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Abstract

The stabilization and dynamics of lean (¢ = 0.5) premixed hydrogen/air atmospheric-pressure flames in planar
microchannels of prescribed wall temperature are investigated with respect to the inflow velocity and channel
height (0.3 to 1.0 mm) using direct numerical simulation with detailed chemistry and transport. Rich dynamics
starting from periodic ignition and extinction of the flame and further transitioning to symmetric V-shaped flames,
asymmetric flames, oscillating and pulsating flames, and finally again to asymmetric flames are observed as the
inlet velocity is increased. The richest behavior is observed for the 1.0-mm-height channel. For narrower channels,
some of the dynamics are suppressed. The asymmetric flames, in particular, vanish for channel heights roughly
less than twice the laminar flame thickness. Stability maps delineating the regions of the different flame types in
the inlet velocity/channel height parameter space are constructed.
© 2007 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction combustion and in the understanding of reactor ther-
mal management is essential for the further develop-

Combustion at the meso- and microscale has at- ment of such systems.

tracted a lot of interest in recent attempts to harness
the high specific energy of fuels in miniaturized de-
vices for portable power generation [1]. Progress in
the fundamental knowledge of micro- and mesoscale

As the combustion volume decreases, several
problems appear. Firstly, it becomes more difficult
to sustain combustion at small scales because of heat
losses and wall termination reactions. Recent studies
have demonstrated the feasibility of stable combus-
tion inside burners with dimensions even smaller than

* Corresponding author. Fax: +41 44 632 1255. the classical flame quenching distance. One such ex-
E-mail address: frouzakis@lav.mavt.ethz.ch ample is the Swiss roll burner, which is based on
(C.E. Frouzakis). excess enthalpy combustion [2]; therein flame sta-
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bilization is accomplished by preheating the feed by
means of burnt gas heat recirculation. Miesse et al. [3]
demonstrated the stabilization of homogeneous (gas-
phase) methane/oxygen diffusion flames between par-
allel plates having gaps less than 1 mm. This was
accomplished by special treatment of the reactor wall
surfaces rendering them “quenchless,” i.e., inactive
with respect to the recombination of gas phase rad-
icals. Thus, a flame can be established in narrow
channels either by increasing the wall temperature,
e.g., excess enthalpy combustion, or by appropriately
treating the wall surface, e.g., the “quenchless” sur-
face.

Another problem that arises in reduced-size com-
bustors is the strong flame—wall interaction, which
dramatically changes the characteristics of flame
propagation. Maruta et al. [4] have studied experi-
mentally the combustion of methane—air mixtures in
quartz glass microtubes 2.0 mm in diameter (slightly
smaller than the quenching distance), and of ei-
ther straight or U-shaped configuration, at a fixed
wall temperature. For different combinations of the
equivalence ratio and the inflow velocity, they ob-
served three different regions—flame oscillations,
stable flame, and no flame. Flame oscillations along
the channel axis were observed at low inflow ve-
locities and equivalence ratios close to the stoichio-
metric value. This was interpreted as a repetitive,
periodic process of flame ignition and extinction.
The characteristics of methane/air and propane/air
premixed flames in straight cylindrical quartz tubes,
2 mm in inner diameter, with a wall temperature
profile controlled by an external heat source, were
analyzed experimentally and numerically by Maruta
et al. [5]. In addition to the three aforementioned
combustion modes, they reported other flame types
with rich dynamics. Those included a 1-D pulsating
flame, moving periodically along the channel axis in
a regular fashion, and a second type combining the
characteristics of the pulsating and the extinction—
ignition periodic flame. Richecoeur and Kyritsis [6]
observed a repetitive-periodic extinction—ignition in
nonpremixed methane/oxygen combustion inside a
curved mesoscale duct of internal diameter 4.0 mm.
They reported an increase of frequency with decreas-
ing tube diameter. Miesse et al. [3] have shown that
the diffusion flame in their submillimeter combustor
had a structure different from that expected in a simi-
lar burner configuration at a macroscopic scale. They
observed some unique isolated reaction zone struc-
tures, similar to cellular instabilities.

The aforementioned studies indicate that new
flame dynamics and structures appear in micro- or
mesoscale combustion. Premixed flames exhibit two
intrinsic instability mechanisms associated with their
propagation: hydrodynamic instability and diffusive—

thermal instability. The hydrodynamic instability, dis-
covered by Darrieus and Landau (the DL instability)
[7,8], originates from the density jump across the
flame front. In the review work of Bychkov and Liber-
man [9], it is reported that for realistic heat expansion
coefficients, only a planar flame can propagate in a
narrow tube with height smaller than half of a char-
acteristic cutoff wavelength (determined from the DL
theory for unity Lewis number and a single-step high
activation energy reaction) because of thermal sta-
bilization effects. The calculated value of the cutoff
wavelength for realistic flames is about two orders
of magnitude larger than the flame thickness, sug-
gesting that for micro- or mesoscale applications this
type of instability should not be present. The thermal—
diffusive instability, first investigated in [10,11], is
induced by the imbalance between mass and thermal
diffusion of the combustion mixture and it appears
at sufficiently low/high values of the Lewis num-
ber of the deficient reactant. There are two types
of thermal-diffusive instabilities: cellular instability
[12] for Lewis numbers smaller than unity by less
than a critical value and pulsating instability for Lewis
numbers exceeding a critical value that is larger than
unity [13,14].

The present work investigates Hp/air atmospheric-
pressure combustion in a plane 2-D channel configu-
ration. Hydrogen has attracted increased attention in
recent years as a fuel because it allows CO»- and soot-
free combustion. Hydrogen-enriched combustion of
hydrocarbon fuels is also considered in many prac-
tical systems such as gas turbines and automotive en-
gines.

