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Abstract
The effects of low activation energy on the intrinsic instability of adiabatic and non-

adiabatic cellular premixed flames were studied by using two-dimensional unsteady
calculations of reactive flows based on the compressible Navier-Strokes equation. For the
Lewis number that was lower than unity (Le=0.5), the growth rate and the normalized burning
velocity (S¢/Sy) increased when the activation energy was lower for adiabatic premixed flames
due to the decrease in the Zeldovich number. When the heat loss increased, the growth rate
was lower and the ormalized burning velocity was higher. However, he ratio of the cell size
to the critical wavelength (Dei/Ac) Was smaller compared to that of adiabatic premixed
flames. For the Lewis number that was unity (Le=1.0), the growth rate and the normalized
burning velocity were almost constant and slightly decreased even at sufficiently low
activation energy. Moreover, for the Lewis number was higher unity (Le=1.5), the growth rate
and the normalized burning velocity were lower. Even at sufficiently low activation energy for
adiabatic premixed flames and slightly lower growth rate and lower normalized burning
velocity were obtained. The results show that a lower growth rate is obtained at sufficiently
low activation energy due to a decrease in the Zeldovich number. Even at low activation
energy, the effects of hydrodynamic instability play a more destabilizing role (stabilizing role)
for Le<1.0 (Le>1.0) to obtain a higher (a lower) normalized burning velocity compared to
adiabatic cellular premixed flames owing to the heat.

Keywords: Sufficiently low activation energy; Adiabatic premixed flames; Non-adiabatic
premixed flames; Navier- Stokes equation; Zeldovich number; Heat loss.

1. Introduction

In the past, the combustion of fossil
fuels that emitted the greenhouse gases such
as carbon dioxide and nitrogen oxide was
studied. Thus, the lean combustion of
hydrogen-air was studied to reduce the
emission of greenhouse gases. In contrast,
since hydrogen is lighter than air, intrinsic

instability plays an important role on cellular
flame fronts in hydrogen-air combustion [1]-
[2]. Basically, there are three types of effects
associated with the intrinsic instability of
premixed flames, namely body-force effects,
diffusive-thermal effects and hydrodynamic
effects [3]. Body-force effects are caused by
the difference in density between above and
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below fluids, and are significant only at the
sufficiently small burning velocity.
Generally, the premixed flames with large
burning velocity such as hydrogen-air flames
are rarely affected by body-force effects.
Diffusive thermal effects, caused by the
preferential diffusion of mass versus heat,
have a destabilizing (a stabilizing) influence
when the Lewis number of the deficient
reactant is lower than unity. Hydrodynamic
effects are caused by a thermal expansion of
reactive gases through the flame front. This
type of effects strongly influences the
intrinsic instability of premixed flames [4]-
[5]. Besides three effects of intrinsic
instability, the effects of activation energy on
the characteristics of premixed flames were
investigated in a previous study. The
pulsating instability was found in premixed
flames with large activation energy at a high
Lewis number [6]. Moreover, the flame
propagation affected by activation energy in
large scale vertical flows was numerically
studied [7]. In a previous study, the effects
of medium and high activation energies were
studied in terms of the intrinsic instability for
adiabatic and non-adiabatic premixed flames
[8]. In order to focus on the high-temperature
air combustion (HIiTAC), the effects of
sufficiently low activation energies were
studied on the intrinsic instability of
premixed flames [9,10]. Especially for
practical combustion devices such a micro
combustor, the heat loss to the surroundings
of premixed flames strongly affects the
combustion phenomena e.g. flame quenching
and burning velocity. As the heat loss affects
premixed flames due to the intrinsic
instability, it is important to study the
instability of premixed flames with heat loss.
In a past investigation, heat loss weakened
the hydrodynamic instability because the
instability intensity of non-adiabatic flames
is lower than that of adiabatic flames.
Moreover, unburned-gas temperatures and
the effects of heat loss on the diffusive-
thermal instability of premixed flames were
studied [11]. A decrease in intensity
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significantly affects the characteristics of
cellular premixed flames. In another study, a
simulation of non-adiabatic flames was
performed using the compressible Navier-
Strokes equation, and the effects of heat loss
on the chaotic behavior were estimated [12]-
[13]. However, past investigations of the
instability of non-adiabatic flames did not
precisely treat the effects of low activation
energies. This study focuses on the intrinsic
instability of adiabatic and non-adiabatic of
premixed flames at sufficiently low
activation energy. The numerical calculation
of two-dimensional reactive flows with one-
step irreversible chemical reaction was
performed using the compressible Navier-
Strokes equation to analyze the unstable
behavior of cellular flames generated due to
the intrinsic instability.

