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Abstract

Present work examines numerically the asymmetric behavior of hydrogen/air flame in a micro-
channel subjected to a non-uniform wall temperature distribution. A high resolution (with cell
size of 25 um x 25 um) of two-dimensional transient Navier-Stokes simulation is conducted in
the low-Mach number formulation using detailed chemistry evolving 9 chemical species and 21
elementary reactions. Firstly, effects of hydrodynamic and diffusive-thermal instabilities are
studied by performing the computations for different Lewis numbers. Then, the effects of
preferential diffusion of heat and mass transfer on the asymmetric behavior of the hydrogen
flame are analyzed for different inlet velocities and equivalence ratios. Results show that for the
flames in micro-channels, interactions between thermal diffusion and molecular diffusion play
major role in evolution of a symmetric flame into an asymmetric one. Furthermore, the role of
Darrieus-Landau instability found to be minor. It is also found that in symmetric flames, the
Lewis number decreases behind the flame front. This is related to the curvature of flame which
leads to the inclination of thermal and mass fluxes. The mass diffusion vectors point toward the
walls and the thermal diffusion vectors point toward the centerline. Asymmetric flame is

observed when the length of flame front is about 1.1 to 1.15 times of the channel width.

Keywords: Steady asymmetric flame, Diffusive-thermal instability, Darrieus-Landau instability,

Lewis number

1. Introduction

For the need of high energy density the study of microscale combustion has attracted significant

interests over the last decade leading to the miniaturization of sustainable industrial
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combustion process. To apply the concept of micro-combustion in process engineering, the
problems arise by reducing the combustion volume need to be addressed carefully. Combustion
in such small combustors is different from their macro scale counterparts. This is mainly
because in micro-scales, strong interactions between the flame and combustor walls result in
different characteristics and behaviors of the confined flame.

One of the main topics in combustion in micro-scales is to find methods for extending
flammability limits. Various works have been done in this topic in the past decades. Wan et al.
investigated the effect of different bluff bodies [1] and wall cavities [2] in a planar micro-
channel on flammability limits of Hz-air combustion. They observed that blow-off limit is greatly
extended as compared with that of the micro-combustor without using them. Yan et al.
[3]showed the beneficial effects of hydrogen addition on catalytic methane- air combustion on
flame stability.

Different flame regimes have been reported in previous experimental and numerical studies of
flames in micro-scale. These are weak flames, repetitive extinction-ignition dynamics, steady
symmetry flame and steady asymmetric flame. This paper focuses on the steady asymmetric
flame.

One of the most common regimes appears in micro-scale combustion is the steady
asymmetric regime which happens in the upper flammability limits. Stable flame may lose its
symmetry (respect to the centerline of the micro-channel). The resulting shapes often called
upper or lower asymmetric flames [4].

Dogwiler et al. [5] experimentally studied the combustion of lean premixed methane/air
(¢ = 0.33) in a planar channel with 7mm width . Both symmetric and asymmetric flames were
observed in this work. They concluded that the sensitivity of the flame to external perturbations
that existed in their experiment resulted in a random upper and lower asymmetric flame
behaviors. Steady asymmetric flames were also observed by Kurdyumov et al. ([6], [7]) in their
study of methane/air and propane/air flame propagation. They observed asymmetric stable
flames in the upper flammability limits. This was in agreement with findings of Dogwiler et al.
[1]. The emphasize in their work was to investigate the flashback limits of the flame in micro-
scale ([6], [7]), and the physics underlying the asymmetric behavior of the flame was not
discussed in their study.

It is now well demonstrated that hydrodynamic, body-force and diffusive-thermal effects
are three types of phenomena that may cause the intrinsic instabilities of premixed subsonic
flames in micro or macro scales [8]. The hydrodynamic effect is due to thermal expansion across
the flame [9]. The body-force effect is due to the difference in the densities of burnt and unburnt
mixtures across the flame [9]. This difference may give rise to buoyant instabilities in flames

propagating upward. The third phenomenon is the diffusive-thermal instability caused by the
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preferential diffusion of mass and heat of reaction [9]. Based on the value of Lewis number, two
types of diffusive-thermal instability can be distinguished, (i) cellular instability for Lewis
numbers smaller than a critical value (typically less than one), and (ii) pulsating instability for

Lewis numbers above this critical value.