For microscale fuel-lean hydrogen/air combus-
tion, only thermal—diffusive cellular instability is ex-
pected, since the Lewis number of the limiting re-
actant is less than unity. The strong flame stretch at
the small scales has a stabilizing effect [15], whereas
the heat losses are destabilizing [16] and can fur-
ther induce oscillations in nearly unity-Lewis-number
flames similar to those encountered in large-Lewis-
number flames [17]. Therefore, the particular char-
acteristics of fuel-lean hydrogen/air combustion in
nonadiabatic meso-/microscale 2-D channels cannot
be inferred from simple theoretical considerations.

Up to now, there have been no detailed experi-
ments in microscale combustion systems, mainly be-
cause of the difficulty of carrying out spatially re-
solved measurements at small scales. Therefore, de-
tailed mathematical modeling is indispensable in un-
derstanding the combustion dynamics and in assist-
ing the design of such systems. To this direction, a
number of investigations have been reported in the
literature. The thermodiffusive approximation is com-
monly employed to bypass the solution of the Navier—
Stokes equations. Using single-step chemistry, Daou
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and Matalon [18] studied the influence of the ratio
of the channel height to the flame thickness and the
ratio of the flow velocity to the laminar flame speed
on the propagation of a flame subject to a prescribed
Poiseuille flow in an adiabatic channel. Using single-
step chemistry, Jackson et al. [19] qualitatively cap-
tured experimental observations in narrow circular
tubes [6] within the thermodiffusive approximation.

In other recent works, the coupling of flow and
chemistry is taken into account, but other simplify-
ing assumptions are made. Raimondeau et al. [20]
simulated stoichiometric methane/air combustion in
a microchannel using a 2-D steady parabolic (no ax-
ial diffusion considered) model with detailed chem-
istry/transport and symmetry boundary conditions on
the tube axis. They obtained stable flames for radii
ranging from 0.1 to 10 mm. Kim and Maruta [21]
simulated a premixed methane/air flame in circular
tubes with diameters ranging from 0.4 to 4.0 mm
for different combinations of thermal (adiabatic or
isothermal) and velocity boundary conditions. Using
a steady formulation and a single-step irreversible re-
action, they analyzed the flame shape, the propaga-
tion velocity, and the flow velocity variations gener-
ated by the flames. Norton and Vlachos [22] simu-
lated premixed methane/air mixtures in a microchan-
nel consisting of two 1-cm-long infinitely wide plates
placed at a distance of 0.4 to 4.0 mm apart. They
used single-step chemistry and symmetry boundary
conditions at the midplane. The authors analyzed
the effects of microburner dimensions, materials of
construction, external heat loss, and inflow veloc-
ity on flame stability and combustion characteris-
tics, using steady simulations for the bulk of their
results. Unsteady behavior was also examined; un-
der certain conditions and for low inflow velocities
a combustion mode characterized by periodic igni-
tion/extinction similar to the experimental observa-
tions of Maruta et al. [4] was reported. In a subse-
quent study, Norton and Vlachos [23] repeated their
2-D steady computations for propane/air mixtures.
A wider range of stable operating conditions was ob-
served in propane/air flames compared to methane/air
flames. More recently, Karagiannidis et al. [24] inves-
tigated the stability of methane/air mixtures in cat-
alytic microchannels using a 2-D steady model with
detailed hetero-/homogeneous reaction schemes; it
was shown that when gas-phase chemistry was added
to the heterogeneous chemistry, the stability limits of
catalytic microreactors were extended.

From the works reported above, it appears that
combustion at the micro-/mesoscale has some pecu-
liarities. This problem has not yet been analyzed in
appropriate detail. In fact, all the referenced numeri-
cal investigations employ at least one of the follow-
ing simplifying assumptions: single-step chemistry,

steady formulation, symmetry condition at the sym-
metry plane for 2-D channels or axisymmetric mod-
eling in cylindrical channels (which precludes the
formation of asymmetric flames), or thermodiffusive
approximation. These simplifications can potentially
have a strong effect on the observed combustion dy-
namics.

The flame dynamics in microchannels depend on a
number of parameters: the geometric properties of the
channel (height and length-to-height ratio), the inflow
mixture properties (inflow velocity profile, mixture
composition and temperature), and the wall bound-
ary conditions that affect the transfer of heat (fixed-
temperature, adiabatic, or conducting walls) and mass
(nonreactive walls, walls where gas-phase radicals
can recombine, or catalytic walls) to or away from the
solid surfaces.

The present work undertakes a systematic nu-
merical investigation of fuel-lean (equivalence ratio,
¢ = 0.5) hydrogen/air combustion dynamics in mi-
croscale plane channels. A transient fully elliptic code
is used to simulate the flame—flow coupling in the en-
tire channel (i.e., without imposing symmetry at the
midplane), taking into account the detailed descrip-
tion of chemistry and transport. The goal is to map
the flame dynamics as a function of two parameters:
the inflow velocity, UN, which is assumed to be uni-
form, and the channel height, /. The inflow velocity
is varied between 4 and 400 cm/s, while the chan-
nel height ranges between 0.3 and 1.0 mm. The other
defining parameters are kept fixed.

2. Computational approach

The geometry consists of a channel between two
parallel, infinitely wide plates, with a fixed length-to-
height aspect ratio L/ h = 10.

2.1. Governing equations

The governing equations are those for 2-D con-
tinuity, momentum, energy, and chemical species at
the low-Mach-number limit for open systems [26], to-
gether with the equation of state (ideal gas law):

Continuity:
% L9 (pu)=0 )
— -(pu)=0.
Y pu
Momentum:
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In the low-Mach-number formulation, Eq. (1) is re-
placed by Eq. (8) below, which is obtained by com-
bining the continuity (1), energy (4), species (5), and
state equations (7):
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In Egs. (1) to (8), A is the thermal conductivity,
h; and w; are the enthalpy and chemical production
term for species i, ¥; and V; are the mass fraction
and diffusion velocity of species i, p; and pg are the
hydrodynamic and the thermodynamic pressures, W;
and W are the molecular weight of the ith species and
the mean molecular weight, and ¢p ; and cp are the
ith species and mixture heat capacities, respectively.
1 is the identity matrix, while the species diffusion
velocities V,; are

Vi=-WDi/X)VX;, (C)]

with D; the ith species mixture-averaged diffusivity.

