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Suppression of Flame Wrinkling by Buoyancy:
The Baroclinic Stabilization Mechanism

Jose O. Sinibaldi* Charles J. Mueller, Alan E. Tulkki,* and James F. Driscoll®
University of Michigan, Ann Arbor, Michigan 48109

Buoyancy forces are known to alter the burning velocity of a turbulent flame by modifying the flame wrinkling
process. To quantify how flame wrinkles are amplified or attenuated by buoyancy, a repeatable wrinkle of known
size and amplitude is created in a premixed flame by interacting the flame with a vortex. Images of the wrinkle
amplitude were obtained for microgravity conditions in the NASA Lewis Research Center 2.2-s drop tower and
for 1-g conditions. Both thermodiffusively stable and unstable cases were considered. Results quantify the degree
to which buoyancy suppresses the flame wrinkling; when buoyancy is removed, the microgravity flames have a
wrinkle amplitude that is 2-3 times greater than 1-g flames. Flame stretch effects also are observed because the
diffusionally unstable flames havelarger wrinkle amplitudes than the stable cases. The particleimaging velocimetry
velocity data show that two stabilizing mechanisms occur due to buoyancy: the conventional Rayleigh-Taylor
mechanism and a baroclinic stabilization mechanism, which has not been observed previously in combustion
processes. Measurements show that the flame generates new vorticity, and this flame-generated vorticity can help

to suppress the flame wrinkling.

Nomenclature
A = maximum amplitude of flame wrinkling
d = vortex core diameter (0.8 cm)
Fr = Froude number, pr U2 /(Apgd)
Fr* = Froude number based on flame speed; Eq. (1)
g = gravitational acceleration
S1.0 = unstretched laminar flame speed
Tr, Tp =temperature of reactants, products
r = circulation of flame-generated vorticity
Ap =pr — pPp
8 = flame thickness
Pr, pp = density of reactants, products
T =Tp/Tr — 1
V p; = hydrostatic pressure gradient
A\ = density gradient of flame

Introduction

EVERAL experiments have shown that buoyancy forces can
significantly suppress the wrinkling of the reactionzone surface
within a turbulent premixed flame; in addition, buoyancy alters the
reactionzone surfaceareaand the turbulentburning velocities.Bedat
and Cheng,' Kostiukand Cheng,? Durox etal.? and Durox* operated
turbulent bunsen flames and V-flames in microgravity and found
that flame properties differed dramatically from those measured
at 1 g. Therefore, it is important to measure the relevant Froude
numbers below which physical processes associated with buoyancy
(such as the Rayleigh-Taylor and baroclinic torque mechanisms
described subsequently) are comparable to other mechanisms, such
as hydrodynamic and thermodiffusiveinstabilities.
In the present study it was decided to create an axisymmetric
wrinkle in a flame surface using a repeatable and controllable dis-
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turbance, i.e., passing a vortex through the flame, and then measure
the wrinkle amplitude with and without buoyancy forces present. A
laminar flat premixed flame was interacted with a laminar toroidal
vortex havinga corediameterd and a variablerotationalvelocity U,.
The relevant Froude number pg Uez/(Apgd) was varied from 0.2 to
15.6 under 1-g conditions,and for the microgravity tests the Froude
number is essentially infinite. In addition to quantifying the effects
of buoyancy, the measurements create a database of buoyancy-free
information about the canonical flame-vortex interaction problem.
This flame-vortex problem provides a useful way to assess direct
numericalsimulation (DNS) schemesbeforeattempting simulations
of turbulent flames. The present microgravity data are being com-
pared to the DNS simulations of Patnaik and Kailasanath® for the
same flame-vortex operating parameters.