To study the diffusive-thermal instability effects, there are two reported methods. The
first one is to assume that the density of the flow is constant. To this end, the governing
equations are solved utilizing thermal-diffusive formulations (e.g. [10] and [11]). The other
method is to use non-unity Lewis number (e.g., [12]). Altantzis et al. [12] investigated the effect
of hydrodynamic and diffusive-thermal instabilities in lean premixed hydrogen/air planar
flames using DNS and utilizing a one-step global reaction model. They considered the effective
Lewis number equals to 0.404, where the diffusive-thermal instability exists.

Petchenko and Bychkov [13], using linear stability analysis, studied the stability of a flame
in a micro cylindrical tube with adiabatic walls and asymmetric perturbations. They showed
that for tubes with diameters higher than a critical value, small perturbations grow
exponentially that make the flame asymmetric. They stated that the critical value is proportional
to the cutoff wavelength (A.) of the Darrieus-Landau (DL) instability. Tsai [14] investigated
numerically the steady propagation of a premixed laminar methane/air flame in tubes of
different diameters in micro-scale. The simulations were carried out in two- and three-
dimensions with isothermal walls, a one-step global reaction model and using unity Lewis
number assumption. He [14] found that asymmetric flames occurs only in ducts with diameters
higher than the critical value, 120xI; (¢ is the flame thickness) [14]. This was in agreement with
linear stability analysis of Petchenko and Bychkov [13]. They ([13], [14]) related this behavior

to the secondary DL instability as mentioned by Liberman et al [15].

Liberman et al. [15] studied the propagation of a laminar flame in wide tubes (with
diameter higher than 3.4 times of the cut-off wavelength) using direct numerical simulation. To
exclude the effects of thermal-diffusive instability, they assumed the Lewis number is unity.
Furthermore, they assumed slip and adiabatic conditions on the tube walls to omit the small
disturbances on the flame edge caused by the wall friction, viscosity and heat losses. Their
results showed that perturbations with a wavelength shorter than A, were stabilized by the
thermal effects. While perturbations with higher wave lengths grow exponentially and cause
instabilities. They concluded that for occurrence of DL instability, the tube width should be
higher than half of the cut-off wavelength. Bychkov and Liberman [16] stated that for a realistic
flame the cut-off wavelength is about 20l; - 40l They also reported that the respective
wavelength of the fastest perturbations is twice larger than the cut-off wavelength, which is

about two orders of magnitude greater than the flame thickness.
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Pizza et al. [4] investigated the dynamics of lean (¢ = 0.5) premixed hydrogen/air flames
in micro and meso scale channels using two-dimensional direct numerical simulation. They
observed a stable V-shaped symmetric flame at a fixed channel height and inlet velocity.
However, after a transition stage by increasing the inlet velocity, the flame became stable in an
asymmetric shape. Using Bychkov and Liberman [16] analysis, they mentioned that the
diffusive-thermal instability was the reason of this behavior. Besides, they stated that since the
width of the chambers in micro-scales is typically lower than half of the cut-off wavelength, the
DL instability cannot happen. Hence, the thermal-diffusive instability is expected to be the main
reason of asymmetric behavior of flames in micro-scales. In this condition, flame stretching has

a stabilizing effect on the flame front while the heat losses counteract this effect.

The present review of literature shows that the study of asymmetric flame behavior in
micro-scales is still being challenged by the sophisticated nature of the effects of two
instabilities (i.e. Darrieus-Landau and thermal-diffusive), in transition of symmetric flame to
asymmetric one. Experimental discrimination between these two instabilities in appearance of
asymmetric flame behavior in micro-scale is really challenging. Due to these complications, it is
very useful to perform a high fidelity numerical investigation to differentiate the role of
different factors in flame instability and asymmetric behavior under varying parameters (e.g.
Lewis number). Through a series of numerical investigations, the present work aims at studying
the behavior of the asymmetric flame in micro-scale combustion to shade light on the reasons of

the occurrence of this phenomenon.