2.2. Boundary conditions and solution method

At the channel inlet, uniform profile for the inlet
velocity (Uln), flux boundary conditions for the in-
coming species mass fractions, and constant temper-
ature (7T1n = 300 K) are applied. Along the channel
walls, a fixed temperature profile is imposed: it ramps
smoothly, via a hyperbolic tangent function, from the
temperature of the cold inflow mixture, 7Tjy = 300 K,
to the wall temperature, Tyy = 960 K, over the initial
1/20 channel length. The prescribed wall temperature
is a typical boundary condition in both experiments
and simulations [4,5]. The maximum wall tempera-
ture of 960 K was chosen so as to establish flames
inside the channel at realistic inflow velocities. Zero
flux for all species and no-slip boundary conditions
are employed for the velocity at the gas—wall inter-
faces. In this respect, radical wall recombination reac-
tions are not considered. Finally, Neumann boundary
conditions are imposed at the right end of the compu-
tational domain, and buoyancy is neglected.

The parallel numerical approach that solves the
system of Eqgs. (1)—(8) is based upon the spectral
element method for spatial discretization. The com-
putational domain is split into a number of quadri-
lateral elements and the data and geometry are ex-
pressed as sums of high-order tensor product poly-
nomials [25]. A high-order splitting scheme for low-
Mach-number reactive flows that separates the ther-
mochemistry (species and energy) from the hydro-
dynamic (continuity and momentum) subsystems is
used for time integration [26]. The integration of ther-
mochemistry is performed with the matrix-free, fully
implicit, parallel stiff ODE solver PVODE [27]. De-
tails on the mathematical formulation, the numerical
method, as well as validation of the approach with as-
ymptotic analysis and numerical benchmark tests can
also be found in [26].

The gas-phase chemistry is described by the mech-
anism of Yetter et al. [28]. Mixture-average trans-
port is used, based on the CHEMKIN transport data-
base [29], while the chemical reaction rates are eval-
uated with CHEMKIN [30].

2.3. Computational domain

The 2-D domain was discretized with eight spec-
tral elements in the transverse direction and 60 ele-
ments in the streamwise direction, all equally spaced.
To determine the grid requirements, the thermal flame
thickness is firstly evaluated according to [31],

_ Tt —TiN

Li= (10)

max|%—§ '

where TN and Tt are the temperatures of the un-
burned and burned mixture, respectively, and
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max’ %—g ] is the maximum temperature gradient along
the flame coordinate. The temperature and species
profiles of a lean premixed laminar Hy/air flame
(¢ = 0.5) with an inlet temperature Tin = 300 K were
computed using the PREMIX code of CHEMKIN
[32]. For the conditions considered, the resulting
flame thickness is Lf = 0.39 mm, the laminar flame
speed is S, = 58 cm/s, and the adiabatic flame tem-
perature is 7f = 1630 K. The same grid was used for
all channels with heights ranging from 0.3 to 1.0 mm.
Therefore, a resolution analysis is presented below
only for the larger channel height (A = 1.0 mm), since
the resolution requirements for narrower channels are
less strict.

Using sixth-order Legendre-Lagrangian interpo-
lating polynomials per direction and element, a total
of 361 grid points are employed in the streamwise di-
rection, corresponding to an average spatial resolution
of Ax = 0.028 mm and resulting in approximately
L¢/Ax = 14 grid points within the flame zone. The
solution was not significantly affected when the poly-
nomial order was increased to 8 and subsequently
to 10, corresponding to 19 and 23 points inside the
flame, respectively, confirming the grid-independence
of the solution. Since the grid is even finer in the trans-
verse direction, no further tests were performed for
the resolution in that direction. Simulations were car-
ried out on a Linux cluster. On two CPUs running
with a clockspeed of 2.4 GHz, and depending on the
initial condition, a typical calculation for a complete
simulation from the initial condition to the final state
(steady or oscillatory) with a grid consisting of a total
of 16,920 discretization points required between 15
and 40 h.

3. Results and discussion
3.1. Description of the ignition process

The emphasis of the present work is on the dy-
namic behavior observed after a stable flame is es-
tablished in the numerical domain rather than on the
ignition process itself. Therefore, a typical ignition
process is described here only qualitatively. The ini-
tial conditions for ignition consisted of a channel
filled with a cold mixture having the same composi-
tion, temperature, and velocity as the inflow mixture.
Heat transfer from the hot walls generates HO, rad-
icals at the wall vicinity, followed first by a radical
runaway process, typical of low-temperature hydro-
gen ignition, and, subsequently, by thermal runaway.
For cases where the incoming flow velocity is higher
than a critical value, radicals are convected away from
the walls and out of the domain faster than they are

produced, and the initial radical buildup does not re-
sult in the establishment of a stable flame inside the
computational domain.

3.2. Dynamic behavior for the 1.0-mm-height
channel

The simulated velocity range corresponds to in-
coming Reynolds numbers (based on the channel
height 4, the inflow velocity Un, and the mixture
kinematic viscosity v = 0.1887 cm2/s) in the range
2.1 < Reyn < 212. Four different flame types are
observed as the inlet velocity is increased: periodic
extinction/ignition, V-shaped flames, asymmetric and
oscillating flames.

3.2.1. Periodic ignition and extinction
(A< U <18 cm/s)

For the lowest inflow velocities considered, 4 <
Uin < 18 cm/s, a periodic sequence of flame ignition
and extinction is observed. The cold mixture enter-
ing the channel is heated up by the hot walls, ignites
at a certain downstream location, and then propagates
back toward the inflow consuming all the fuel along
its way. As the flame reaches the cold inflow region it
extinguishes due to heat losses, and the fuel starts to
fill the entry section again until it reignites; the whole
process repeats itself periodically with a constant fre-
quency that depends on the inflow velocity. During
the ignition phase, the mixture is heated up and moves
from the low-temperature branch of the S-shaped ig-
nition diagram to the vigorously burning branch. Af-
ter ignition, the fuel is completely consumed, and the
system, after crossing the extinction point, returns to
the low temperature branch. The whole cycle then
starts again.