2. Nomenclatures

A non-dimensional heat-loss parameter,
referred to as x/ §°

A, non-dimensional heat-loss parameter
at quenching point, referred to as &' /5>

a non-dimensional initial amplitude of a
disturbance, referred to as &

B non-dimensional frequency factor of
the reaction rate, referred to as S,/ &

C,  specific heat at constant pressure

cy sound velocity of the unburned gas

D diffusion coefficient

D1 cell depth

E non-dimensional activation energy of
the reaction rate, referred to as RT,

e non-dimensional stored energy,
referred to as p,

Le Lewis number (= «/ D)

M,  Mach number of the burning velocity
of an adiabatic planar flame (= S,/ ¢,)

N integer

Pr  Prandtl number (= v/ @)

p non-dimensional pressure, referred to
as py

Pu pressure of the unburned gas
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0 non-dimensional heating value,
referred to as C, T,
R universal gas constant

Ses  non-dimensional burning velocity of a
cellular flame, referred to as S,

Sh non-dimensional burning velocity of a
planar flame, referred to as S,

Sy, burning velocity of an adiabatic planar

flame

T non-dimensional temperature, referred
toas 7T,

T,  temperature of the unburned gas

t non-dimensional time, referred to as
o/ 8,

u, v non-dimensional velocities in x- and y-
directions, referred to as S,

X,y  space coordinates

Y mass fraction of the unburned gas

a thermal diffusivity

¥ ratio of two specific heats

o preheat zone thickness (= a/ S,)

K thermal conductivity

A non-dimensional wavelength of a
disturbance, referred to as o

A.  non-dimensional critical wavelength,
referred to as o

P non-dimensional density, referred to
as pu

pu  density of the unburned gas

0] non-dimensional growth rate, referred
toas S,/ o

3. Governing Equations

In this study, two-dimensional unsteady
compressible reactive flows are considered
where the abundant reactant is excessive and
the chemical reaction is controlled by the
deficient reactant. The chemical reaction
used in this study is an exothermic one-step
irreversible reaction, and the reaction rate
obeys the Arrhenius’ equation. The burned
and unburned gases have the same molecular
weights and the same Lewis numbers, and
satisfy the ideal gas equation. The specific
heats and transport coefficients are constant
throughout the whole region. The radiation,

bulk viscosity, Dufour effects, Soret effects,
and pressure gradient diffusion are neglected.
Moreover, the acceleration is neglected,
because body-force instability is a significant
factor only when premixed flames have
sufficiently small burning velocities. The
flow variables were non-dimensionalized by
the preheat zone thickness, the burning
velocity of a planar flame, the density, the
pressure, and the temperature of the
unburned gas. The compressible Navier-
Stokes equation was employed to analyze
hydrodynamic instability. In the energy
equation, the viscous term was disregarded,
because it is insignificant in the present
problem. The Cartesian coordinates were
written as this follows.

ouU oF oG
+—+ =S

ot o0x oy (1)
where
P
pu
U=| pv
e
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The ideal gas equation of state is

p=pT )

4. Numerical Simulations
The physical parameter of adiabatic
flame temperature was general for hydrogen-
air or methane-air premixed flames as T, =
7.0 at room temperature and atmospheric
pressure. The non-dimensional parameters
were Q = 6.0, y = 1.4, and Pr = 1.0. The
burning velocity was sufficiently small
compared with the velocity of sound, M,
=1.0x102 The used Lewis numbers were
0.5, 1.0 and 1.5 with the heat loss being A=0
and maximum heat loss being A=Am. In this
study, the low activation energies E=14 and
35 were studied. The effects of activation
energy are follow the Zeldovich equation

(Eq.3)
ETf -1

B T2

The initial conditions were provided by the
solution of a stationary plane flame, on
which a disturbance periodic in the y
direction was superimposed. The

3)
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displacement of the flame front in the X
direction due to the superimposed
disturbance was

aysin@2zy/ 1) (4)

The initial amplitude a, was set to 0.1 for the
calculation of the dispersion relation. For
cellular flames, a, was set to 1.0. The
simulation domain is 100 and 800 times the
preheat zone thickness in the x-direction and
the critical wavelength in the y-direction. In
the y-direction, a uniformly spaced grid is
used as the grid size of A, /64. The time-step
interval was set to 5x10” to satisfy the CFL
condition. This study is calculated using IBM
system X iDataPlex dx360 M3 at National e-
Science Infrastructure Consortium.