The problem includes combustion of hydrogen/air mixture in a micro-channel with
predefined wall temperature. A 2D low-Mach laminar Navier-Stokes solver with detailed
kinetics and multi species diffusions is developed. Another aim is to study the instabilities exist
in this type of combustion. To investigate the effects of these instabilities, first, the
hydrodynamic effect is considered. This is done by assuming unity Lewis number [12]. Then the
flame is simulated using different Lewis numbers to analyze the thermal-diffusive instability
[12]. The governing equations are solved using detailed transport to investigate the effects of
preferential diffusion of heat and mass on the asymmetric behavior of flame in different inlet
conditions. To quantitatively parameterize the asymmetric behavior of flames in micro-scales, a

criterion is drawn using the curvature of flame.
2. Governing equations and Numerical procedure

In the present work, we assumed that the characteristic length of the combustion
chamber is sufficiently larger than the molecular mean free path of the reacting flow gases.
Thus, the fluid continuity is established and Navier-Stokes equations and no-slip wall condition

are applicable in micro-combustion. Based on different references (i.e. [17], [18]), it can be
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assumed that the effect of radiation on the combustor wall is negligible. The gas radiation is
neglected and the wall of the combustor is assumed to be inert (no absorption or desorption of
species). Viscous heating is neglected due to the dominant conduction heat transport. Buoyancy
effect is neglected due to the high inlet velocity implying that convection is the primary mode of
heat transfer. It is reported by Kuo and Ronney [19] that for Reynolds number beyond 500 the
turbulence modeling is necessary in order to have a good quantitative agreement for numerical
modeling of reacting flows in micro combustors. In the present work the Reynolds number is in
interval of 100 to 400 and hence the flow is considered to be laminar. The present simulations
are limited to two-dimensional modeling, thus typical three-dimensional effects are neglected.
In a two-dimensional DNS framework for micro planner channels, Pizza et al. ([4], [20], [21])
were able to successfully observed different dynamics of flame, including repetitive extinction-
ignition dynamics, steady symmetric flame, steady asymmetric flame and oscillating flame.
Using a two-dimensional, Kurdyumov et al. [10] examined the effect of channel height, inflow
velocity and wall temperature on the dynamics and stability of premixed flames with unity
Lewis number in micro-channels. Their model was capable to reproduce many of the transitions
and the combustion modes observed experimentally and in direct numerical simulations in
micro- and meso-scale channels. In the present modeling the flow is taken to be laminar thus,

two-dimensional modeling is reasonable.

The phenomenon of asymmetry would not happen in the case of cylindrical tubes where
the majority of experimental results available in the literature are obtained with the cylindrical
tubes. In addition, since the objective in this work is not to have direct comparison with
experimental results. Instead we aim at analyzing the role of Darrieus-Landau and thermal-
diffusive instabilities on the behavior of the asymmetric flame in micro-scale combustion. Thus,

investigating a 2D planar channel modeling is appropriate.

According to the above assumptions, governing equations including the continuity,
momentum and energy conservation in low-Mach number formulation are presented as follow

[22]:

Continuity:
% 9 (ou) = 0
at P = (1)
Momentum:
Ju _
p(a+u'Vu) =—Vpg + V- (uS) (2)
Energy:
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Ng Ng
oT
pe, (E+u-VT)=V-(/1VT)—Zhid)l—p Zcp,iyivi VT
i=1 i=1 (3)
where p, u, and u are density, velocity and dynamic viscosity, respectively. ps is the

hydrodynamic pressure. The stress tensor (S) in equation (2) is defined as “Vu + (Vu)T —
%(V. w)l”, where “I” is the identity matrix. In equation (3), A, ¢, and h; are the mixture thermal

conductivity, heat capacity, and enthalpy of the ith specie, respectively.

The ideal gas equation of state is written as:

R
pe=peT
(4)
where, W is the mean molecular weight of the mixture and R, is the universal gas constant.

Here, p: is the thermodynamic pressure which is assumed to be constant in low-Mach number

assumption.

