical reaction and diffusion
processes. Remark that all these effects coupled
in a complicated manner can be studied in the
transient combustion regime in detail by using the
suggested configuration.

4.2.2. Strained pulsating flame regime

With the increase of the pressure the flame
front becomes thinner and instabilities emerge
such that the flame starts periodically oscillating.
Figures 4 show typical flame front structures
for periodically oscillating regime. The onset of
instabilities occurs near the position R =4 mm and
persist for ¢ =1 and P = 4 in a wide range of mass
flow rates and flame front positions / curvatures
(see also Fig. 5). In percentage all system variables
deviate in the similar range once a pulsating
solution establishes (compare variations of all
profiles presented in Figs. 4).

The periodic behavior is illustrated by
representative state space variables - specie
profiles, hydrodynamic properties are described
by the gas flow velocity and the location of flame
front can be traced by local maximum of the OH
radical mole fraction.

Figures 5 show the range and character of the
pulsating solutions in the whole range of system
parameters of pulsating regimes. On the left figure
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Fig. 4. The structure of the pulsating flame for ¢ = 1 and P = 4 bar: the temperature, mass flow rate and OH with H,0,
radicals are presented for the range of pulsating regimes - v = -5.0; 10.0; 20.0 (m/s).
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Fig. 5. The structure of the pulsating flame for ¢ = 1 and P = 4 bar: (left) the maximum of the OH mole fraction along
the system solution profile vs. radial coordinate for a range of v = - 5.0, ::;, 60.0 (m/s); (right) the maximum of the
OH mole fraction along the time for pulsating solution with largest amplitude -v =-10.0.

one can see the maximum of OH along the solution
profiles as function of special variable. The
oscillations emerge at R~4 mm with already quite
high amplitude (see the most right oscillating
patters of OH maximum), which increases and
reaches it largest value around the middle of the
radial distance (corresponding to v~10 (m/s)).
The pulsations survive for very small radius of
the flame front and very strong strain of the flow.
Figure 5 on the right shows the time evolution
of the OH maximum at this regime for a several
periods of oscillations. A very regular periodic
oscillations are observed and reported.

Figures 6 present further the structure of
pulsating flame in the state space of (H, OH)
species mole fractions for their maximum values
along the pulsating solutions. The figure on the left
shows a typical pattern of an oscillating behavior
illustrating the influence of pulsations on the
thermo-chemical system state. The maximum
of H mole fraction presented on the right figure
illustrates additionally periodic character of the
pulsating regime.

The results of the detailed computational
analysis for the illustrative case of ¢ = 1 used
to outline and describe the main observation
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made are summarized in Figs. 7. Here on the
left panel amplitudes of pulsations are shown
for the pressures when the oscillation behavior
emerges - P = 3;4;5 bar. One can see the range is
widen with the increase of the pressure as well
as the amplitude steadily grows. For all range
of pressures a maximum of the amplitudes is
attained approximately at the same inflow rate.
The figure on the right show quite high values of
frequency even at the point when the oscillations
emerge. The frequency gradually increases with
pressure though there is also a kind of saturation
of the frequency with the pressure increase.

In Tab. 1 all obtained results of critical inflow
rates for the onset of pulsations (v, v;) as well
as for extinguishing strained flames (v;) are
summarized. In the considered range of the
equivalence ratio there is no pulsating regime for
normal pressure is reported. With the pressure
increase (near P = 2) the flame front becomes
unstable already for moderate values of the inflow
rate. The interval of the pulsating solution grows
with the pressure and reaches very high velocities
of order of ~100 (m/s).

The range of this interval reaches the maximum
at the stoichiometric composition and narrows
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Fig. 6. The structure of the pulsating flame for ¢ = 1 and P = 4 bar: (left) the maximum of the H mole fraction along
the system solution profile; (right) the maximum of the H mole fraction along the time for pulsating solution with

largest amplitude - v =- 10.0 (m/s).
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Fig. 7. The structure of the pulsating flame for ¢ = 1 and P = 3, 4, 5 bar: (left) the amplitude of the maximum of the
OH mole fraction in the range of pulsating solutions by v [m/s]; (right) the maximum of the OH mole fraction; Solid
lines show P =5, dashed lines represent results for P = 4 and dotted lines show P = 3 case.

towards leaner or richer mixtures. One can
conclude the phenomena is very stable and can be
easily observed and studied experimentally.

