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Abstract

Quasi-steady and unsteady propagations of methane and propane-air premixed flames in a mesoscale
divergent channel were investigated experimentally and theoretically. The emphasis was the impact of var-
iable cross-section area and the flame-wall coupling on the flame transition between different regimes and
the onset of flame instability. Experimentally, for the first time, spinning flames were observed in mesoscale
combustion for both lean and rich methane and propane-air mixtures in a broad range of equivalence
ratios. The spinning flames rotated in either clockwise or counterclockwise direction with equal probabil-
ity. The results showed that for a fixed equivalence ratio, there was a critical flow rate, above which flame
starts to spin. The spin frequency was approximately proportional to the flame speed. It was also found
that the spinning flame only occurred after the transition from fast flame regime to slow flame regime.
The flame propagation speed and the effective Lewis number were obtained analytically. Experimental
observation and theoretical analysis suggested that regardless of the magnitude of mixture Lewis numbers,
the flame-wall coupling will significantly increase the effective Lewis number and lead to a new mechanism

to promote the thermal diffusion instability.

© 2006 Published by Elsevier Inc. on behalf of The Combustion Institute.
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1. Introduction

In mesoscale combustion (combustor length
scale ~ flame quenching diameter), the increase
of surface to volume ratio increases the wall heat
loss and can lead to flame extinction [1-6]. On the
other hand, the reduction of thermal inertia signif-
icantly reduces the response time of the wall and
leads to strong flame-wall coupling and extension
of burning limits [7-12]. This flame-wall coupling
dramatically changes the nature of flame propaga-
tion and yields multiple flame regimes [11,13,14].
Recent study [14] showed that the transition of
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flame regimes is dramatically affected by the chan-
nel width and the flow velocity. In fact, all practi-
cal combustors have variable channel width. As a
result, the simultaneous changes of channel width
and flow rate will significantly modify the heat
loss and flame-wall coupling. Therefore, it is of
great interest to understand how the variation of
channel width will affect the flame propagation
and transition. Unfortunately, most of the studies
in mesoscale combustion only focused on flame
propagation in a channel with a constant area.
In addition to quasi-steady propagation, flame
instability is also very important for combustion
control. The instability of combustion waves has
been extensively studied. In gaseous combustion,
there are basically two intrinsic instability mecha-
nisms: the hydrodynamic instability [15,16] and
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Nomenclature

C Ratio of the heat capacity of gas
phase to solid phase: p,C,A4,/p,,C\vA,,

C,, C,, Gas phase specific heat at constant
pressure, and wall heat capacity

D Differential operator, d/dx

E Activation energy

h Heat transfer coefficient on wall
surface

H (¢) Normalized rate of heat transfer on
the inner wall surface, 4Nu/d2(g“_/)

j o/ 0ty C.

Le Lewis number

m Normalized flame speed, U(¢)) — Uy

m, Normalized volumetric flow rate,
mv/(Uad(ﬁ')

P -ujc

(0] Volumetric flow rate in cm>/s.

Ry Universal gas constant

u Dimensional flow velocity

U, Dimensional adiabatic flame speed

d
uiéy Normalized flow velocity, n1,/md*( &Nl

Ur Normalized flame propagation veloci-
ty7 M// Uad

Y Normalized fuel concentration, Y/ Y s

o T/ ( Tad - Tfoc)

og, oy  Thermal diffusivity
Zeldovich number, E(Tyq — Too)/RoT fld

14 Streamwise coordinate normalized by
)b/ p Cp Uﬂd

0 Normalized temperature, (T — T-.)/
(Tad - Toc)

A Thermal conductivity or eigenvalues
(see Eq. (9))