5. Results and Discussion
5.1 Dispersion relation

As a sufficiently small sinusoidal
disturbance was superimposed on a planar
flame, it grew exponentially with time. The
growth rate of a disturbance depended on the
wavelength as a wave number. The relation
between the wave number and the growth
rate is referred to as the dispersion relation.
Figs.1-3 illustrate the dispersion relations at
Le=0.5, 1.0 and 1.5 with small activation
energy E=14 and 35 for adiabatic and non-
adiabatic flames. These relations show that
the growth rates increase (decreas) and that
the unstable range is wide (narrow) when
Le=0.5 (1.5) compared with Le=1.0 because
of a destabilizing (stabilizing) influence from
the diffusive-thermal effects. The linearly
most unstable wave number specified in
dispersion relation, is called the critical wave
number corresponding to the critical
wavelength. he critical wavelength is the
space between cells. We refer to this space
he cell size of a cellular flame. The critical
wavelengths at Le=0.5, 1.0 and 1.5 with
sufficiently small activation energy E=14 for
adiabatic flames are 23.87, 37.25 and 43.68,
respectively (see Table 1).
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Fig.1. Dispersion relation at Le=0.5 for A=0
and A=Am, (a) £=14, (b) E=35.

0.20
OLe=1.5,E=14,A=0
010 | ...:Le:1.5,E:14,A:Am
O
0.00 féwﬁo ‘ ‘
s 0 02 04 06 08
-0.10 | 0®
-0.20
K
0.20
®Le=1.5E=35A=0
OLe=1.5,E=35A=Am
010 | E=35,
£
5 0.0 O o — ‘
oo ©2 04 06 08
-0.10 |
O.
-0.20
K

Fig.3. Dispersion relation at Le=1.5 for A=0
and A=Am, (a) E=14, (b) E=35.

0.20 I U Tablel. Critical wavelengths (1) of cellular
WLe=10, E=14, A=0 flames atLe=0.5, 1.0and 1.5, E=14 and 35
010 | MM g =10 E=14, A=Am for A=0.
u -
20.00 . L . Ae
) 02 04 06 o L E=14 E=35
-0.10 1 0.5 23.87 16.92
0.20 1.0 37.25 34.60
e K 1.5 43.68 53.99
0.20 .
mLe=1.0, E=35, A=0 Table 2. Critical wavelengths () of cellular
010 - ...DLe:]_.o‘ E=35 A=Am flames atLe=0.5, 1.0and 1.5, E=14 and 35
u | for A=Am.
pHO
s 0.00 = .
00 02,04 06 08 Ae
Le
-0.10 - E=14 E=35
O . 24.12 17.
-0.20 0.5 7.88
k 1.0 37.45 45.35
Fig.2. Dispersion relation at Le=1.0 for A=0 1.5 51.12 77.33

and A=Am, (a) E=14, (b) E=35.
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Fig.4. Relation between Lewis number and
D./A at E=14 and 35 for A=0 and A=Am.

In order to study the effects of heat
loss at sufficiently small activation energy,
we studied the dispersion relation for non-
adiabatic premixed flames at E=14 and 35.
For Le=0.5 with small activation energy,
E=35 shown in Fig.1, when the heat loss
increases, the growth rate decreases in
comparison to that of adiabatic flame. For the
sufficiently small activation energy E=14
corresponding to the decrease of the
Zeldovich effect, the heat loss still leads to a
decrease of growth rate owing to the thermal
expansion. For Le=1.5 flames, the growth
rate is small, and the unstable range is
narrow for both E=35 and 14 due to
stabilizing effects because the diffusive-
thermal instability appears at Le>1.0 (Fig.3).
When the heat loss increases, the growth rate
obviously decreases, and the unstable range
is narrow due to the heat expansion. Even
though the Zeldovich effect is lower at
sufficiently low activation energy, the growth
rate still decreases due to the strengthening
hydrodynamic effects in non-adiabatic
flames.

Fig.4 shows the relation between the
Lewis umber and D g/A.. At Le=0.5, Do/
significantly increases because A. decreases
due to the destabilization of diffusive-
thermal instability appeared when Le<1.0. In
addition, for Le=1.5, Dcy/A. slightly
decreases because A, increases due to the
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stabilization of diffusive-thermal instability
appeared when Le>1.0. Moreover, Dey/Ac iS
lower when the heat loss affects the critical
wavelength owing to the enhancement of
hydrodynamic instability. As a result, the
intensity of the intrinsic instability decreases
due to the heat loss.

5.2 Cellular flame

Essentially the cellular flame is
enerated due to the intrinsic instability and is
superimposed with the finite disturbance
(ap=1.0) with the critical wavelength on a
planar flame. The cellular flame front is
defined as the position with a maximum
reaction rate. The unburned gas flows in
from the left at the burning velocity of a
planar flame, and the burned gas flows out to
the right. The superimposed disturbance
appears due to hydrodynamic instability and
then the cellular flame front forms. The
increase in the burning velocity is indicated
by the upstream movement of the cellular
flame.