Rayleigh-Taylor and the Baroclinic Torque Mechanisms

The conventional Rayleigh-Taylor mechanism is one way in
which wrinklesin a flame surface can be suppressedby buoyancy®~#
Figure 1 shows a wrinkle in a flame for which the dense reactants
are below the lighter products, which is analogous to a wave on a
water surface. Because of the Rayleigh-Taylor mechanism, buoy-
ancy forces tend to reduce the wrinkle amplitude and, thus, create
a flat surface between the two fluids. The physical process can be
understood if one first considers a different situation for which a
spherical pocket of reactants of volume V is surrounded by reac-
tants at the same density pg. There is no net force on this pocket of
fluid because the downward gravitational force pzgV is balanced
by an upward hydrostatic pressure force; the pressure is larger on
the bottom of the pocket of fluid than on the top because pressure
increases linearly with the depth of the fluid. If one now considers
a second case in which a spherical pocket of dense fluid (reactants)
of density py, is surroundedby less dense fluid (products) of density
pp, of course this pocket of reactants falls downward because the
hydrostatic pressure gradient in the less dense surrounding fluid,
pr8,is smaller than the pressure gradient in the first case, pr g, and
so the forces are not balanced. The wrinkle shown in Fig. 1 repre-
sents a situationthatis intermediateto the two cases just considered.
The volume of gas within the wrinkle in Fig. 1 has density pz and
is surrounded by gas of lower density pp on the top side; it is sur-
rounded by gas of density pg on the bottom side. Thus, the pressure
gradient on the top side of the wrinkle is less than on the bottom
side. Thus, this volume of gas in the wrinkle falls downward, but
not as fast as the spherical pocket described in the second case.

Pelce and Clavin® have calculated the ratio of this Rayleigh-
Taylor stabilizing force to the inherent destabilizing force on a
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wrinkled flame that is due to the Landau hydrodynamic instabil-
ity. They show that the ratio of the destabilizing (hydrodynamic) to
stabilizing (Rayleigh-Taylor) forces scales with the Froude number
based on flame properties, Fr*, which is

Fr* = (pr/pp) (57 )/ (gd) (1

The wrinkle diameteris d, and S  is the laminar burning velocity.
Pelce and Clavin® also show that, when a critical Froude number is
exceeded, the stabilizing buoyancy forces can no longer suppress
the inherent hydrodynamic instability of the flame surface. Their
analysis predicts a value for the critical Froude number associated
with the Rayleigh-Taylor mechanism for a given Markstein length
and a given density ratio (pp /pg)-

The baroclinic torque mechanism represents a stabilizing pro-
cess that differs from the Rayleigh-Taylor mechanism, yet it also
is associated with buoyancy forces. The baroclinic torque mecha-
nism is described by Drazen and Reid” and is known to damp out
wrinkles in the interface between hot and cold gases in the atmo-
sphere. In analyzing the present data it was realized that the baro-
clinic torque mechanism also can occur in combustion processes, as
evidenced by the measurements to be described. The physical pro-
cess is shown in Fig. 1. When pressure gradients and density gradi-
ents are not aligned, baroclinic torques create new vorticity, which
creates new fluid motions, which can either suppress or amplify
the flame wrinkles; this mechanism is fundamentally different from
the Rayleigh-Taylor mechanism. In Fig. 1 the hydrostatic pressure
force creates a pressure gradient vector V p; that points downward.
Within the flame, the density gradient vector V p is normal to the
wrinkled flame surface. The vorticity transport equation is derived
from the exact Navier-Stokes equations, and it states that the rate
of change of the vorticity w of each fluid element is

D_w_Vprp

D > —wV v+ w4+ viw 2)
0

The baroclinic torque term (V p x V p)/p? is the only possible
source of additional new vorticity that could be created at the flame
interface shown in Fig. 1. The —@V - v term represents attenuation
(due to gas expansion) of any vorticity thatalready may be presentin
the reactants, so that it represents a net loss and not a source of new
vorticity. The vortex stretching term w - Vv is zero because the wrin-
kle shown in Fig. 1 and the wrinkle used in the present experiment
are axisymmetric. The diffusion term vV2w causes a spreading of
the vorticity in space and a reduction of the local vorticity but does
not change the total vorticity that is averaged over all space.’

The new vorticitythatis created atarate equalto (Vp x V p;)/p?
is a vector quantity that points out of the plane of the paper on the
right-hand side of Fig. 1, as determined by the right-hand rule of
vector cross products. Figure 1 shows the fluid motion in the prod-
ucts that is the result of the flame-generated vorticity associated
with the baroclinic torque. The new vorticity induces a downward
velocity near the centerline that is denoted Vj,. This induced ve-
locity counteracts the original upward motion in the disturbance
and, therefore, attenuates the wrinkle in the flame surface. Thus,
the baroclinic torque acts as a stabilizing mechanismin this case. It
can be shown that for any disturbance shape, the baroclinic torque
mechanism creates fluid motions that stabilize downward propagat-
ing flames and destabilize upward propagating flames. Prior to the
present program,' there have been few measurements of vorticity
near a flame, and so it was not known if the flame actually does
generate vorticity in the manner that is predicted by Eq. (2). The
measurements and analysis to follow indicate the Froude number at
which the baroclinic mechanism becomes important.

