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Abstract

The results of detailed 2D numerical simulation of non-steady methane-air flame propagation in semi-closed tubes
after ignition near the closed end are presented. Flame dynamics dependence on the tubes width for adiabatic and non-
adiabatic walls is obtained. It is shown that main mechanism of front acceleration is flame surface perturbation due to
hydrodynamic drag near the walls, which grows due to gas thermal expansion and flow acceleration. The mechanism of
vortex formation in vicinity of the front bow point is demonstrated. The vortex is generated at the flame front velocities
of the order of S; ~ 20 m/s and may become precursor for flow turbulization at later instants.

The new theoretically possible regime of gas combustion in adiabatic conditions in narrow capillary is found. It is
characterized by relatively low propagation velocity and incomplete combustion.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Propagation of normal flames in ducts [1,2], flames
quenching in narrow channels, slits, porous media [3]
were under investigation starting from the first half of
20th century. More detailed study of flame shape and
structure was performed with development of experi-
mental and numerical simulation technique [4,5]. Fluid
motion and flame shape was examined for lean limit
methane flames in 51 mm diameter tube by Jarosinski
et al. [6]. The dynamics and formation of curved
“tulip” flame were experimentally and numerically
examined in closed rectangular vessel by Dunn-Rankin
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et al. [7] neglecting low scale hydrodynamic movements
and vorticity. Lee and Tien [8] present a study of flame
quenching and flame flashback as a function of incom-
ing velocity profiles, wall velocity gradients and tube
radius.

Schelkin one of the first gave explanation of flames
acceleration in the tubes [9]. According to Schelkin flame
acceleration does not depend on temperature and pres-
sure variation caused by pressure waves and controlled
by flow gas dynamics, turbulization caused by flow drag
on the wall. The questions of flames acceleration in
tubes were treated theoretically and experimentally in
further works by Soloukhin, Oppenheim and others
[10,11]. Despite of profound physical analysis, the mod-
els describing flame acceleration mostly has a qualitative
character. Rapid growth of computational powers in the
last years gave one new possibilities of numerical simu-
lation of flames propagation in tubes. Theoretical and
numerical studies have been performed of a Poiseuille
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Nomenclature

Ao tube cross-section area or non-perturbed
flame front surface area

As flame front surface area

a; polynomial coefficients in CHEMKIN data-
base

c heat capacity

D gas diffusivity

do tube diameter

der critical diameter of non-adiabatic tube

dert critical diameter of adiabatic tube

H gas mixture enthalpy

h; enthalpy of ith gas component

k preexponent

L tube length

I flame front width

lrw distance between front leader point and tube

wall

molar mass of gas mixture
molar mass of ith gas component
combustion mass velocity
number of chemical components
normal vector

pressure

pressure at exit cross-section
universal gas constant

radial coordinate

normal laminar flame velocity

v ”E“Q:zg.hgg

A\ flame velocity relative to walls
Stmax ~ maximum flame velocity

S stoichiometric coefficient

T temperature

To initial gas temperature

Taa adiabatic temperature

Ty walls temperature

t time

u gas mass velocity

v; ith component of gas mass velocity
v, longitudinal component of gas mass velocity
Up radial component

Ax spatial grid step

Y; mass fraction of ith gas component
Ycn, methane mass fraction

z coordinate along the tube axis

Zf max coordinate of the front bow point

Greek symbols 1 i—k
o heat exchange coefficient d; = { O’ ik
A thermal conductivity coefficient* ™’

u viscosity factor

p gas density

b combustion products density

D ith gas component chemical generation rate
a’ viscous tensions tensor

Een, dimensionless methane concentration

flow with a flame in a tube [12,13]. These did not solve
the full Navier-Stokes equations (assume constant
density, for example) but looked at the effects of flame
propagation in adiabatic and non-adiabatic walls. In
recent works [14,15] the evolution of flames in flow
that produces a shock and boundary layers ahead of
the flame has been studied. These works, however,
applies to different physical conditions, considering rela-
tively large channels, or emphasis on events occurring
much later in the evolution of the flow than those con-
sidered in this paper. In the work by Ott [16] an acety-
lene—air low pressure (0.132 atm) flame acceleration in
narrow semi-closed tube was simulated by solving
Navier-Stokes equations for compressible gas. Flame
accelerating is found to be the only regime of combus-
tion in adiabatic conditions. In conditions of constant
temperature walls an oscillation motion of front was
obtained. The influence of the boundary layer was dis-
cussed, although flame dynamics dependence on the
tube width, and questions of turbulence generation were
not touched.