The species conservation equation is written as:

oY, .
p (G- vr) = V- (1) + 6, 5

where, @, is the consumption/production rate of ith specie which is calculated by equations (8-
10). Here, Y; and V; are the mass fraction and diffusion velocity of ith specie. V; is calculated using
equation (6):
V=V +1,
(6)
where, V;* is evaluated by the kinetic theory of gases by considering only mixture averaged

diffusion. V. is defined as the correction velocity to numerically guarantee total mass

conservation:

D:
lm)VXi

Ng
Vo= )NV Vi = (o
i=1 t (7)

where, Din is the average diffusivity of the ith specie and X; is the mole fraction of ith specie. Fick

law is used for calculation of D;» and Dy is evaluated using Chapman-Enskog model [23].

One of the conventional geometries to study the micro-scale combustion is the heated
micro-channel which has been regarded as cylindrical tube ([24]-[26]) or planner channel

([27], [5]). The schematic of the heated micro-channel is shown in Fig. 1. A part of the channel
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(i.e. test section in Fig. 1) is heated by an external source. A temperature distribution, used in 191

Ref. [4], is also applied in the present work. 192

The no-slip boundary conditions for velocity and zero-flux for all species are applied at 193

the walls of chamber. For all variables at the outlet, Neumann boundary conditions are imposed 194

. dy; o dT du _
(i.e. o 0« o 0 and o 0). 195
X
Twh T, =300+ 660 tanh (m
960K
|
300K .
—» X
1
Fuel/Air . iPointA i
Up  —» - Symmetryline"%¢"% | Ao ]
I v I

<
.

Test section
L=10d
Fig. 1: The schematic of the heated micro-channel with temperature distribution on the external

walls.

The detailed reaction mechanism of Yetter et al. [28] with 9 chemical species and 21 196
reversible elementary reactions is utilized. A reactive solver is developed in OpenFOAM to solve 197
the governing equations (1-7). A new solver named “RITLFOAM” is developed according to the 198
problem requirements which consider a Low-Mach number formulation of Navier-Stokes 199
equations and multi species transport model. The accuracy of the numerical solver is 200
established in[29]. For further validation of the developed solver we study a one-dimensional 201
laminar flame and compare the results with those predicted using Chemkin code. A two- 202
dimensional geometry with periodic boundary conditions along the horizontal boundaries is 203
studied. The flame structure including temperature, velocity and species mass fraction obtained 204
using the developed solver is in good agreement (see Figs. 2a and 2b) with the results predicted 205

using Chemkin code. 206
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Fig. 2: Structure of one-dimensional hydrogen-air premixed flame: comparison of (a) temperature, (b)
velocity and (c) normalized mass fraction of species calculated in the present work against those
predicted by Chemkin code.

To ensure that the results provided are independent of the grid resolution, different size
meshes were employed to test the numerical model. Fig. 3 shows that increasing the grid points
results in the convergence of the computed temperature along the channel axis. The results
obtained for 50 pm x 50 um and 25 pm x 25 um are very much similar. Hence, the grid size of 25
um x 25 pm was used for all the computations in the present work. The time step is
automatically calculated in order to satisfy specific tolerances in ODE solver of reaction rate

term. So, time step is obtained between 10-7 and 108 s.
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Fig. 3: Temperature variation on symmetry line of the channel for different cell size for

channel with width=1mm, equivalence ratio=0.5 and inlet velocity=50 cm/s.

Further details on the solver developed, validation of the results can be found in Ref. [29].

3. Results and discussion

In this section we investigate (i) the flame evolution from ‘symmetric’ to ‘asymmetric’ by
analyzing the contours of OH radicals, (ii) we examine the role of two types of instabilities (i.e.
Darrieus-Landau and thermal-diffusive) on flame structures by utilizing different Lewis
numbers, (iii) we further study the effects of inlet velocity and equivalence ratio on the
interaction of thermal and mass diffusions, and (iv) in order to find a criterion for the flame
asymmetric behavior the accurate value of Lewis number for various inlet conditions is

evaluated by considering multi species transport model and Fick’s law.