4.2.3. Strained flames near extinction

With further increase of the mass flow rate the
flame stabilizes again until critical extinction limit
is reached. At this critical values the strain rate
is attained such that the residence time becomes

smaller than the characteristic time scale for
chemical reaction to take place and the flame
quenches.

Figures 8 summarize the typical stages near
the extinction limit. Here we return to the case
¢ =1 and P = 1 bar simply because the flame front
structure can be better seen for the case of lower
pressure (the flame front is just wider). Similar as
in figs. 3 the blue color shows steady profiles near
the extinction limit, while the red one shows the
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Fig. 8. The structure of the strained flame for =1 and P = 1 bar: the temperature, mass flow rate and OH with H,0,
radicals are shown for the range of steady flame fronts with v = - 30.0; 40.0; 50.0; 60.0 shown by blue lines,v=-61.0
- critical value shown by the red line while black solid lines represent transient extinguishing solution profiles for

v=-62.0.



286 V. Bykov / TOPEHUE U ITJIASMOXUMMUS 20 (2022) 277-288

Table 1. Critical values of the absolute values of the
inflow velocities; Cases - ¢ = 1.25, 1, 0.75

@ P A V, Vs
1.25 5 4.75 82.5 345
1.25 4 6.75 57.5 275
1.25 3 10.5 25 205
1.25 2 - - 126
1.25 1 - - 55
1.00 5 2.15 88 365
1.00 4 3.15 61.5 295
1.00 3 4.75 37.5 215
1.00 2 - - 135
1.00 1 - - 62
0.75 5 1.3 47.5 325
0.75 4 2. 37.5 255
0.75 3 3.75 22.5 195
0.75 2 6 8 120
0.75 1 - - 55

profile for the critical inflow rate and the black
thin lines illustrate how the extinction processes
proceeds when the inflow rate slightly exceeds
the limiting value. The inert solution emerges at
the end. Remark that almost the same burning
temperate is observed as in the case of the burner
stabilized flame near very low inflow velocities.

Figure 9 finalizes the results and shows the
fast range of critical inflow velocities of the
strained extinction limits. It shows that the flame
propagation phenomenon in near stoichiometric
compositions represent a very stable combustion
process.

Additionally, all different regimes reported
cover several order of magnitude by the
inflow rates (ranging from 102 to 10 (m/s)),
such that this geometry/configuration can be
used as a substitute/generic configuration to
study hydrogen combustion phenomena in all
possible regimes, which can be observed in
highly turbulent hydrogen flames, with all major
effects of curvature, strain, heat losses taken into
account. Moreover, these can be investigated
«independently» and considered transiently when
the system undergoes the transition between the
meta-stable regimes of the flame propagation.

5. Conclusions
Two regimes of combustion front in a tubular

burner configuration were reported: attached
and detached flames. For relatively small mass

350¢
3000
250¢
200

V3!

1500
100}

500

Fig. 9. Critical strain velocities for ¢ = 0.75, 1.00, 1.25
as function of pressure. Solid line for ¢ = 1, dashed line
represents results for ¢ = 1.25 and dotted lines show ¢
= 0.75 cases (see Tab. 1).

flow rates the flame front is located very close to
the surface of the burner. The flame-wall thermal
interaction (heat losses) governs the behavior of
combustion front in this case. Because this regime
is realized for very low velocities the attached
flame regime is similar to the burner stabilized
flames of the cylindrical burner studied before in
[28]. In particular, similar behavior of the flame
front is observed in this regime, namely, because
the net heat flux from the combustion front to the
surface burner increases the flame front further
drifts away from the burner surface when the
inflow rate decreases.

For inflow rates exceeding the mass flow rate
of the freely propagating flame the combustion
front detaches from the burner surface and flame
radius reduces with the mass flux of the fresh
mixture. In the case of moderate (but higher then
a laminar flame) inflow rates and with increase of
the pressure the critical velocities attained for the
onset of instability and pulsating flames emerge.
These were estimated and outlined for moderate
pressures and near stoichiometric mixture
compositions.