oy Flame thickness, o/ U,q

Subscripts

ad Adiabatic parameters

f Parameters at flame fronts

g Gas phase

w Wall

00 Parameters of unburned mixture at
infinity

the diffusive-thermal instability [17-19]. In meso-
scale combustion, since the long wavelength
hydrodynamic instability is suppressed, the ther-
mal diffusion instability plays a dominant role.
The linear stability analysis [18,19] showed that
thermal diffusion instability results in cellular
flames when the Lewis number (Le) is less than
a critical value less than unity and pulsating/trav-
eling flames when Le is larger than a critical value,
ie., Le" = B(Le — 1) > 10.9, where f is the Zeldo-
vich number [19]. For non-adiabatic flames, Jou-
lin and Clavin [19] showed that heat loss can
significantly reduce the critical value and render
the pulsating instability to occur at a smaller Le.
For near-limit flames, Booty et al. [20] showed
that Le* for traveling instability can be as small
as 3.6. Experimentally, low Lewis number cellular
instability has been studied by using the down-
ward propagating flames [21-23] and the burner
stabilized polyhedral flames [24-28]. Spinning
flames in a sudden expansion tube caused by heat
loss and preferential diffusion were also reported
for methane/air and propane/air flames [28],
which were similar as the rotating polyhedral
butane-air flames observed by Sohrab and Law
[26]. Pulsating flames have been observed in por-
ous plug [29], downward propagating sooting
flames [30], lean butane-air flames [31], and in
solid combustion [32,33]. Most of these studies
focused on heat loss. Studies [34,35] also showed
that the traveling instability existed for near unity
Lewis number mixtures when radiation resulted in
multiple flame regimes. For mesoscale combus-

tion, flame-wall coupling also results in multiple
flame regimes. Therefore, this bifurcation may
also trigger the flame instability for mixtures even
with Le near unity. Unfortunately, the existence
of traveling instability due to wall-flame coupling
in mesoscale combustion has not been observed.
Although some previous studies reported that
flame instability occurred near the inlet of meso-
scale channels [13,28,36,37], this instability was
either purely a repeating cycle of re-ignition and
quenching or a result of heat loss effect to the
burner and not caused by the intrinsic thermal dif-
fusion instability.

The goal of this study is to investigate experi-
mentally and theoretically the flame transition
between different regimes and the traveling insta-
bility in a divergent mesoscale channel using
CH,4 and C;Hg—air mixtures.

2. Theoretical analysis

In view of the difficulty in numerical simula-
tion for flame bifurcations, an analysis was per-
formed to understand qualitatively the general
dynamics of flame propagation in a divergent
channel. To simplify the problem, we first intro-
duced the one-dimensional quasi-steady state
assumption. The wvalidity of quasi-steady state
assumption will be confirmed later using unsteady
numerical simulation. A more detailed description
of the theoretical analysis can be found in [11]. By
neglecting the external heat loss and further
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assuming a small divergent angle, the normalized
energy conservation equations of the gas and
the wall and the species conservation equation
become

do d*0
m(ff)d*é e H(&p)(0—0,)
+exp(B(0; — 1)/2)6(¢ = &)
dar 14
) G = 7o g — PO, = /23 =)
2
U, S S0 )00 - 0,

“Urgs = E

(1)
The boundary conditions for infinite long chan-
nels are given below

{— -0, 0=0,=0, Y=1,
o do, B
& — +o0, dif_dif_()? Y =0. (2)

As opposed to the analysis in [11], here the flame
propagation speed is a function of flame location
& The temperature equation can be rewritten
as

[iD* — (jm + p)D* + (—jH — H + mp)D + pH
+mH)0 = 0. (3)

The solution of Eq. (3) is straight forward. Due to
the limit of space, we only show the solution of
flame speed
Detailed algebraic form for F is similar to that in
[11] except that the flow velocity here is not con-
stant. When the wall thermal diffusivity is small
compared to that of the gas phase (e.g., quartz
tube), the solution in Eq. (4) reduces to

)
Inm~

=- g {(m +2p)\/ (H + mp)* + 4Hp* + (mH + 2mp* + m’p)
o0+ o+ 411} (5)

In the limit of zero thermal conductivity of the wall
(j=0) and zero flow speed (i.e., p = mC), there is
heat transfer between the flame and the wall but
not inside the wall. Equation (5) reduces to the
solution of a diluted particle laden flame [19],

BH(2m* + CH)

Inm?=— 3
(m*>+ CH)

(6)

And in the limit of C — 0, the wall temperature
barely changes and there is no flame-wall cou-
pling, Eq. (5) reduces to

2pH
In m2 = — 7 . (7)

Equations (4) and (5) represent the flame speed
with flame-wall coupling and Eq. (7) is merely
the flame propagation speed in a cold channel
without flame-wall coupling. Equations (4), (5),
and (7) will be used to estimate the flame speed
and the effective Lewis number.