Fig. 1a depicts the temporal variation of the max-
imum temperature inside the channel for U =
10 cm/s; this parameter changes periodically at a fre-
quency of 106.9 Hz between the wall temperature,
Tw = 960 K, and the maximum flame temperature,
1578 K, with long periods of relative inactivity (asso-
ciated with the flow of fresh mixture into the channel
and the buildup of a radical pool) followed by sud-
den bursts (associated with radical and eventually
thermal runway and subsequent fast flame propaga-
tion). For all extinction/ignition cases, the flame has a
symmetric shape and the maxima of all intermediate
species and temperature are located on the midplane
(y/h = 0.5). For the conditions considered here, the
nonburning solution is unstable. The observed limit
cycle ignition/extinction behavior has resulted from
the loss of stability of this nonburning solution via a
Hopf bifurcation.

The temporal evolution of the flame location, de-
fined as the streamwise position of the maximum
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Fig. 1. Ignition/extinction behavior in the 7 = 1.0 mm height channel at Uy = 10 cm/s: (a) temporal variation of the maxi-
mum temperature inside the channel, (b) streamwise location of the maximum H mass fraction (the solid line corresponds to
YH, max > 10*7—burning flame—and the dotted one to Yy max < 10~7—no flame), (c, d) 2-D maps of the OH mass frac-
tion, and (e, f) 2-D maps of the H, mass fraction. The maps in (c, e) and (d, f) correspond to the time instants ¢{ (= 5.69 ms)
and 7 (= 5.83 ms), respectively, shown in (a). The minimum in the color-coded bar corresponds to zero and the maximum to
3.2 x 1073 for OH and 1.2 x 102 for Hj, respectively. For clarity, only the first 6 mm of the channel are shown.

H mass fraction, x(YHq max) along the midplane is
shown in Fig. 1b. The solid line marks the igni-
tion process (i.e., the time intervals when Yy max >
10~7), while the dashed line corresponds to the time
intervals during which Yy max < 1077, i.e., the time
during which the radical pool is formed. Ignition oc-
curs at x(YH,max) ~ 2.1h = 2.1 mm and the flame
propagates upstream as close as ~0.4 mm away from
the inflow.

In Figs. 1c and le the contours of the OH and Hj
mass fractions at a time instant shortly after ignition
(marked with #1 in Fig. 1a) are presented. The flame is
nearly hemispherical at the beginning; it then expands
outward and propagates both in the upstream and the
downstream direction, Figs. 1d and 1f. The upstream
propagating front extinguishes when it reaches the
cold inflow, while the downstream propagating one
does so when the local Hy concentration drops below
the flammability limit (Figs. 1d and 1f). It is inter-
esting to observe that the upstream propagating flame
changes curvature during propagation, exhibiting first
a convex (Fig. 1c) and finally a concave (Fig. 1d)
shape toward the unburned mixture; the downstream
propagating front maintains the initial convex shape
toward the unburned mixture [18,33]. The velocity
of the upstream propagation, obtained from the time
derivative of the flame location, reaches its maximum
value of around 15 m/s shortly after ignition.

This flame behavior persists for inlet velocities
ranging from 4 to 18 cm/s; both the amplitude and
the frequency of the temperature oscillations inside
the channel increase with increasing inlet velocity
(Fig. 2). Similar behavior has been reported else-
where. Maruta et al. [5] have experimentally stud-
ied CHy/air flames at equivalence ratio ¢ = 0.5 in
tubes of internal diameter 2.0 mm. For a fixed aver-
age mixture inlet velocity of 30 cm/s, repetitive ex-
tinction and ignition with a frequency of 50 Hz was
observed at their lowest maximum heated-wall tem-
perature (1130 K). Near extinction, Norton and Vla-
chos [22] also observed similar oscillatory behavior
in their CFD calculations of CH4 flames in a channel
with a height of 0.6 mm. In the cases of high heat loss,
a limit-cycle behavior with a period of about 1 ms was
reported.

3.2.2. V-shaped stable flame (8 < UN < 75.5 cm/s)

As the inlet velocity is increased, the flame is pro-
gressively restricted from propagating toward the in-
flow. Eventually, the oscillatory behavior ceases, and
a V-shaped stable symmetric flame is established for
a critical value of Uy between 18 and 19 cm/s.
This flame type persists for inflow velocities up to
Uin = 75.5 cm/s, stabilizing farther away from the
inlet as UpN increases.

For Uy < 70 cm/s, the maximum temperature
and maximum concentration of all radicals are located
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Fig. 3. V-shaped type flames in the 7 = 1.0 mm height channel: OH radical mass fraction at various inlet velocities: (a)

Uin =20 cm/s, (b) Uy =50 cm/s, and (¢) Uy =75 cm/s.

on the midplane (y/h = 0.5), as shown in Fig. 3 for
You. For Uy > 70 cm/s, a change is evident in the
internal flame structure (Fig. 4a for Uy = 75 cm/s):
the flame is still V-shaped and stable with the max-
imum of the temperature and mass fractions of all
radicals, except H, located on the midplane. The dis-
tribution of Yy, however, differs markedly: it remains
overall symmetric around the midplane, but two max-
ima are formed slightly off the midplane and symmet-
ric with respect to it.

It is also worth pointing out that as UpN is var-
ied within the range of stability of V-shaped flames,
the steady state is approached in a damped oscillatory
manner; i.e., the V-shaped flame overshoots the final
stabilization location, pulsates around it with decreas-
ing amplitude, and eventually stabilizes.