Viscosity gradients in the flame also can create or destroy vortic-
ity; three additional terms associated with viscosity gradients have
been omitted from the right side of Eq. (2) because it is shown in the
subsequent Discussion section that they contribute less than 4% of
the vorticity change due to baroclinic or gas expansion mechanisms
and, therefore, can be neglected. In a physical sense, the velocity
of a fluid element will be slightly retarded as it crosses the thin
flamefront if the average viscosity in the flamefront is increased;
however, this viscosity effect is small because the element spends
so little time in the flamefront.

Arrangement of Microgravity Drop Tower Experiment

Figure 2 shows the University of Michigan microgravity flame-
vortex experiment that was operated in the NASA Lewis Research
Center 2.2-s drop tower facility. The combustion chamber and the
vortex that are shown in Fig. 3 are described in detail in Refs. 10—
16. A rectangular chamber is filled with either a lean propane-air
mixture at equivalenceratio of 0.58 or alean methane-air mixture at
equivalenceratioof 0.55. Two electrodesnear the top of the chamber

Fig. 2 University of Michigan microgravity flame-vortex interaction
experiment. Top shelf, from left: pulsed xenon white light source, sheet
forming optics, Sony charge-coupled device video camera, rectangular
combustion chamber, video signal transmitter, 100-ft-long fiber optic
cable. Lower shelf, from left: TT4A digital controller, power supply
distribution electronics, spark electronics, xenon lamp power supply,
fuel and air tanks, 24-V battery pack.
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Fig. 3 Vortex used to create a repeatable disturbance in the flame
surface. Laser light sheet image; oil droplets are added to vortex.
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Table1 Test conditions for the microgravity and 1-g studies

Wrinkled flame Corrugated Local

Condition regime flames extinction
Vortex strength Uy /S7. 0 1.3 2.1 3.6 10.0
Froude number pr U2 /(Apgd) 0.2 0.8 2.1 15.6
Methane,* microgravity xb X

Methane, 1 g Xe¢ X X X
Propane. microgravity X X

Propane, 1 g X X X X

4Methane (lean) = thermodiffusively unstable.

bX = images of amplitude of flame wrinkling, no PIV data.

¢X = images of amplitude of flame wrinkling and PIV data.

dpropane (Iean) = thermodiffusively stable S; o = 10 cm/s, d = 0.8 cm.

are used to ignite the mixture on the centerline. The laminar flame
kernel rapidly becomes a flat flame and propagates downward at a
unstretchedlaminar burning velocity Sy, o of 10 cm/s for either fuel.
At the bottom of the chamber a loudspeakeris mounted 3 cm below
a metal plate, which has a 2.0-cm-diam orifice. Pulsing the loud-
speaker forces fluid through the orifice, creating a laminar toroidal
vortex ring that moves upward and interacts with the flame. The
radius of the vortex core is 0.4 cm, which is defined as the radial
distance from the center of the vortex core to the location of max-
imum rotational velocity about the center of the core. The vortex
strength is controlled by adjusting the maximum voltage applied
to the loudspeaker; vortex strength is defined as the maximum ro-
tational velocity (which occurs at the edge of the vortex core'?; it
varies from 7 to 100 cm/s. The fuel-air mixture inside the vortex is
identical to that of the chamber into which the vortex moves.

Table 1 lists the conditionsthat were selected for the microgravity
and the 1-g tests. Five vortex strengths were selected such that the
values of the maximum rotational velocity at the edge of the vortex
core, Uy, normalized by S, o, are 1.3, 2.1, 3.6, and 10. The first
value corresponds to the regime of wrinkled thin flames; the next
two values correspond to the regime of corregated flames having
pockets of unreacted gas; the largest vortex strength corresponds
to local flame extinction. The values of the Froude number Fr are
listed in Table 1; Fr is defined as prU2/(Apgd). For all tests, S o
is 10 cm/s, and the vortex core diameter d is 0.8 cm. All conditions
could be imaged at 1 g, but not all conditions could be imaged in
microgravity due to the diagnostic limitations.