The change in the flame structure in the
detached flame regime due to the curvature effect
and strain significantly influence the flame stability
characteristics. Even for critical pressures, further
increase of inflow rates suppress the oscillations,
amplitude decreases while the frequency of
oscillationsincrease and flames are stabilized once
again. The latter limit is also computed together
with the critical velocities leading to strain rates
at which the flame quenches.

The study has shown that the suggested
configuration elaborates interplay between
geometry/curvature, diffusion and chemistry.
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This plays an important role in con-trolling the
flame propagation and transition regimes. Thus it
can be used as an additional generic set-up, which
is very interesting and promising to further verify
detailed chemical kinetics and diffusion models
for hydrogen combustion processes in transient
regimes.
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l'opeHUe MNOYTH CTEXHMOMETPUYECKHX BOJO-
POJHO-BO3YLWIHbIX CMeCel, CTaGUIU3NPOBaH-
HbIX BOJIU3M TPYG6GYaATOM NOPUCTOM ropesKu
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AHHOTauusa

B nanHo#i paboTe 3pdeKT cTabuaM3aLMU IJ1a-

MeHHU B TPy6YaThbIX ropesikax UCCaelyeTcs YMC-
JleHHOo. HabuiofialoTcsi [Ba OCHOBHBIX pexuMa
ropeHust - CTabMUIU3UPOBaHHOE MJIaMs Y TOBEpX-
HOCTH, Ha3bIBa€MOE PEKUMOM IPHUCOEUHEHHOTO
IJIaMeHHY, U oTolle/llee I1aMd. B caydae pexxuma
NPUCOeJMHEHHOTO IJIaMeHU JepopManusa MoTo-
Ka CTabuausnpyeT QpOHT IJIaMeHH, CylleCTBY-
IOIMI B OYeHb LIMPOKOM JUana3oHe CKOPOCTeHn
NpUTOKA. B ciiyyae oTpbIBHOTO pexxrMa MJjiaMeHu
Ha QPOHT MJIaMeHH BJIUsIET COBMECTHOE BJIUSHUE
AedopManyy, HMCKpPUBJIEHUS U PaACXOAALLErocs
N0TOKa. B aTOM ciy4yae coobuaeTcs o Tpex Jo-
IOJIHUTEJIbHBIX NoApexxnuMax. CTaluoHapHoe Jie-
dopmanroHHOe MaaMsi HabJIJAeTcsl IPU OTHO-
CUTEJIbHO HU3KUX JlJaBJeHUAX U /151 06eJHEHHBIX
cMecel. 3aTeM C yBeJMYeHHeM CKOPOCTH HaTeKa-
HHUA CTAllMOHAPHbIM QPOHT NMJIaMeHU CTaHOBUTCS
HeyCTOMYMBBIM U BO3HUKAIOT K0JIeOaHHUA NJ1aMe-
HU B COCTaBe CMecH, 6JIM3KOM K CTeXHOMeTpHrye-
CKOMY, IIpU MOBBILIEHUHN JaBJieHUs. JTa noTeps
CTaOUJIbHOCTH 4pe3BblYallHO YYBCTBUTEJbHA K
aTMocpepHOMY JlaBJIEHUIO, MOJIEKYJISPHON AUP-
bysuu M xuMHUyYecKOM KHHeTHKe. JlasbHelllee
yBeJIMYeHHe CKOPOCTH NPUTOKA CHOBA CTAabUJIU-
3UpyeT IJ1aMA [0 TeX 0P, I0Ka He 6yeT JJOCTUr-
HyTO HOBOEe KpPUTHYeCKOe HallpsiKeHHe U IJ1aMs
He noracHeT. O4epyeH napaMeTpHUYeCKHH JHa-
Ma30H 3TUX PA3JMYHBIX PEKUMOB U OIpe/ieseHbl
KpUTHYeCKHe CKOPOCTH NPUTOKA.
Karwuesvie csosa: npeaBapruTeJIbHO CMEIaHHOE TIo-
peHue, JJaMUHapHOe€ HalpAXeHHOoe IlJlaMA, CHUCTeMa
TOpeHHusl BOZOpoja, TepMoaudpdy3HoHHAsT HEYCTOU-
YHUBOCTb.