Starting with the stable V-shaped flame for Uy =
18 cm/s, and decreasing the inlet velocity in steps of
1 cm/s, a V-shaped flame could be sustained for val-
ues of UIN as low as 8 cm/s (i.e., over a range where
ignition/extinction flames are observed), showing that

there is a hysteresis in the transition between these
two flame types.

3.2.3. Asymmetric stable flame
(7TT<UN <772 cm/s)

An increase of the inlet velocity from 75.5 to
77 cm/s alters the entire flame structure. The flame
is no longer symmetric with respect to the midplane;
moreover, two steady asymmetric flames can be ob-
tained for the same value of Upy. The flames form an
obtuse or an acute angle with the lower wall and will
be referred to as lower and upper asymmetric, respec-
tively. Figs. 7a, 7e, to be discussed in detail within the
context of Section 3.2.5, show the Yoy distribution
of such flames for Uy = 77 cm/s. Over the nar-
row range of coexistence of these two flames (77 <
UiN < 77.2 cm/s), transitions between them can be
induced by appropriately perturbing the flames. From
the dynamical system point of view, the transition
from a V-shaped symmetric to an asymmetric flame
results from a symmetry-breaking pitchfork bifurca-
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Fig. 4. Isolines of H mass fraction in the 2 = 1.0 mm height channel: (a) V-shaped steady flame with two Yy maxima at
UN =75 cm/s; (b) to (e) during the transient after an impulsive change of the inflow velocity from Uy = 60 cm/s (V-shaped
flame) to 77.2 cm/s (asymmetric flame) at r = 0.0, 8.1, 19.4, and 30.5 ms, respectively. Fifteen isolines ranging from 5 x 10-°
t01.715x 1074, 1.51 x 1074, 1.74 x 1074, 1.82 x 10~%, and 1.8 x 10~ in (a)—(e), respectively, are plotted within the channel

extent around the flame.

tion, where a real eigenvalue of the Jacobian of the
conservation equations, linearized around the sym-
metric solution, crosses the imaginary axis through
zero. It seems that the appearance of the two Yy max-
ima triggers the asymmetry. This flame type does not
persist for a wide range of Upn, but reappears for
higher values of the inflow velocity and is discussed
in more detail in Section 3.2.5.

Figs. 4b—4e provide isolines of Yy at four time in-
stants during the transient after an impulsive change
of Uy from 60 to 77.2 cm/s, leading from a V-shaped
flame with a single Yy maximum to an asymmetric
flame. It can be clearly seen that the two symmetric in
location and value Yy maxima appear first (Fig. 4c).
However, this structure is no longer stable and finally
evolves into the asymmetric flame of Fig. 4e.

Close examination of the transition from the V-
shaped to the asymmetric flame reveals that the tran-
sition occurs via damped oscillations with a char-
acteristic frequency. This indicates that two modes
of the stable V-shaped flame are responsible for the
observed behavior. The first one is associated with
the transition to the asymmetric flame and becomes
unstable (the corresponding real eigenvalue becomes
positive) for a value of the inflow velocity in the range
77 < Uy < 77.2 cm/s. The second mode is asso-
ciated with the damped oscillations, and is therefore
stable in this inflow velocity range.

3.2.4. Oscillating flame (77.5 < UiN < 113 cm/s)

Starting from the steady asymmetric flame at
Uiny = 77.2 cm/s, the increase to Uy = 77.5 cm/s
results in a self-sustained oscillation with the flame
shape changing periodically between the upper and
the lower asymmetric structure. This behavior, while
it appears like a regular limit cycle, actually connects
the two asymmetric solutions, and can therefore be
attributed to a global bifurcation (heteroclinic con-
nection).

For Uy = 84 cm/s, the value of the maximum
temperature oscillates between 1418 and 1482 K,
with a frequency of 490 Hz (Fig. 5a). The period of
the temperature oscillation plotted in Fig. 5a is the
time needed for a change of the flame from the up-
per (Fig. 5b) to the lower asymmetric shape (Fig. 5e)
or vice versa; therefore, it is half the period of the
full flame oscillation. The maxima of all species mass
fractions and temperature shift periodically between
two positions located above and below the midplane,
and the flame shape changes smoothly between a
lower asymmetric (Fig. 5b) and an upper asymmetric
flame (Fig. 5e). This behavior persists for the inflow
velocity range 77.5 < Upny < 113 cm/s. The increase
in the frequency and amplitude, AT = Tmax — Thin»
of the oscillations with increasing Uyy is illustrated in
Fig. 6.
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3.2.5. Asymmetric stable flames
(109 < UN <400 cm/s)

By increasing the inflow velocity from 113 to
117 cm/s the oscillations cease, the flame becomes
steady, and it further assumes an asymmetric shape.
The distribution of the OH mass fraction for the two
stable flame structures that coexist for the rest of the
investigated inflow velocities is shown in Fig. 7 for
UN = 165, 300, and 400 cm/s. The upper or lower
asymmetric flames can be obtained either by starting
from a suitable initial condition, or by appropriately
perturbing the system. For example, an increase of the

maximum temperature of one wall by 6 K is sufficient
to force the transition from one asymmetric flame to
the other. The attained asymmetric flame remains sta-
ble when the wall temperatures are subsequently reset
equal to each other. As Upy increases, the flame sta-
bilizes farther downstream and it is, eventually, blown
out for high enough inflow velocity.

Starting from the asymmetric flame at Uy =
113 cm/s and gradually reducing the inflow veloc-
ity in steps of 1 cm/s, the asymmetric flame remains
stable up to Uy = 109 cm/s. Therefore, for 109 <
UN < 113 cm/s, oscillating and asymmetric flames
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In (e, f, g, h) the flow streamlines are superimposed.

coexist and the transition between them is associated
with hysteresis.