The microgravity flame is visualized using two methods: For
some runs the direct flame chemiluminescenceis imaged, whereas
for other runs oil drops are introduced and are illuminated by a
white light sheet. The camera used is a Sony XC-75 video camera,
which has 768 x 494 pixels, 3 lux sensitivity, and can be shuttered
to 1/1000 s to help freeze the fluid motions. Each half-frame of
the video cassette recorder output is digitized, and so images are
collected at intervals of 1/60th of a second. The white light sheet is
formed using a pulsed xenonarc lamp (EG&G Model FX-249/FYD-
712 with PS-450 dc power supply) that provides 0.5 joule pulses at
60 pulses/s with a 10-us pulse durationthatis shortenoughto freeze
the fluid motion. Each half-frame of the video camera is synchro-
nized with the light source, so that images are obtained at a 60-Hz
rate. The camera and xenon light source were sufficiently rugged
to withstand numerous drops in the NASA Lewis Research Center
drop tower.

The University of Michigan microgravity drop package is pow-
ered by a 28-V dc battery pack, which is connected to a power
distribution box and dc converter to power the various electronic
components, including the camera power supply, the xenon light
source power supply, the spark electronics, the loudspeaker, the
synchronization computer, and the solenoid valves. The synchro-
nization computer is a Tattletale TT4A digital controller, which
was programmed prior to each drop. Synchronization pulses were
provided for the following events: the start of the drop, the open-
ing of the exhaust ports, the pulsing of the xenon light source, the
spark ignition, the pulsing of the loudspeaker, the closing of ex-
haust ports, and the shutdown of the light source and camera. To
obtain proper synchronization, several calibration drops first were
required for each condition because the speed of the flame in the
laboratory coordinatesin microgravity differed from thatin 1 g; this
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Fig. 4 PIV measurements of velocity (left) and vorticity contours
(right) at 1 g that verify that vorticity is produced by the flame: a)
and b) are in the frame of reference of the reactants, and c) is in the
frame of reference of the products.

was attributed not to a change in the propagation speed S; o but to
a change in the upward exhaust velocity of the product gases.

Video images of the microgravity flames were digitized using
a frame grabber board, and the gray scale of the black-and-white
video images was converted to a color scale using Adobe Photoshop
software. The particle imaging velocimetry (PIV) images of the 1-g
flames were processed using techniques described in Refs. 10-13.
In the PIV images, the upstream and downstream boundaries of the
flame were determined by using the measured values of radial and
axial velocity components u, and u, to determine div u at each
grid location (every 0.5 mm). The flame boundary shown by the
solid line in Fig. 4 is defined as the contour div # = 0.5 (div #)max
where (div ) 4 is typically 400 s~!. The initial vortex is seen in the
reactants below the flame; the contours of flame-generated vorticity
appear above the flame.

Results
Experimental Evidence of the Baroclinic Torque Mechanism

Prior to the microgravity drops, the 1-g experiment revealed ev-
idence that the baroclinic torque mechanism occurs in combustion
processes, which had not been realized previously. Figure 4 shows
some measured velocity fields and vorticity fields for the case of
a propane-air flame that is wrinkled by a vortex at 1 g. The solid
lines shown represent the flame boundaries, as already defined. For
clarity, only every ninth velocity vector is shown. Values of Uy /S; o
and Froude number are 1.3 and 0.2, respectively.

The flame wrinkle thatis seen in Fig. 4 has the same shape as that
in Fig. 1, and so baroclinic torques act in the manner described ear-
lier. The data in Fig. 4 show that there is substantial flame-generated
vorticity, as evidenced by the vorticity in the product gases (above
the flame), which has a different sign of vorticity than that of the ini-
tial vortex, which is seen below the flame. The initial vortex moves
upward and disappears at the flame front due to the large gas expan-
sion term (—wV - v) in the vorticity transport equation (1).

Baroclinic torques represent the only mechanism in the vorticity
transportequation that could produce the flame-generated vorticity
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that is seen in Fig. 4. Furthermore, this new vorticity is associated
with buoyancybecausethe flame-generatedvorticityis notobserved
if the buoyancy effects are decreased by increasing the Froude num-
ber above 2.1.