3. Experimental setup

The experiment of mesoscale flame propaga-
tion in a variable cross-section area channel was
examined by using a divergent quartz tube. The
experimental setup is schematically shown in
Fig. 1. The tube (Fig. 1b) is vertically mounted
and has two constant-area Sections 1 and 4, a con-
verging Section 2, and a diverging Section 3, if
seen from the inlet. The inner diameter is 10 mm
in the constant-area sections and is 4 mm at the
throat. The wall thickness is 1 mm. The lengths
of the diverging and converging parts are
50 mm. Section 1 is 600 mm in length (L/d > 60)
to ensure a fully developed flow before entering
Section 2. The convergent and divergent angles
are all 6.9°. A mesh grid is placed near the inlet
of the tube to eliminate any flow disturbance.
The divergent cross-section will ensure that the
final stabilization flame is always in the slow flame
regime with a strong flame-wall coupling. The
flow rates control system of fuel and air consists
of a LabView-controlled A/D board (DAQ NI
PCI-6014) and two mass flow controllers (Brooks
5850E). To ensure sufficient mixing, a mixing
cylinder with the volume 150cm® is used
upstream. In addition, a flash arrester is used
between the mixing cylinder and the quartz tube.
The flame propagation history was recorded by
a high-speed camera (PHOTRON) at 500 frames
per second.

High speed camera
Quartz tube

Mixing
cylinder

Outlet

Fig. 1. Schematic of the experimental setup.
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4. Numerical simulation

To quantitatively examine the flame-wall cou-
pling and validate the theory, we also seek numer-
ical simulations of unsteady and quasi-steady
flame propagation in the diverging quartz tube
with detailed transport properties and chemical
kinetics. Although in most cases flame is not
one-dimensional, in order to understand the
essence and avoid the excessive computation cost
[14], we also adopted the one-dimensional model.
For chemical kinetics, GRI3.0 [38] was employed
and the transport properties were computed using
Chemkin [39] database. The governing equations
for gas and solid phases can be found in [11]. In
the simulation, the parameters of the quartz tube
are the same as in the experiment and analysis.
The Nusselt number of inner wall surface is
4.36. Heat transfer through the outside wall is nat-
ural convection. The radiation emissivity of the
outer surface of the quartz wall is 0.93; the densi-
ty, heat capacity, and heat conductivity of the wall
are set as 2,650 kg/m>, 750 J/kg/K, and 2 W/m/K,
respectively.

5. Results and discussion

In the experiments, four different flame modes,
the propagating flame, a self-extinguished flame,
the stabilized planar flame, the spinning flame,
were observed. For a given equivalence ratio,
when the mixture is ignited at the tube exit, a
propagating flame is formed in Section 4 and
propagates into Section 3. Figure 2 shows the tra-
jectory history of transitions from a propagating
flame to either a stabilized planar flame at
¢=1.5and Q=3cm’/s (a) or a spinning flame
at ¢=1.5 and Q=>5cm’/s (b). As shown in
Fig. 2a, flame propagation has three stages. First,
as the flame propagates in the constant area sec-
tion, the flame speed is almost constant. Second,
as the flame enters the convergent section, the
decrease of tube diameter resulted in an increase
of the local flow velocity and thus a decrease of
flame propagation speed. Third, as the flame fur-
ther moves upstream, it is stabilized in the conver-
gent section around 7= 500 ms. At a larger flow
rate (Fig. 2b), the propagating flame slows down
to almost zero propagation speed first in the con-
vergent section and then transforms to a spinning
flame around ¢ =400 ms. Both the spin location
and the frequency will not change. This transition
process occurs when the flame propagation speed
approaches zero, which indicates that the onset of
flame spin requires flame-wall coupling. It was
also found that the transitions between spinning
flames and stabilized planar flames can be induced
by controlling the flame-wall coupling externally
(i.e., by cooling or heating up the wall). This
observation further confirmed that the flame

Fig. 2. Trajectory history for C;Hg—air flames. (a) ¢ =
1.5, 0 =3cm’/s; (b) p = 1.5, Q =5 cm?/s.

instability is controlled by flame-wall thermal cou-
pling. In addition, spinning flames were observed
for both methane and propane flames at lean
and rich conditions and the spin direction was
randomly selected with equal probability. The
random selection of spinning direction implies
that the instability is not governed by flow motion
but by the diffusion process. Furthermore, the
spinning flame was also confirmed in another tube
with only one divergent section and observed
when the tube was set horizontal or upside down.
Therefore, it can be concluded that this spinning
flame is not produced by buoyancy and is gov-
erned by the flame-wall thermal coupling.