In the present work, similar to the results given by Pizza et al. [4, 20] upper and lower
steady asymmetric flame were observed for the same inlet conditions but for different initial
conditions. In the present work, in order to perform a reasonable and physical parametric study
(i.e. different Lewis number, inlet velocity and equivalence ratio), we considered a specific
initial conditions in all simulations(temperature patch) which give us upper asymmetric flame.
The results presented in this paper are obtained for non-constant Lewis number as it is
calculated through the computation by dividing thermal diffusivity to mass diffusivity. Thermal
diffusivity is obtained as k/(pC,) and mass diffusivity is calculated by Chapman-Enskog model
and Fick Law. However, in section 3.2 where we analyze the role of Darrieus-Landau and

thermal-diffusive instabilities, the Lewis number is artificially set to be a fixed number.

3.1. Flame evolution from symmetric to asymmetric shape
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The process of evolving a symmetric flame into an asymmetric shape in a heated micro-
channel is illustrated in Fig. 4. This figure represents time series of OH contours for test section
of channel (see Fig. 1) with width of 1mm, inlet velocity of 300 cm/s and ¢ = 0.5.

OH
0001
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. — |
0 0.003 @

-
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t=0.0055s

()
t=0.006 s

(g)
t=0.0065 s

(h)
t=0.007 s

Q)
t=0.009 s

—
—
—

0 2 ... .4 6 8 X- Axis (mm)

Fig. 4: Time evolution of contour of OH mass fraction of a hydrogen flame in a micro-channel with

width = 1mm, inlet velocity = 300 cm/s and ¢ = 0.5.

After an ignition process, a symmetric flame forms which is seen in Fig. 4a. At this time
the maximum value of OH mass fraction is 0.0045 occurs at the channel centerline. At the
interval between 0.001s and 0.0045s, Figs. 4b to 4d show that OH radicals move toward the
heated walls and the flame front moves upstream of the channel. However, in the new flame
position, the reaction rate decreases. This reduction is obvious in the maximum of OH mass

fraction after 0.001s (Figs. 4b-4d). Inspection of Figs. 4d and 4e shows that in the interval
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between 0.0045s and 0.0055s, the flame is stationary. At this instant, the flame is highly
unstable and a perturbation can give rise to instability of the flame. The evolution into the
second stable mode, which is asymmetric in shape, is clearly seen in Figs. 4f to 4i. These figures
further show that the OH mass fraction increases in the evolution of a symmetric flame to an
asymmetric shape. This is due to an increase in the flame surface area, which increases the
reaction rate and consequently an increase in the mass fraction of OH radicals.

In order to better understand the process of evolution a symmetric flame into the
asymmetric shape Fig. 5 is shown here. In this figure black lines represent the flame front where
the fuel mass fraction is 0.0077 (i.e. half of the incoming fuel mass fraction [4]). Figure 5(a)
shows that before transition to the asymmetric shape, the velocity vector normal to the flame
front (Uy) is equal to the local burning velocity (S.) in both A-B and B-C branches [23]. If one of
the branches moves from C to C’ due to physical or numerical perturbations (Fig. 5b), the
magnitude of the velocity vector normal to the flame surface increases and becomes greater
than the local burning velocity (due to variation in the slope of BC branch). So the inlet mixture
pushes the flame back. Thus, the flame evolves into the second stable mode (i.e. B”-C” in Fig. 5c)

in which the normal velocity and the local burning velocities are equal.

OH
0.001 0,002
in— ‘

0 0.0027

(a)

(b)

(c)

Fig. 5: Contour of OH representing the process of evolution a symmetric hydrogen flame into an

asymmetric shape in a micro-channel with width = 1mm, inlet velocity = 300 cm/s and ¢ = 0.5.