In this work the results of the 2D numerical simula-
tion of non-steady flame propagation in thin semi-closed

tubes after ignition near the closed end are presented.
We put attention to peculiarities of hydrodynamics of
the process, particularly, associated with viscous tension
at the walls, flame acceleration dependence on the tube
width and formation of vortices in the flame. The prob-
lem was solved on high resolution uniform mesh. The
gross model of chemical kinetics for methane—air com-
bustion was accepted. It is shown that acceleration rate
increases with the tube diameter decrease until critical
diameter is reached. For adiabatic walls acceleration
rate is higher, it grows with tube diameter decrease until
much smaller critical diameter. In the “sub critical” tube
a specific steady-state combustion regime takes place,
characterized with relatively small velocity and incom-
plete fuel burn out.

2. Problem statement

Non-steady gas dynamics of chemically reacting gas
can be described by set of equations: continuity,
Navier-Stokes, mass conservation for gas components
and energy conservation.
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dp

a 7pvu7 (1)
di

pg = —Vp+ Ve, 2)

S p Y (pDVY), i=TN. (3)

Here p,—ith component mass generating rate due to
chemical reaction (8), >, p; = 0; D—diffusion coefficient,
¢’'—viscous tensions tensor with components: (¢'), =

Qo4 Qo 25 Ou i i i
u(an—i-ﬁxl 3(3,k ax,)- Energy conservation equation 1is

written in form of enthalpy conservation with regard
to diffusion and heat conductivity processes

dH
pg =V (th,DVY;—i—AVT), (4)

where i—mass enthalpy of ith gaseous component, /—
heat conductivity coefficient. Speed of sound is assumed
to be infinitely high.

State of gas in arbitrary point is defined by pressure
Do, temperature 7, gas velocity u, gas components mass
fractions Y; together with gas state equations p :pl‘;—}y
and H(T,Y,,...,Yy) =SNY:h(T), where h(T) is
expressed via polynomials according to CHEMKIN
thermodynamics database [17]

M h; > aj; ag;
i _ N i 96
RT Z j + T

J=1

Mean molar mass of the gas M is expressed via com-
ponent concentrations and mass ; = >, %

At the initial time instant gas has temperature
To = 300 K. Combustion ignition is simulated by setting
temperature step function near the closed end of the
tube (floor temperature—7), top temperature—7,4) SO
that pressure remains constant and equal to py.

As far as velocity field is determined by pressure field
(according to simulation method) boundary conditions
applied to the pressure filed as follows. Impermeability
and non-slip condition at the tube’s walls:

(m-V)p=0;
V|, = 0; (5)
UT‘Z:O = 0’

constant pressure condition at the open end cross-
section:

p=p, at(z=1L). (6)
Conditions of impermeability are implied to gas compo-
nents concentrations at tube’s walls

(n-V)Y;,=0. (7)

Heat losses are taken into account by the boundary con-
ditions [18]

or
i—| = aT|_, — Ty,
ar R OC( |r:R )
where T, —walls temperature, o = 100 w
w p ) - K m2 .

Reasonably simplified models of diffusion, heat con-
ductivity and viscosity were used. Air heat conduction
coefficient and viscosity were used in calculations. The
following approximations with characteristic accuracy
5% in all temperature range were utilized: A=
14x 1072 +48 x 107°7, W: n=44x 107770, ke

> ms’

1.7 2
D=113x1041_ M
Py 8
Gross chemistry model of first order by methane was
used as a model of chemical kinetics of combustion [19]

CH,4 + 20, — 2H,0 + CO,,
p; = —psikexp(—E/T)Y cn,, ®)

where s;—stoichiometric coefficient for ith component,
k—preexponent, k = 2.6 x 10857, Y cy,—methane mass
fraction, E = 15,640 K.