When the flow rate is decreased, the propagat-
ing flame will transform to a stabilized planar
flame at a smaller diameter where the flow velocity
balances with the flame speed. If the flow rate is
further reduced, the propagating flame will either
extinguish at a smaller tube diameter or pass
through the throat.

Figure 3 shows the different regimes for self-ex-
tinguished flames, stabilized planar flames, and
spinning flames. It is seen that for both meth-
ane-air flames (a) and propane-air (b) there is a
critical flow rate, above which spinning flame
exists and below which flame is stable. For meth-
ane flames, there is a quenching limit at low flow
rates. For propane flames, the quenching limit
exists for lean and rich mixtures at low flow rates.
At near stoichiometric conditions and low flow
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Fig. 3. Critical flow limits at different equivalence ratio.
(a) Methane; (b) propane.

rates, propane flames will pass the throat area
without extinction.

Depending on Le, two different spinning flame
shapes, an “L” shaped flame (flame tail is open)
and an “S” shaped flame (flame tail closed), were
observed for both methane and propane flames.
Figure 4 shows the flame shapes of rich (Le <1)
and lean (Le>1) propane spinning flames at
¢ = 1.6 and 0.8, respectively, and the correspond-
ing time sequences in one cycle are shown in
Fig. 5. The open tail (Fig. 5a) occurs at Le <1
(rich case) because the insufficient reactant is the
lighter molecule (oxygen). Figure 5 also shows
that the flame spinning velocity for the lean pro-
pane flame is much faster than that of the rich

case.

Propane, $=08

Fig. 4. Structures of lean and rich propane spin flames.

Fig. 5. Time sequences of spin flames in one period for
C;Hg—air mixtures. (a) ¢ =1.6, Q =8.84 cm’/s, Le < 1;
(b) ¢ =0.8, 0=6.9cm/s, Le> 1.

The spinning frequencies of methane and
propane flames at different equivalence ratios
and flow rates are shown in Fig. 6. The
error bar shown here is the frequency fluctuation
caused by environment perturbation, i.e., room
temperature change, not from the measurement.
The average flame speeds S, estimated at a smaller
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Fig. 6. Frequencies of methane and propane spin flames
at different equivalence ratio. The flow rate Q is in cm?/s.
(a) Methane; (b) propane.
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flow rate is also plotted. A smaller flow rate is
used for S, because the flame is less curved. It is
seen that the spin frequency is roughly propor-
tional to the average flame speed and only slightly
affected by the flow rate.

The dependence of spinning frequency on the
flow rate history of methane flames at ¢ = 1.05
is shown in Fig. 7. Zero frequency represents a
stabilized planar flame. When the flow rate
decreases from 10 cm?/s, the flame spins at almost
constant frequency until point A; when the flow
rate increases from 3 cm’/s, it remains as a planar
stable flame until point B. That is, there exists a
bifurcation region between A and B where stabi-
lized planar flame and spin flame coexist. This
hysteresis phenomenon reflects the thermal histor-
ic effect of the wall and further indicates that the
wall temperature for flame-wall coupling is the
key parameter.

Experimental observation showed that the
spinning flame always occurred after the flame
transition from the fast flame to the slow flame.
The flame regime diagram calculated from the
theoretical result (Eq. (4)) clearly shows the
dependence of flame speed on the tube diameter
at different flow rates and is plotted in Fig. 8. It
is seen that at zero flow rates, there is only one
flame branch. When the flow rate is not zero, a
slow flame branch emerges beyond the extinction
limit and the flame transition from the fast flame
branch to the slow flame branch occurs as the
flame propagates into the divergent tube. The
transition could be either direction transition or
extinction transition depending on the flow
rate. The spinning flame always occurs after the
transition from fast flame branch to slow flame
branch.