Asymmetric stable flames of the type reported
in Fig. 7 have also been observed experimentally in
Dogwiler et al. [34] for ¢ = 0.33 CHy/air mixtures
in a planar channel-flow configuration established be-
tween two plates 250 mm long, 110 mm wide, and
placed 7 mm apart. Therein, at random time inter-
vals (triggered by small experimental parameter vari-
ations) the flame changed from upper asymmetric to
lower asymmetric and vice versa. In other theoreti-
cal and numerical works the stability of axisymmetric
flames in cylindrical tubes has led to contradicting
results: Metzener and Matalon [33] in their numer-
ical simulations reported the existence of a critical
tube diameter above which only axisymmetric flames
are stable. On the other hand, Petchenko and By-
chkov [35] showed by means of linear stability analy-
sis that the axisymmetric flame is unstable at any tube
radius; instead flames with nonaxisymmetric struc-
ture have to be expected.

3.2.6. Summary of flame dynamics in the
1.0-mm-height channel

To distinguish the different types of flames and to
have a unique and coherent indicator for the flame dy-
namics, it is useful to define a new parameter, hmgax. It
represents the transverse distance from the lower plate
(y/h =0.0) of the farthest from the inflow point on
the Yy, = 0.007 isolevel of the mass fraction of mole-
cular hydrogen, nondimensionalized by the channel
height (the chosen value of Yy, is half of the max-
imum, but the particular choice does not affect the
results in any way). Thus, for a V-shaped stable flame,
the flame tip is located at the channel midplane and
hmax = 0.5. For the upper (Figs. 7a-7d) and lower
(Figs. 7e=7h) asymmetric flames, the maximum flame
penetration (flame tip) is closer to the upper (lower)
wall, so that ipax > 0.5 (hmax < 0.5).

The complete description of the flame dynamics
in the 1.0 mm channel is summarized in Fig. 8, de-
picting all the transitions from the repetitive igni-
tion/extinction at the lowest inflow velocities (marked
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with filled rhomboids), to the stable V-shaped sym-
metric flames (filled squares), to the steady asymmet-
ric flame (filled and open triangles for the upper and
lower asymmetric flames, respectively), to the oscil-
lating flames (open circles), and finally again to the
steady asymmetric flames, which eventually blow out
for high enough inflow velocities.

In Fig. 9, it is attempted to show qualitatively that
asymmetric flames can also be stable and, therefore,
observable states. A V-shaped flame is denoted by
A-M-C. On the two branches A—-M and M—C the nor-
mal component of the incoming mixture velocity to
the flame must be equal to the local burning veloc-
ity for the flame to be stabilized. Starting from this
configuration, if one of the two branches is slightly
perturbed, e.g., the branch A—-M to D-M, the normal
component U increases and becomes larger than

the local burning velocity, so that the branch D-M
is unstable and may move to the configuration B-M,
which, using analogous considerations, can be shown
to be stable. Because of the higher preheating of the
mixture in this new configuration, the flame anchor-
ing point is shifted slightly upstream, namely from B
to E.

3.3. The 0.9-mm channel

Simulations have been performed at mixture in-
flow velocities Upy varying from 10 cm/s (Repny =
4.8) to 400 cm/s (Repy = 191). The flame stabil-
ity diagram, shown in Fig. 10, is qualitatively the
same as the one for the 1.0 mm channel, i.e., pe-
riodic extinction and reignition (Uy = 10 cm/s),
symmetric V-shaped flames (30 < Uiy < 93 cm/s),
displaying two Yy maxima for Uy > 70 cm/s,
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asymmetric flames (94 < Un < 95 cm/s), oscillat-
ing (96 < UN < 133 cm/s), and again asymmetric
flames (Urn > 132 cm/s).

The amplitude and frequency for varying Upn of
the oscillating modes are shown in Fig. 11. These
modes are of the same type as for the 1.0-mm chan-
nel, except for Uy = 132 and 133 cm/s (not shown
in Fig. 11). For Uy = 133 cm/s, the mode of os-
cillations changes completely: the flame maintains a
constant shape (one of the two asymmetric structures)
and oscillates along the flow direction. We will call
this streamwise oscillating flame pulsating to distin-
guish it from the flame that oscillates between the two
asymmetric shapes. The streamwise position of the
maximum Yy, x (Y4, max), of this flame changes be-
tween the values 1.15 and 1.75 mm with a frequency
of 631 Hz; the amplitude of the associated maxi-

mum temperature oscillation is 114 K. For Uy =
132 cm/s, the flame exhibits an oscillatory behav-
ior that is a hybrid between the oscillating and the
pulsating flame. In addition to periodically changing
between the upper to the lower asymmetric structures
(oscillating flame), during certain time intervals, it as-
sumes one of the asymmetric shapes and oscillates
weakly along the flow direction (pulsating flame).

3.4. The 0.8-mm channel

The same range of inflow velocities was consid-
ered (10 < Uy < 400 cm/s, corresponding to 4.2 <
Remn < 170). The observed dynamics are qualita-
tively similar to those of the 0.9 mm channel and are
summarized in Fig. 12a. For the lower inlet veloc-
ity range, 10 < UN < 20 cm/s, ignition/extinction
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phenomena are observed, as further discussed in the Once again, two maxima of the H mass fraction ap-
forthcoming Fig. 16. V-shaped flames are obtained for pear for Uy > 115 cm/s. Increasing the velocity
inflow velocities in the range 30 < Uy < 125 cm/s. from UN = 125 to 128 cm/s, the flame changes from
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the oscillating flames, the hysteresis in the transition from oscillating to asymmetric, and finally the pulsating flames which are

included in the oscillating ones have been omitted.

V-shaped to steady asymmetric, which remains stable
up to Uy = 130 cm/s. The oscillatory flames ob-
served over the narrow range 135 < Uy < 147 cm/s
display only the pulsating mode of oscillation (back
and forth in the streamwise direction, while remaining
asymmetric). They result from a supercritical Hopf
bifurcation of the asymmetric flames. Fig. 13 pro-
vides the amplitude and frequency of the pulsations.
Increasing UpN from 147 to 150 cm/s results in slow
dampening of the pulsations, until, past a second
Hopf, the flame stabilizes in one of the asymmetric
positions. From there on, an increase of the inlet ve-
locity does not produce any change in the flame con-
figuration, except that the asymmetric flame is pushed
toward the outflow for higher Upy.