Adiabatic combustion temperature for stoichiometric
methane-air mixture was T,q = 2256 K, normal laminar
flame velocity was S; = 0.34 m/s for this chemical kinet-
ics model. Flame front width /;, calculated by formula
(Alcp)/ S at the temperature of the chemical heat release
ignition was /s = 0.3 mm. This value was used as charac-
teristic length scale of the problem.

2DBurner software application package was used for
simulation [20]. Analogue of the MAC method general-
ized for calculating of slow axis-symmetric flows of a
compressible gas taking into consideration thermal con-
ductivity, mass diffusion and viscosity force was used for
prediction of the gas motion. A similar method for gas
free convection flows is delineated in [21]. Implicit time
integration method based on Newton iterative one was
used for solving kinetic equations system (3) simulta-
neously with energy equation (4).

Combustion gas dynamics in semi-closed tubes was
simulated in the case of ignition near the closed end of
the tube. Stoichiometric methane-air mixture was taken
as a combustible. The length of the simulated tube was
4 cm and diameter of the channel varied in the range
from 0.7 to 5mm. The space step of the mesh was
Ax =0.01 or 0.02 mm which guaranteed spatial resolu-
tion of concentration fields, temperature front and
boundary layers. Combustion ignition was simulated
with temperature step at the 0.5 mm length domain near
the closed end of the tube at the initial instant. The gas
composition and temperature of the preheated domain
corresponded to equilibrium at adiabatic combustion
temperature 7T,4. Combustion front position was defined
as a line of the 0.5 level of the initial concentration of
methane, cy, = 0.5. The velocity of the bow point of
the front relatively to the walls Siax Was considered
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as main characteristic of the flame front propagation
dynamics.

3. Simulation results

According to calculations, flame dynamics, tempera-
ture and gas velocity fields substantially depend on tube
diameter. Dependences of the flame velocity S¢max on
the propagation distance for the tubes of different diam-
eters are presented for the case with heat losses and adi-
abatic walls in Fig. 1a and b correspondingly.

According to the presented data flame front acceler-
ates nearly linearly on the main part of the distance.
At the starting 3—5 mm of the distance nonlinear velocity
dependence is typical. Monotonous growth is character-
istic for the case of adiabatic walls and non-monoto-
nous—may take place in the case of non-adiabatic
walls. Velocity and acceleration is considerably higher
in the adiabatic case. In both cases the narrower tubes
the higher flame velocity and acceleration. Flame veloc-
ity is close to the normal laminar flame speed (at the sim-
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Fig. 1. Flame velocity Sgmax as a function of the propagation
distance for different diameters of the tube, (a) non-adiabatic
walls: 1—d, = 1.88, 2—1.96, 3—2.48, 4—2.96, 5—3.96, 6—
4.96 mm; (b) adiabatic walls: 1—d, = 1, 2—1.46, 3—1.96, 4—
2.96, 5—3.96, 6—4.96 mm.

ulated distance) for the wider tubes (dy~ 1cm and
higher) and may increase up to two orders of magnitude
for narrower tubes at the distance of 2cm from the
closed end. Demonstrated dependence corresponds to
the well known fact of detonation ignition length
increase with tube diameter growth [1].

Flame velocity at the distance of 2cm from the
closed end as a function of the tube diameter is pre-
sented in Fig. 2. The curve corresponding to the adia-
batic conditions lays higher than the curve calculated
for the case of non-adiabatic walls. In the case of non-
adiabatic walls the flame velocity grows monotonously
with the tube diameter decrease until critical diameter
reached. (For stoichiometric methane-air mixture at
normal pressure and temperature calculations give
dey =1.9mm or d./l;=6.3.) Existence of the critical
diameter is well known fact and connected with concur-
rence of heat release and heat losses of the flame. In the
case of adiabatic walls flame continue to grow for d < d;
until diameter reaches some new critical value d..,
Fig. 2. Physical nature of the second critical diameter
deserves analysis. Complex interaction of viscous ten-
sions and heat release generated gas dynamics plays
important role.