To validate the theoretical analysis, the dia-
gram of unsteady and quasi-steady flame transi-
tion computed for methane—air mixture at ¢ = 1
using the detailed chemistry is shown in Fig. 9.

100

80+ o
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> REXE
g 40-
O
(0]
IC 20+

Stable Flame
01 m n n n = = aB

3 4 5 6 7 8 9 10
Flow Rate (cm®/s)

Fig. 7. Spin frequency at different flow rates for CHy-air
flame with ¢ = 1.05.
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Fig. 8. Flame transition diagram at different diameters
from theoretical analysis.
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n
(4]

54 Q=0
0 T T T T T T
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Fig. 9. Flame transition diagram at different diameters
from one-dimensional simulation of methane flames
with detailed chemistry (¢ = 1).

The dot line is the unsteady calculation at
O =8cm?%s and all the other lines are quasi
steady state calculations. It is seen that when the
quasi-steady state assumption was employed, sim-
ilar diagram to the theoretical analysis was
obtained. There is a transition from a fast flame
branch to a slow flame branch at nonzero flow
rates. For example, at Q = 4 cm?/s, the flame fol-
lows branch A, and then transfers to branch B
and finally reaches point C, where the propaga-
tion speed reduces to zero and a steady state is
reached. This transition occurs at a smaller diam-
eter for a lower flow rate. At Q= 8 cm’/s, an
unsteady planar flame propagating into a diver-
gent tube was also simulated (dot line) and the
result agrees fairly well with the quasi-steady state
curve (dash dot line). As such, the quasi-steady
state approximation is reasonable to model the
flame transition in a divergent channel.

Since, the instability is governed by the thermal
diffusion process in gas and solid phases, the esti-
mation of an effective Lewis number is important
to understand the mechanism of the spinning
flames. Thermal coupling with the wall can raise
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the effective Lewis number of the problem so that
instabilities can be observed even when the Lewis
number of the gas-phase is far below the critical
value. The effective Lewis number can be simply
extracted from the theoretical results by matching
the flame speed in Eq. (4) or (5) with that in Eq.
(7) using an increased thermal diffusivity. The cal-
culated effective Lewis number is shown in
Fig. 10. It is seen that the effective Lewis number
increases as the diameter decreases. In particular,
when the flame starts to couple with the wall, the
effective Lewis number increases dramatically. In
addition, the increase of flow rate results in an
increase of the effective Lewis number at the same
tube diameter. For methane-air flames that have
Lewis number around unity, the effective Lewis
number with flame-wall coupling can be as high
as 1.5. If the Zeldovich number f is around 10,
the reduced Lewis number f(Le — 1) will be larger
than the critical value for traveling flames
(Le* = 3.6) [20]. This explains why the flow rate
is important to cause the onset of the traveling
flame. Although the real spinning flame is three-
dimensional (3D), the flame spinning is controlled
by the leading flame head close to the hot wall and
the frequency is roughly proportional to the flame
speed of the flame head. Of course, a quantitative
prediction of flame spinning needs three-dimen-
sional unsteady computation with detailed
chemistry. Therefore, it can be concluded that
the spinning flame observed in this experiment at
near unity Lewis numbers is not directly caused
by heat loss but by heat gain through the flame-
wall coupling and that the critical Lewis number
may still be applicable if the effective Lewis num-
ber from the flame-wall coupling is employed.

6. Conclusions
Laminar premixed flame propagation in a

mesoscale diverging quartz tube was studied and
four different propagation waves were observed:

a stabilized planar flame, a self-extinguished
flame, a propagating flame and a spinning flame.
Methane-air and propane-air flames at large
range of equivalence ratios and flow rates were
examined and the results showed that the spin
flame exists for both lean and rich methane-air
or propane-air mixtures. The spin wave is caused
by the flame bifurcation and the strong thermal
coupling between the flame and the wall and
occurs at a broad range of Lewis numbers. Flame
diagram and the effective Lewis number are theo-
retically predicted. The onset of spinning flame is
explained by using an effective Lewis number. The
spin direction is randomly selected during the
initiation of the spin flame and remains
unchanged afterwards. The critical flow rate when
the flame starts to spin highly depends on the
equivalence ratio. The spin frequency is roughly
proportional to the flame speed.
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