3.5. The 0.7-mm channel

Simulations have been performed for inflow ve-
locities varying from 10 cm/s (Reyny = 3.7) to
400 cm/s (Reny = 148). The sequence of transi-
tions for this case are periodic ignition/extinction
(10 < UN < 20 cm/s), symmetric V-shaped flame
(30 < Uy < 190 em/s), V-shaped flame with two
maxima of the Yy (U = 193 cm/s), and asym-
metric flames (195 < Uny < 400 cm/s) as seen in
Fig. 12b. Increasing the inlet velocity from 193 to
195 cm/s changes the V-shaped flame to an asym-
metric one; this flame structure remains stable upon
further increase of Ujy, stabilizing further away to-
ward the outflow (see also Fig. 17b). It is evident
that the range of inlet velocities, wherein a V-shaped



G. Pizza et al. / Combustion and Flame 152 (2008) 433—450 447

350 650
Af,

=300 S
=) 950 4<— - 550 _
< X
< 200 - )
> - 450 3
8 150 - =
e Z
g 100 - | 350
50 -

D T T T T T T T T 250

03 04 05 06 07 08 09 10
h (mm)

Fig. 16. Frequency (f1) and amplitude (Tmax — Tw) of the ignition/extinction combustion mode at Uy = 10 cm/s for varying
channel height. The frequency f> is the ratio between the inlet velocity Uy and the channel height.

stable flame can be established, diminishes with in-
creasing channel height £ (see Figs. 8, 10, and 12).

3.6. The 0.6-mm to 0.3-mm channels

The asymmetric flames vanish for channel heights
equal to or less than 0.6 mm, and the only flame struc-
tures observed are of the periodic ignition/extinction
and V-shaped types. We have even tried to force the
jump to the asymmetric branch by imposing an asym-
metric flame as initial condition, but in very short
time the flame assumed the symmetric shape. The
much simpler stability diagram for the 0.6 mm chan-
nel is shown in Fig. 12c. In narrower channels the
only difference is the value of Uy for the transition
from ignition/extinction to V-shaped (about 40, 50,
and 70 cm/s for h = 0.5, 0.4, and 0.3 mm, respec-
tively) and also the frequency and amplitude of the
ignition/extinction oscillations. By increasing the in-
flow velocity, the V-shaped flame moves toward the
outflow, and is almost blown out for the highest ve-
locities considered; see Figs. 14 and 17a.

4. Summary of combustion dynamics

The results are summarized in the two-parameter
diagram of Fig. 15; for clarity, the pulsating and the
oscillating flame types and the regions of coexis-
tence of different flame types are not distinguished.
As already mentioned, increasing the channel height
from 0.3 to 1.0 mm leads to richer dynamics. In nar-
row channels only symmetric stable V-shaped flames
are formed (the ignition/extinction mode is always
present). Asymmetric flames can no longer be stabi-
lized when the channel height is smaller than roughly

twice the laminar flame thickness. It is also worth
pointing out that, in all cases, the transitions from the
V-shaped to the asymmetric flames are preceded by
the appearance of the two maxima in the profiles of
the H mass fractions.

For all the channel heights considered, there is
an ignition/extinction regime at the lowest velocity
range. Fig. 16 summarizes the frequency f and am-
plitude (Tymax — Tw) of this combustion mode at
UiN = 10 cm/s as functions of the channel height. In-
creasing A from 0.3 to 1.0 mm results in an amplifica-
tion of the amplitude from about 300 up to 618 K and
in a drop of the frequency from 277 to 105 Hz. In the
same figure, the characteristic frequency fo = UiN/h
corresponding to the channel height and to the in-
flow velocity is also reported; it has almost the same
value as the ignition/extinction frequency, particu-
larly for 4 > 0.5 mm, resulting in a Strouhal number
St= f1 x h/Un = 1.0. The frequency increase of the
ignition/extinction mode with decreasing tube diame-
ter was also observed experimentally by Richecoeur
and Kyritsis [6]. It can be explained by considering
that as the channel height decreases, the time needed
to heat up the fresh inflowing mixture until it ignites
becomes shorter; therefore, the distance of the igni-
tion location from the inlet section is shorter, and the
frequency of the process increases.

Figs. 17a and 17b provide the nondimensional
streamwise flame location inside the channel for
0.3<h<0.6 mm and 0.7 < h < 1.0 mm, respec-
tively. The flame location is identified as the stream-
wise position of the maximum H radical mass frac-
tion, x (YH,max), nondimensionalized with the chan-
nel height /. Only the location of the V-shaped and
asymmetric type flames is shown, since the igni-
tion/extinction and oscillating flames are not steady.



448 G. Pizza et al. / Combustion and Flame 152 (2008) 433—450

10
9 .
g | (a) -+-h=0.3mm
ol - h = 0.4mm
—-h =0.5mm
& 6 4
%%
E 4
S5
»
2 .
1 .
O T T T T T T T T
10
9 -
g - (b) - h=0.7mm
T7 -&-h =0.8mm
-0-h =0.9mm
<6
= - h=10mm
x O
g 4
S
g
2 .
1 -
D T T T T T T T T
0 50 100 150 200 250 300 350 400 450
U (emis)

Fig. 17. Nondimensional flame penetration as a function of Uyy: (a) channel heights 0.3, 0.4, 0.5, and 0.6 mm; (b) channel
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By increasing the inlet velocity, the flame is convected
downstream. As the channel height increases from 0.3
to 0.6 mm (Fig. 17a), the time scale for heat trans-
fer from the reaction zone to the walls and from the
hot walls to the incoming reactants increases. As a
result, the flame stabilizes farther downstream. For
inlet velocities less than 150 cm/s, this behavior is in-
versed. The situation is different for channel heights
between 0.7 and 1.0 mm (Fig. 17b); increasing the
channel height always causes a significant decrease
in flame streamwise penetration. However, it should
be pointed out that the flames in the smaller chan-
nels (h = 0.3 to 0.6 mm) are V-shaped, while those
of wider ones (4 = 0.7 to 1.0 mm) are V-shaped and
asymmetric for low and high Uy, respectively.