Simulation proves that flame velocity corresponds to
the flame surface area (flame surface area law) with high
accuracy, Fig. 3. For observation and analysis of the
combustion gas dynamics the streamlines were drawn.
Tangents to the streamlines correspond to the momen-
tary velocity field. Note that for the non-steady case
the streamlines do not correspond to the trajectories of
particles. Nevertheless due to gas local quasi-steady
movement in the system of coordinates moving with
the front, streamlines effectively represent gas dynamics
for the given combustion regime.
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Fig. 2. Flame velocity Sfmax at the distance of 3 cm from the
closed end as a function of the tube diameter dj,. (®)—adiabatic
walls; (A)—non-adiabatic walls. Dashed line—thermal quench-
ing limit.
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Fig. 3. Flame front velocity as function of dimensionless front
square (dyp=2.96 mm): 1—for adiabatic walls; 2—for non-
adiabatic walls.

Fig. 4 shows 2D temperature field and streamlines in
the dy =2 mm tube at the moment when flame reaches
coordinate zfmax = 20.5 mm.

Consequent shots of momentary streamlines give pic-
torial view of the process of the high velocity flame for-
mation in the narrow tubes, as presented in Fig. 5 for the
dy = 2 mm tubes. Based on the detailed numerical simu-
lation one can mark out three stages of the flame evolu-
tion. First stage—formation of the front temperature
and concentration profile. Perturbation of the front
geometry is not strong. Acting as a semi-permeable pis-
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ton, flame pushes combustible to the open end of tube.
Formation of the parabolic gas dynamic profile starts.
Front perturbation is mainly conditioned with gas drag
at the walls. Streamlines (in the coordinates with the
moving front) do not reveal peculiarities, Fig. Sa. At this
first stage thermal quenching of the flame may take place
in the case of heat losses prevail over heat generation
(do < dor) (Fig. 6).

The second stage is characterized by further velocity
growth in conditions of considerable excess of the flame
surface area over the initial flame surface area A/ A4y > 1.
Flame acceleration remains approximately constant on
the length of the tube (71 & Stmax and 7t & zp max conse-
quently Spmax ~ Zrmax). The beginning of this stage
may be associated with front acceleration stabilization
(constant inclination of the curves Fig. 1). Streamlines
cross the flame front monotonously on the second stage.

As flame velocity grows a pulse to be transferred to
the cold gas (and pressure before front) increases, spe-
cific displacement zone forms before the bow point of
the flame front, Fig. 5b. Fresh gas flows around dis-
placement zone. The width of the zone is close to the
flame preheating width. Formation of displacement zone
corresponds to emergence of the vortex as far as gas
pushed ahead of the front meets fresh gas and turns
back accepting pulse moment. Note that high velocity
of flame is not sufficient for vortex formation. Vortex
may appear if flame front has finger shape, because
gas should have possibility to move to periphery of the

C0000C0OO0O0OCR

o

Fig. 4. Temperature field (a) and streamlines (b) in the system of coordinates moving with the front (dy =2 mm). Black solid line—

flame front.
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Fig. 5. Streamlines in the system of coordinates of flame front for tube (dy = 2 mm). Time instants: (a) 7= 8.1 x 107%, (b) 9x 1074,
(€) 1.3%x 1073, (d) 1.9x 10735,

channel. On practice, velocity increase and finger shape further acceleration of the flame. The vortex emerges
formation goes simultaneously. in the displacement zone (Fig. 5b), then rapidly shifts
Third stage is characterized by vortex formation in under the front line (Fig. 5c¢) and increases its moment

vicinity of the bow point of the combustion front and (Fig. 5d). Vortex induces additional perturbation of
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Fig. 6. Consequent shots of the temperature field for the combustion in the tube (dy=5mm). Time instants (a) = 1x 1077,

(b) 2% 107>, (¢) 2.5%x 1073 s.

the gas flow field and may be considered a precursor of
turbulence.