3.2. The role of Darrieus-Landau and thermal-diffusive instabilities on the flame

behavior
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In this section, we study the interaction of thermal and mass diffusive fluxes (thermal-diffusive
instability) and hydrodynamic instability (i.e. Darrieus-Landau instability) on the evolution
from a symmetric flame to an asymmetric one. As discussed above, in order to discriminate the
contribution of two instabilities on the flame behavior, we performed the computations for
different Lewis numbers, which is defined as ratio of thermal diffusive to mass diffusive. Based
on the previous works (e.g, [11], [12], [30]-[32]) in order to isolate the effects of Darrieus-
Landau instability on the flame behavior, the assumption of unity Lewis number (Le) is made.
With this assumption the effects of diffusive-thermal instability are dropped [12]. Hence, in our
computation for all time steps for having a unity Lewis number, the mass diffusivity is
considered to be a fixed coefficient of thermal diffusivity (i.e. « = D). Then, in order to examine
the effect of diffusive-thermal instability, we use a non-unity Lewis number which leads to

create an interaction between thermal and mass diffusive fluxes.

We first study the contribution of DL instability by performing the computations for unity
Lewis number for a lean (¢ = 0.5) hydrogen/air flame in a 1mm micro-channel width with 300
cm/s inlet velocity. Our parametric study showed that in a velocity of 300 cm/s is an extreme
case and there is a high possibility of evolving a symmetric flame into an asymmetric shape. Fig.
6 shows that as time evolves the flame remains symmetric and the maximum values of OH mass
fraction remain on the centerline line of the channel. The computations are carried out for other
unstable cases and it is observed that the flame remain symmetric. Thus, it is concluded that the
DL instability does not play a major role in evolving a symmetric flame into an asymmetric

shape in a heated micro-channel.
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Fig. 6: Time evolution of OH mass fraction of a hydrogen flame in a micro-channel with Le = 1, width = 1mm,

inlet velocity = 300 cm/s and ¢ = 0.5.
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In order to study the effect of thermal-diffusive instability, the computations are
performed for nonunity Lewis numbers (this approach has been used in previous works such as
[12]). Figs. 7 and 8 show time evolution of OH mass fraction for two constant Lewis numbers of
Le = 1.5 and Le = 0.35 for a flame in a micro-channel with a width of 1mm and inlet velocity of
300 cm/s.. Lewis number of 0.35 is related to hydrogen fuel Lewis number, which has key role
in mass diffusivity. Lewis number of 1.5 is also an arbitrary number greater than one. For Lewis
number of 0.35 the thermal diffusive flux is lower than the mass diffusive flux, while for Le =1.5

the thermal diffusion is higher than the molecular diffusion of reactants.

OH mass fraction of the hydrogen flame is shown in Figs. 7 and 8 for Le = 0.35 and Le =
1.5, respectively. It is seen in Fig. 7 that the symmetric flame has finally evolved into an

asymmetric shape for Lewis number of 0.35. While for Le =1.5, Fig. 8 shows that the flame

retains its symmetric shape.
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Fig. 7: Time evolution of OH mass fraction of a hydrogen flame in a micro-channel with Le = 0.35, channel
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width = 1mm, inlet velocity = 300 cm/s and ¢ = 0.5.
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Fig. 8: Time evolution of OH mass fraction of a hydrogen flame in a micro-channel with Le = 1.5, channel

width = 1mm, inlet velocity = 300 cm/s and ¢ = 0.5.

To better understand the effect of nonunity Lewis number (i.e. thermal-diffusive
instability) on the appearance of asymmetric flame, Fig. 9 is presented here. For Le = 0.35,
where the flame is convex toward the burnt gases, fuel diffuses in a larger area and the local
flame speed decreases. In such condition, the flame is convex toward the cold mixture (Fig. 8b),
the fuel diffuses faster than heat to the fresh gas (i.e. a < D). So the concentration of radicals is
high and the local flame speed near the walls increases. This is a typical behavior of an unstable

flame where it stretches near the walls.

For Le = 1.5, the diffusion of species to the wall decreases, so the reactions activity next to
the walls also decreases. This leads to the reduction of length of flame front (length of black
line) and accumulation of species and heat on the centerline of the channel. On the other hand,
owing to the high diffusion of heat of combustion, the mixture entering the flame will be
preheated. This causes the maximum flame temperature to be increased. The local flame speed
increases due to the elevated temperature. However, since the flame is not stretched next to the
walls, the stabilizing effect of the wall is not present and the flame moves toward downstream

and finally exits from the channel.