For Le=1.0 flames, the cellular flame
fronts at E=14 and 35 for adiabatic and non-
adiabatic flames were considered. The
cellular flame fronts of E=14 and 35 are
almost the same for adiabatic and non-
adiabatic flames as shown in Figs.5-6.
However, a slightly upstream movement is
observed. This indicates a higher burning
velocity.

For Le=0.5 flames, Figs.7-10 show
the cellular flame front at E=14 and 35 for
adiabatic and non-adiabatic flames. When the
cellular flame front forms, the flame moves
upstream. This result indicates that increase
in the burning velocity at Le <1.0 is larger
compared to that of the Le=1.0 flames. In
addition, the moving rate, namely the
increase in the burning velocity, increase as
the heat loss increases. In the case of E=35,
the lateral movement of cellular flame is
found for both adiabatic and non-adiabatic
flames. Thus, the increase of heat loss
promotes the unstable behavior of the
cellular flame fronts at Le<1.0. Even with the
small activation energy, the movement of
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cellular flames of non-adiabatic flame moves
upstream. This is caused by the increase in
the instability intensity owing to the
hydrodynamic effects.
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Fig.5. Cellular flame front at Le=1.0, E=14
for A=0.
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Fig.6. Cellular flame front at Le=1.0, E=14
for A=Am.
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Fig.8. Cellular flame front at Le=0.5, £=14
for A=Am.
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Fig.9. Cellular flame front at Le=0.5, E=35
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Fig.10. Cellular flame front at Le=0.5, E=14
for A=Am.
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Fig.11. Cellular flame front at Le=1.5, E=14
for A=0.
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Fig.12. Cellular flame front at Le=1.5, E=14
for A=Am.

For Le=1.5 flames, Figs.11-12 show
the cellular flame front at E=14 for adiabatic
and non-adiabatic flames. This result shows
that the decrease in the burning velocity at Le
<1.5 is slightly smaller compared that at
Le=1.0. In addition, the moving rate, namely
the decrease in the burning velocity increases
as the heat loss increases. Even with the
small activation energy, the movement of
cellular flames of non-adiabatic flame moves
upstream owing to thermal expansion effects.

5.3 Burning velocity

The burning velocity of a cellular
flame S, is larger than that of planar flame,
which is obtained by the integrating the
reaction rate throughout the computational
domain then normalizing the burning
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velocity of a planar flame to obtain the
normalized the burning velocity S.¢/S.

Following the calculation, the
relations of the Lewis number and the
normalized burning velocity of cellular
flames at E=14 and 35 for A=0 and A=Am
are obtained. The results are shown in Fig.13.
The results shows the values for S./S, are
almost the same at Le=1.0 for adiabatic and
non-adiabatic flames. When Le<1.0, S./S;
increases for non-adiabatic flames due to the
enhancement of the intrinsic instability. On
the other hands, at Le=1.5, S./S; slightly
deceases for non-adiabatic flames. This is
because of the heat loss which has a
stabilizing influence due to the intrinsic
instability for Le>1.0 flames.

2.4 -
22 | A —i—E=14,A=0
2 - \\\
18 - \\\ --E--E=14,A=
D16 - N Am
514 - .%‘\iv.
1.2 - -
1 B
08 . |

0.0 0.5 1.0 15 2.0
Lewis number

Fig.13. Relations of Lewis number and
Normalized Burning velocity of Cellular
flames at E=14 and 35 for A=0 and A=Am.

6. Conclusion

The effects of low activation energy
on intrinsic instability of adiabatic and non-
adiabatic cellular premixed flames studied
using two-dimensional unsteady calculations
of reactive flows based on the compressible
Navier-Strokes equation. For the Lewis
number was lower than unity (Le=0.5), the
growth rate and the normalized burning
velocity  (S./Sp) increased when the
activation energy was lower for adiabatic
premixed flames due to the decrease in the
Zeldovich number. When the heat loss
increased, the growth rate was lower and the
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normalized burning velocity was higher.
However, the ratio of the cell size to the
critical wavelength (Dcen/Ac) was smaller
compared to adiabatic premixed flames. For
the Lewis number equal to unity (Le=1.0),
the growth rate and the normalized burning
velocity were almost the same and slightly
decreased even at sufficiently low activation
energy. Moreover, the Lewis number of
value higher than unity (Le=1.5), the growth
rate and the normalized burning velocity
were lower and even at sufficiently low
activation energy for adiabatic premixed
flames and slightly lower growth rate and
lower normalized burning velocity were
obtained. The results show that a lower
growth rate was obtained at sufficiently low
activation energy due to a decrease in the
Zeldovich number. Even at low activation
energy, the effects of hydrodynamic
instability became higher destabilizing
(stabilizing) effects for Le<1.0 (Le>1.0)
when the heat loss increased due to the
hydrodynamic effects.
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