Effect of Buoyancy on Flame Wrinkling-Microgravity vs 1 g

The amplitude of the flame wrinkle was measured (as a function
of time) for microgravity and for 1-g conditionsfor exactly the same
forcing conditions,i.e., vortex strength. The differencesbetween mi-
crogravity and 1-g results are attributed to buoyancy effects, which
representthe sum of the effects associated with the Rayleigh-Taylor
and baroclinic torque mechanisms. Estimates of the relative impor-
tance of the two buoyancy-relatedmechanisms are given in the next
section. Several images of the flame-vortex interaction in micro-
gravity are shown on the right-hand sides of Figs. 5-8. The left-hand
side of each figure shows the corresponding 1-g flame. The 1-g run
was performed within 20 min of the microgravity drop to ensure
that all operating conditions were identical.

The primary conclusion that can be deduced from Figs. 5-8 is
that the amplitude of the wrinkle in the flame is larger in micro-
gravity than at 1-g for every case studied. Microgravity removes
the two stabilizing mechanisms associated with buoyancy that were
describedearlier. In Fig. 5, for example, the lean methane-air flame
at 1-g (on the left) is only wrinkled into a simple shape, whereas the
microgravity flame (on the right) begins to roll up, forming a much

ONE -G MICROGRAVITY

a) t/tmax = 0.25 Methane

c) t/itmax = 1.00

Fig.5 Microgravity flames compared to 1-g flames: lean methane-air,
vortex strength (Us/Sp0) 1.3; tmax is time of maximum amplitude of
wrinkling; width of image 11.0 cm; vortex moves upward and flame
propagates downward.

MICROGRAVITY

ONE -G

c) t/tmax = 1.00

Fig.6 Microgravity flames compared to 1-g flames: lean methane-air,
vortex strength (Us/SL,9) 2.1.

MICROGRAVITY

Fig.7 Microgravity flames compared to 1-g flames: lean propane-air,
vortex strength (Ug/Sp,0) 1.3.

ONE -G MICROGRAVITY

a) t/tmax = 0.50 Propane

b) t/tmax = 0.71

Fig.8 Microgravity flames compared to 1-g flames: lean propane-air,
vortex strength (Ug/SL.,9) 2.1; width of image 11.0 cm.

larger amplitude of the wrinkle and a thicker flame zone. Figure 6
shows that for a stronger vortex, the amplitude of the wrinkling in-
creases, as expected, yet the microgravity flame always has a larger
amplitude of wrinkling than the 1-g flame. The lean propane-air
flames in Figs. 7 and 8 also show larger wrinkling in microgravity,
and the rollup of the flame in the vortex is seen in the images on the
right side of Figs. 7 and 8. Thus, as Figs. 5-8 show, microgravity
flames undergo more wrinkling than 1-g flames.

A pocket of unburned reactants, which can be a source of un-
burned hydrocarbons and carbon monoxide, is observed in Fig. 8.
The fundamentalcriterion governing whether the pocketof reactants
will be consumed or not is as follows: The flame surrounding the
pocket of reactants will be extinguished if the temperature decays
sufficiently rapidly behind the flame due to radiative heat losses and
if the pocket moves sufficiently rapidly so that it quickly enters the
cooler productsthatare farther from the flame front. The presentex-
periments have identified the history of the pockets that are formed
by vortices,"* ! and the computations of Patniak and Kailasanath’®
have considered cases for which the pockets are both consumed and
not consumed.
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Fig. 9 Measured time history of the amplitude of flame wrinkling due
to vortex passage in microgravity and at 1 g.

It is noted that the flame is extremely flat prior to the vortex inter-
action on the left-hand sides of Figs. 5-8, which correspondsto 1-g
conditionswith propaneand methane fuel. These 1-g flames are seen
to remain flat at locations far from the centerline. The micrograv-
ity flames, however, display some curvature prior to interaction in
Figs. 5-8. The flame curvatureis a small contributionto the overall
strain rates (less than 5%), and it cannotbe avoided in microgravity
because there are no buoyancy forces to flatten the flame, and so the
flame remains spherical. Flame curvature could be minimized if the
flame is allowed to propagate for a longer time in a larger chamber,
but this is not practical because hydrodynamicinstabilities begin to
wrinkle the flame after the interactiontimes chosen. The curvatureof
the present microgravity flames is sufficiently small such that the
propagationspeed and the wrinkling processes are not affected. The
actual flame velocityin the laboratorycoordinatesis largerin the mi-
crogravity case becausethe products are not forced out of the cham-
ber by buoyancy forces.