Q,

wall

a,

wall

(a) Le=0.35 (b) Le=1.5
Fig. 9: Sketch of molecular and thermal diffusive flux on OH mass fraction contour for (a) Le = 0.35 and

(b) Le = 01.5. channel width = 1mm, inlet velocity = 300 cm/s and ¢ = 0.5

The results of this section clearly show that the interaction of molecular and thermal
diffusions plays a major role in making the flame unstable. Using unity Lewis number
assumption, it is shown that flame had symmetric shape and it can be concluded that the

hydrodynamic effects are not solely responsible for the instability of the flame in micro-scales.
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3.3. The effects of inlet velocity and equivalence ratio on the interaction of thermal and

mass diffusions

In this section, the effects of the inlet velocity and the equivalence ratio (¢) of mixture on
the molecular and thermal diffusion are studied. The Lewis number as an indicator of the
interaction of these diffusions is used to study these effects. Here, the diffusion coefficients are
modeled based on Fick’s law and hence the Lewis number is calculated during the computations

using these diffusion coefficients

Lewis number is obtained on the centerline of the micro-channel for different inlet
velocities as shown in Fig. 9. In this figure dashed line represent flame front for each condition
based on color line. It should be mentioned that our computations reveal that (not shown here)
for inlet velocities of 30 and 50 cm/s the flame is symmetric, while for 80 and 200 cm/s

velocities the flame exhibits an asymmetric behavior.

0.36
0.355
0.35
o~
==t
1]
=
0.345 -+Uin =30 cm/s
~<>-Uin =50 cm/s
0.34 +Uin =80 cm/s
-0-Uin = 200 cm/s
0.335
-0.001 0 0.002 0.003 0.004 0.005
X (m)

Fig. 10: Variation of Lewis number of hydrogen on centerline of the channel for different inlet velocities

with channel width = 1mm and ¢ = 0.5.

Fig. 10 shows that for low inlet velocities of 30 cm/s and 50cm/s (in which the flame has a
symmetric shape) Lewis number behind the flame front (i.e. vertical dashed line)decreases
along the centerline. We observed this behavior for different channel widths, inlet velocities and
equivalence ratios. While for higher inlet velocities in Fig. 10 where the flame has an

asymmetric shape, the Lewis number remains almost constant behind the flame front.

In Fig. 11, the behavior of Lewis number is depicted for different equivalence ratios when
the flame has a symmetric shape. For attaining symmetric flames, different inlet velocities were

utilized for the considered equivalence ratio. This is because the symmetric shape of the flame
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alters by the increase equivalence ratio and hence in order to have a symmetric flame we need

to increase the inlet velocity accordingly.

To illustrate qualitatively this behavior, the contour of temperature is shown in Fig. 12. As
mentioned above, unlike 30 cm/s, the flame in 80 cm/s inlet velocity is unstable and finally
evolves into an asymmetric flame. In this figure the black lines represent the flame front. In
addition, o, D, otwan and heony are thermal diffusive flux from flame to the flow, mass diffusive flux
from the cold flow to the flame, heat diffusion from the hot walls to the flow and convective heat

transfer from the flame to the cold flow, respectively.

By increasing the inlet velocity, hconv increases. This leads to the reduction of flow
temperature on the centerline of the channel. Further, due to the high temperature of the walls
the flame stretches close to the walls. This leads to the increase of flame surface. By increasing
the inlet velocity, the flame moves toward downstream. The flame is more convex toward the
products in 80 cm/s than 30 cm/s inlet velocity and the flame surface increases. This leads to
the inclination of the normal flux of mass and thermal diffusions. The mass diffusion vectors
point toward the walls and the thermal diffusion vectors point toward the centerline. As seen
schematically in this figure, for symmetric case, the heat diffusion fluxes augment to each other
and increase the heat concentration on the center line. While molecular diffusion fluxes cancel
out each other. So the Lewis number behind the flame will increase due to the increasing of a

and decreasing of D.