In the case of the “tulip” form geometry of the front
(wider tubes) the same three stages of the accelerating
flame evolution may be distinguished as in the case of
the axial location of the leader (‘“‘mushroom” geometry
of flame front). Particularly, when flame velocity reaches
enough high value a vortex emerges in vicinity of the lea-
der, Fig. 7. Note that propagation of flames in the form
of adjacent to walls flame prominence and lagging cen-
tral part, was observed experimentally [10].

In this work relatively short propagation paths were
modeled and maximum flame velocity did not exceed
30 m/s in the case of non-adiabatic walls and 100 m/s
in the case of the adiabatic walls. In the longer tubes
higher velocities are reachable and one can expect
emerging of more complicated flow and turbulization,
although this is out of range of the paper.

In condition of adiabatic walls self sustained flame
propagation is possible in narrow tube dy < d,,. Com-
bustion simulation at dy < d,, revealed a jump-like tran-
sition to a new regime (jump of the upper line at Fig. 2)
at dy=d, (for the simulated system d.; =0.9 mm).
Physically formation of this regime is connected with
the fact that strongly deformed flame structure cannot
fit in thin tube (flame front width is equal or wider than
the tube radius). Taking estimated value of the front
width, in simulated case one obtains dg.;/lf=3. New
regime is characterized with relatively low flame propa-
gation velocity, quasi-stationary front structure similar
to “mushroom” shape and incomplete burn out of the

0.0 0.4 0.8 E-03

Fig. 7. Emerging of vortex in vicinity of the bow point of the
flame front: do = 3 mm, 7 =3.43x 107> s, Sp =26 m/s.

fuel. Streamlines picture in vicinity of the flame front
for this regime is presented in Fig. 8 in the system of
coordinates of bound with moving front.
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e} ‘ s} ] 1 ‘ o] ] 2 ‘ o] ' ‘E*Dd
Fig. 8. Streamlines in vicinity of the flame front. Adiabatic

walls, dy = 0.7 mm. Black solid line—combustion front. Flame
propagation direction—from bottom to top.

One can observe a specific gas movement near the
flame front. Although flame front has so-called “mush-
room” geometry [6], gas dynamics resemble the move-
ment of the particles at plough or bulldozer blade
operation. Combustion front acts as semi-permeable
bulldozer blade. It tears gas particles away from the wall
and turns them to the direction of flame propagation.
Following this analogy this regime can be named a
plough regime of combustion. It is principal that com-
bustion front turns fresh gas as well as combustion prod-
ucts and half products. As a result a mixture of fresh gas
and combustion products is pulled before the front,
energy balance of the flame front deteriorates and, com-
bustion velocity becomes lower than normal flame prop-
agation velocity in 1D semi-closed tube [(po/pn) — 115,
Fig. 9. Graph in Fig. 9 presents flame propagation veloc-

S/(m/s)

0.003  0.006 0.009 0.012
z/m
Fig. 9. Flame front velocity as a function of the distance from
the tube’s closed end. Adiabatic walls, dy= 0.7 mm. Dashed

line—velocity corresponding to normal laminar flame
propagation.

ity temporal evolution after ignition: non-steady pertur-
bation and following relaxation to the quasi-steady
constant value.

4. Conclusions

2D simulation of methane—air mixture combustion in
narrow semi-closed tubes was performed for variable
diameters of the tubes. It revealed gas dynamics of
non-steady combustion and demonstrated formation
of the vortex in vicinity of the front leading point—pre-
cursor of turbulence. Viscous deceleration of gas near
the walls is the main factor of front perturbation. 2D test
calculations with zero viscosity resulted in practically
one dimensional solution for normal laminar flame.

Temperature field data are not informative for anal-
ysis of combustion gas dynamics. At the same time flow
field in the system of coordinates bound with the front
reveal complicated gas motions and let one observe vor-
ticity emergence and evolution, Figs. 5 and 7.

New theoretically possible regime of combustion in
thin tubes characterized with relatively small velocity
and incomplete fuel burn out was found. This regime
can hardly be realized for methane—air flames because
of adiabatic walls condition requirement. The question
of this regime realization in other systems, for example,
liquid monofuels deserves investigation.
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