Fig. 18 illustrates the maximum temperature of the
steady (V-shaped and asymmetric) flames inside the
channel for different values of the inlet velocity and
for all the simulated channel heights. In some cases,
namely channels with 0.7 < & < 1.0 mm and for high
inlet velocities, the maximum temperature inside the
channel is slightly higher than the adiabatic flame
temperature (7f = 1630 K), whereas in all other cases
it is consistently lower. This is related to a tradeoff be-

tween the preheating of the fresh mixture before the
reaction zone by the channel hot walls (Tywy > TN)
and the heat loss from the flame zone to the channel
walls (Tame > Tw). If UIN is low, the streamwise
position of the flame inside the channel is such that
the heat loss to the walls from the flame zone domi-
nates over the mixture preheat.

The frequency of the oscillatory flames in the 0.8-,
0.9-, and 1.0-mm channels depends on channel height
and inlet velocity and varies between 100 and 600 Hz,
while the oscillation amplitude can reach values as
large as 140 K.

4.1. Effect of reaction mechanism

In order to asses the dependence of the ob-
served dynamics on the particular choice of the
reaction mechanism, simulations with the detailed
Hj/air mechanism of Warnatz et al. [36] were also
performed. The comparison was done for the 1.0-
mm-height channel for (a) an oscillating flame at
Uy = 104 cm/s and (b) an upper asymmetric one
at Uy = 165 cm/s; both flames were reproduced by
the Warnatz scheme. The oscillating flame computed
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Fig. 18. Maximum temperature inside the channel as a function of the inlet velocity UiN.

with the latter mechanism reveals a slight downstream
displacement of the flame coupled with the oscillat-
ing mode. The oscillation frequency is 467 Hz and
the amplitude 158 K (the corresponding values for the
Yetter mechanism are 611 Hz and 125 K). The upper
asymmetric flame computed with the Warnatz mech-
anism is located 1.79 mm downstream of the inlet,
while the one computed with the Yetter mechanism
1.30 mm.

4.2. Effect of Lewis number

The influence of Lewis number on the flame
dynamics has been analyzed for the 1.0-mm chan-
nel height by setting the molecular diffusivity of
all species equal to the mixture thermal diffusivity.
While the critical values of Upy for the transitions
between the different flame types were different, the
stability diagram for the unity Lewis number flames
remained qualitatively the same as in Fig. 8. How-
ever, because of the presence of heat losses, which
have a strong influence on the effective Lewis num-
ber [16], it cannot be concluded that the observed
phenomena are not related to a thermodiffusive in-
stability.

4.3. Effect of inflow velocity profile

The particular choice of the inflow velocity profile
is expected to have a strong effect on the flame be-
havior, especially in cases where the flame is located
closed to the inflow. Two simulations were performed
with parabolic inflow velocity profiles for Uy = 94
and 250 cm/s, using as initial conditions the corre-
sponding oscillating and asymmetric flame, respec-
tively. The oscillating flame became steady and V-
shaped, while the asymmetric one did not change in
structure. Since the entire range of inflow velocities

has not been examined, it is not certain whether the
UIN range for which the oscillating flame exists is
simply altered when changing the inflow velocity pro-
file. Nonetheless, there is evidence that the richness of
the observed dynamics will be reduced when the in-
flow profile is parabolic. It should be noted, however,
that for practical systems the uniform inflow velocity
profile is more realistic.

5. Conclusions

The dynamics of fuel-lean premixed hydrogen/air
combustion in micro-scale plane channels were inves-
tigated by means of direct numerical simulation with
detailed chemistry and transport. A two-parameter
study has been performed, with respect to the channel
height and the inflow velocity, which have been var-
ied in the range of 0.3 </ < 1.0 mm and 4 < UN <
400 cm/s, respectively.

Five types of flames have been found for increas-
ing inflow velocity at a fixed channel height. The
richest behavior is observed for the wider channels:
For low velocities, periodic ignition/extinction is ob-
served that can be viewed as a connection between
the burning and the cold solution. As Upy is in-
creased, there is a hysteretic transition to a V-shaped
steady flame. A symmetry-breaking pitchfork bifur-
cation subsequently leads to two asymmetric flames.
For channel heights larger than 0.8 mm, these flames
undergo a global bifurcation to a structure oscillat-
ing between the two asymmetric flames. For lower
channel heights, a different oscillatory mode, asym-
metric flames pulsating axially, is obtained after a su-
percritical Hopf bifurcation. The asymmetric flames
re-emerge at higher Upn after the pulsating flames
lose stability at a subcritical Hopf. The asymmetric
flames are then convected downstream and eventu-
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ally blow off at high enough inflow velocities. The
observed dynamics are found to be insensitive to the
specific chemical reaction mechanism and to trans-
port properties (Lewis numbers).

The ignition/extinction, the oscillating, and the
pulsating types lead to high-frequency periodic vari-
ations of the flame characteristics, such as temper-
ature variations of hundreds of degrees. The oscil-
lating, pulsating, and asymmetric flame types dis-
appear when the channel height is reduced below a
value which is roughly twice the laminar flame thick-
ness. The ignition/extinction mode and the V-shaped
flame are present for all channel heights considered.
A global stability map, delineating the regions of
the different flame types in the inlet velocity/channel
height parameter space, is constructed.

We are currently investigating premixed flame dy-
namics in channels with heights larger than 1.0 mm.
We also plan to investigate the effect of equivalence
ratio and wall temperature on the observed dynamics.
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