Figures 9 and 10 quantify the effects of buoyancy on flame wrin-
kling. The maximum amplitude of the flame wrinkle is plotted for
various vortex strengths, fuel types, and gravitationalaccelerations.
It is seen that flame wrinkling increases if the vortex strength is in-
creased, as expected. For the methane-air cases, microgravity con-
ditions cause the flame wrinkling to be two to three times that of the
1-g flames. For the propane-air cases, microgravity also causes a
significantincrease in flame wrinkling, which is 1.5-2 times that of
the 1-g flames. The two fuel types yield somewhat different results
because the propane-air flame is thermodiffusively stable and has
a Markstein number of 48, whereas the methane-air flame is ther-
modiffusively unstable and has a Markstein number of —2, based
on measurements of Tzeng et al.!”

Discussion: Relative Importance of Baroclinic Torques
It is not possible to accurately measure the relative contributions
from the four processes that affect flame wrinkling, namely, hydro-
dynamic, thermodiffusive, Rayleigh-Taylor, and baroclinic torque

A/dc = Amplitude of Flame Wrinkle /
Vortex Core Diameter

12 1
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Fig. 10 Effect of buoyancy on the maximum amplitude of wrinkling
of the lean methane-air and the lean propane-air flames.

mechanisms. However, a simple scaling analysis was performed to
identify the parameter that determines the relative importance of the
baroclinic torques, and some experimental values of this parameter
are presented.

The magnitude of the baroclinic torque is given by the first term
on the right-hand side of Eq. (2), which is (V p x V p)/p?. The
density gradient, the hydrostatic pressure gradient, and the density
difference across the flame scale as

Vo=2ap/s, Vp, = pre. Ap=t0p (3)
where § is the flame thickness and the heat release parameter t
is pgr/pp — 1. The magnitude of the flame-generated vorticity is
the product of the production rate and the time required by a fluid
element to cross the flame, within which all vorticity production
occurs. The flame transittime At scales as §/S;. o, and so the flame-
generated vorticity is

Vo xVp)p?ar=g/S. )

where the productof r and (pp / pg) is nearly unity. The total circula-
tion I' associated with the preceding vorticity scales as the vorticity
multiplied by 7 d?, where the vortex core diameter d is proportional
to the characteristic length of the wrinkle, so that

I=ngd[S., 3)
The induced velocity Vi, on the centerlinein Fig. 1 due to the flame

generated vorticity is given by the law of Biot and Savart for a line
vortex,

Vin =T/(nd) = gd/Si (6)
The dynamic force (per unit volume) associated with a fluid motion
of velocity Vi, is given by [pp Viﬁ/d], which is an estimate of the
convectiveterm in the momentum equation. Thus, the force per unit

volume due to the baroclinic torque is

baroclinic force _ pp V2 _ op(8d/S; 0)?

)

volume d d

The destabilizing force per unit volume associated with the hydro-
dynamic instability is shown by Pelce and Clavin® to scale with
[p&S% ,/d]. Combining this with Eq. (7) yields a ratio of forces
equal to

baroclinic force/volume 2
= ¢ (Fr) ()

hydrodynamic force/volume

where the constant ¢, is (op/0g)’ and the Froude number Fr* that
is associated with the flame velocity is given by Eq. (1). Previously,
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Pelce and Clavin® have shown that the ratio of Rayleigh-Taylor to
hydrodynamic forces scales as

Rayleigh-Taylor force

xy— 1
hydrodynamic force (Fr) ©)

Equations (8) and (9) indicate that at large Froude numbers both
the baroclinic and the Rayleigh-Taylor mechanisms disappear, as
expected; at small Froude numbers both mechanisms should be im-
portant, but as the Froude number increases, the Rayleigh-Taylor
mechanism should dominate over the baroclinic torque mechanism.