For inlet velocity of 80 cm/s, the mixture entering the flame near the walls has a higher
temperature since it is preheated more by the walls (compare Fig. 12b with compare with Fig.
12.). So the flame is stretched near the walls. On the other hand, due to the increased velocity,

the flame tip moves toward downstream.
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Fig. 11: Variation of Lewis number of hydrogen on centerline of channel for different inlet velocities and

equivalence ratio with channel width = Imm.

(@) Uin=30 cm/s

(b) Uin=80 cm/s

4 mm

Fig. 12: Qualitative illustration of asymmetric behavior of flame. Channel width = 1mm and ¢ = 0.5. (a)

Uin= 30 cm/s and (b) Uin= 80 cm/s.
3.4. A criteria for asymmetric behavior of flame

As mentioned above, the length of flame front (length of A-B-C line in Fig. 12) is an
important parameter in the flame behavior. To study the role of this parameter, a new
dimensionless parameter, h, is defined as the ratio of length of flame front to channel width. In

Fig. 13, this parameter is illustrated under different inlet conditions.

In this figure, the gray lines represent the symmetric flames and the black lines represent

the asymmetric flames. For the flames that finally evolve into the asymmetric shape, the length
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of flame front is evaluated! and shown both before and after the transition to an asymmetric
shape. For equivalence ratios below unity, the length of asymmetric flames is more than the
symmetric ones. However, in equivalence ratios above unity this trend is reversed. So the length
of flame front for asymmetric flames becomes less than the symmetric ones. This can be due to

the increase of the flame speed caused by increasing the equivalence ratio from 0.5 to 1.

It is seen that for h¢ in the interval between 1.1 and 1.15 the instability is occurred and
the flame becomes asymmetric in shape. This range of hs has been also observed for various

channel heights.

~[~Phi=0.5 - Symmetric Flame
—00-Phi=0.5 - Asymmetric Flame
-< Phi=0.6 - Symmetric Flame
2.5 | =< Phi=0.6 - Asymmetric Flame
-+/x+ Phi=0.7 - Symmetric Flame
-«A- Phi=0.7 - Asymmetric Flame
O-Phi-1 - Symmetric Flame
2 | -0-Phi=1 - Asymmetric Flame

—:H—-
1.5
1.15
1} '
0.5 -
0 100 200 300 400 500

Uin (cm/s)
Fig. 13: Variation of hss (length of flame front to channel width ratio) in different inlet velocities and

equivalence ratio for 1mm channel width.

4. Conclusions

In the present work the asymmetric behavior of flame in micro-scales is studied
numerically. The combustion of hydrogen/air mixture in a micro-channel is simulated using a
reactive solver developed based on low-Mach number formulation incorporating detailed
chemical kinetics and multi species transport model. It is found that by increasing the inlet
velocity for a channel of fixed width, the flame stretches near the wall. At this moment, the flame
is unstable and ready to become asymmetric due to existing perturbations. The Lewis number is
used to study the effects of different types of instabilities on the flame front. First in order to
analysis the role of different instabilities we artificially set the Lewis number in the

computations to be a fixed number. For unity Lewis number, the flame is stable and symmetric,

1 The length is be obtained in post processing step utilizing image processing
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and does not evolve into an asymmetric shape. This clarifies that Darrieus-Landau has no
profound role in appearance of asymmetric flames in heated micro-channels. While, for Lewis
number less than unity, evolution of a symmetric flame into an asymmetric shape is observed.
This clearly shows that the diffusive-thermal instability plays a major role in the formation of
asymmetric flames in micro-channels with preheated walls.

Second, to study the role of thermal and mass diffusions, these parameters were
modeled by accounting multi-species diffusions. It is found that in symmetric flames, there
exists a reduction of the Lewis number behind the flame front. This is due to the alternation in
the direction of thermal and mass diffusion fluxes on the flame surface. A new dimensionless
parameter defined by dividing the length of flame front to the channel width. It is found that
when this parameter is between 1.1 to 1.15, the flame is unstable and a perturbation can lead to

the instability of flame.
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