KyO6bIpJibl KeyeKTi OTTBIK )KaHbIHJA TYPAKTaH-
ABIPBUIFAH JAEPJiK CTeXUOMETPHSJIBIK CyTe-
ri-aya KocnaJiapbIHbIH, )KaHY bl

B. BrikoB'*, B. 'y6epHoB?, Y. Maac!

KapJicpya TexHosiorusiiblK UHCTUTYThI (TUK), TexHu-
KaJIbIK TepMOJJMHAMHUKaA UHCTUTYThI, JHTe/b6epT-Ap-
HoJbJ-cTpacce 4, kopnyc 10.91 D-76131 Kapucpys,
['epMmaHuda

’B.H. Jle6eneB aTbiHaFbl GpU3UKAIBIK UHCTUTYT PFA,
JlenuH gaHFbLIbl, 53, Mackey, Pecei

AngaTtna

By »KyMbIcTa KYOBIpJibI OTTBIKTApAaFbl JKa-
JIBIH/IbI TYPaKTaHbIPYIbIH 9CePi CaHABIK TYpAe

3eprreneni. Exi Herisri »kaHy pexumi 6Gaiikasa-
bl - OEKITIITeH KaJIbIH PeXUMIi Jlell aTaJlaThIH
OeTKe KaKblH TYpaKTaH/bIPbLJIFAH >KaJIblH >KoHe
uieriHeTiH »KaJjblH. KocCblIFaH >KaJiblH pexXuMi
»KaFflaiiblH/la aFbIHHBIH, JledopMalusackl Kipic
YKbLJIIaM/IbIFbIHBIH 6T€ KeH JUana3oHbIHAa 60J1a-
TBIH KaJblH QPOHTBHIH TYPaKTaHABIPAAbl. AXbI-
paTbUIFaH >KaJIblH PeXUMi KaFJalblHJa >KaJblH
bpoHTHI fedopMalUsIHbIH, KUCbIKTbIKTBIH, YKoHEe
JVMBEPreHTTi aFbIHHbIH OipJiecKeH acepiMeH acep
eTefi. bys xkafFpaijia yil KOCbIMIIA IIIKI pexXuM
xabapsaHazpl. TypakTel aedopManUsIbIK Ka-
JIBIH CaJbICThIpMaJsbl TYpAe TOMeH KbICbIM/a
’)KoHe apblK Kocmasiap YiliH 6adkasazbl. ComaH
KeliH aFbIll KeTY >KblJ1JaM/AbIFbIHbIH, KOFaphblia-
ybIMEH CTallMOHAPJIbIK *KaJblH GPOHTHI TYpakK-
CbI3 60JIa/Ibl KdHE KbICBIMHBIH, }KOFapbljayblMeH
CTEXHOMETPUSIJIBIKKA >KaKblH KOCHaHbIH Kypa-
MBIHJIa >KaJIbIHHBIH TepbesicTepi maijga 6osa-
Ibl. ByJl TYpaKTBUIBIKTBIH, >KOFaJybl aTMocde-
pajblK KbICbIMFA, MOJIeKyJaablK Auddy3usra
>)KoHe XUMUSAJIBbIK KHHeTUKaFa eTe ce3iMmTal. Kipy
KbLIAAM/bIFbIHBIH, OZlaH 9pi KOFapbliaybl KaHa
KPUTHKAJBIK KepHeyre >KeTKeHIIe KoHe >KaJIblH
COHTeHIIe »aJbIHAbl KalTajaH TypaKTaHJbIpa-
Abl. Ocbl 9pTYpJli pexXUMepAiH apaMeTpJiiK -
ana3oHbl KOPCETIJITEH KOHE aFbIHHbIH, KDUTHKA-
JIBIK KblJ1laM I bIFbl aHbIKTaJIabl.

Kinm ce3dep: anAplH aja apajacTblpblIFaH XaHy, Ja-
MUHapJbl KAapKbIHAbI KaJiblH, CyTeri aHy >Xy#Heci,
TepMUSIBIK AU PY3USHBIH TYPAKChI3JbIFbL.