For the experimental conditions shown in Fig. 4, the measured
value of T" is approximately 200 cm?/s and d is 0.8 cm, so that the
induced velocity caused by baroclinic torques, Vi, given by Eq. (6),
is 32 cm/s. Thus, baroclinic torques induce a velocity that is three
times the laminar burning velocity, which is 10 cm/s. Furthermore
the induced velocity is larger than the maximum velocity in the
disturbance,i.e., the vortex, itself, which is 14 cm/s. The Rayleigh-
Taylor mechanism also creates a velocity that restores the disturbed
surface to a level position, which is approximately the velocity that
a falling bubble of diameter d would have in the presence of grav-
ity. This velocity is (2gd)'/?; d is 0.8 cm, so that the Rayleigh-
Taylor induced velocity is approximately 39 cm/s. This value is
nearly equal to the baroclinic-induced velocity of 32 cm/s. Thus,
for the conditions of the present experiment, the Rayleigh-Taylor
and the baroclinic torque stabilization mechanisms are of nearly
equal strength.

It is now shown that viscosity gradients terms in the vorticity
transportequation (2) contributeless than 4% of the vorticity change
associated with baroclinic or gas expansion mechanisms and, there-
fore, can be neglected. Mueller'® gives a complete derivation of
the vorticity transport equation for a Newtonian fluid with variable
density and viscosity; the three terms associated with viscosity that
were not included on the right-hand side of Eq. (2) are

Vx[@2/p)Vu-el+Vvx [Vu+V(V-u)]—[V px VAV -u)]/p>

where ¢ is the strain rate tensor and w and A are the first and second
coefficients of viscosity. To estimate the importance of these terms,
consider the first term and set V. approximately equal to (up —
1Lr)/8, where the viscosity of the productsis (Tp/Tg)'/*j1z and 8
is the flame thickness. Thus, Vu/p is [(Tp/Tg)'/> — 1]vg /8. Using
Eq. (4), the ratio of viscous to baroclinic vorticity productionrates is

viscous generation 2[(Tp/TR)% — 1](1}R/62)s

— - (10)
baroclinic generation g/8

where At in Eq. (4) was replaced with §/S; . The following val-
ues were measured for the present experiment: Tp /T =5, vg =
0.15 cm?/s, and § =2 mm; Ref. 12 shows that the measured strain
rate ¢ is typically 20 s~!. The resulting ratio shown in Eq. (10) has
the value of 0.04; thus, viscous generation of vorticity can be ne-
glected and less than a 4% error results.

Experimental uncertainties in the reported data can arise due to
uncertainties in four quantities: the PIV velocity values, the vortex
strength, the fuel-air equivalenceratio, and the digitized contour of
the flame shape. The fuel-air equivalenceratio was set using choked
orifices to monitor the fuel and airflow rates; the pressure gauges
had an accuracy of +3% and the flame speed was measured to be
10 £ 0.5 cm/s, and so the maximum differencein flame speeds from
run to run was less than 10%. The vortex strength was determined
by the voltage applied to the loudspeaker, which varied by less than
5% from run to run. The digitized contour of the flame shape was
determined by scanning the video images and applying Adobe Pho-
toshop software. Errors in determining the flame wrinkle amplitude
from the digitized images were only those due to a small blurring
of the flame boundary, and these errors are less than 5%.

The PIV velocity images that were obtained at 1 g displayed
less than a 4% difference between adjacent velocity vectors in the
product gases, which move upward in a laminar fashion at approx-
imately 50 cm/s. Because the flow of product gases is laminar, this
4% random scatter can be attributed to experimental errors associ-
ated with the PIV system. The smooth variationsin the velocity field
in Fig. 4 and the symmetry of the images in Fig. 4 confirm that the

PIV uncertainties are small. The laminar propane-air flame at 1 g
is flat to within one flame thickness, as shown in Ref. 10; the flame
must be given sufficient time to evolve from a kernel to a flat flame
(aided by buoyancy), yet after too long a time, the flame wrinkles
spontaneously as hydrodynamic instabilities intensify.

Conclusions

1) Microgravity studies in the NASA Lewis Research Center 2.2-
s drop tower show that when the stabilizinginfluence of buoyancyis
removed, the wrinkling of a premixed flame caused by a repeatable
vortex disturbance increases by as much as a factor of three.

2) The degree of wrinkling of a methane-air flame is larger
than that of a propane-air flame, for both microgravity and 1-g
conditions, because the methane-air flames are thermodiffusively
unstable.

3) PIV images of the vorticity field at 1 g indicate that baroclinic
torques due to buoyancy create flame-generated vorticity, which
induces a velocity that suppresses flame wrinkles. The baroclinic
mechanism thatis identified in the presentstudy can be an important
stabilizing mechanism at low Froude numbers.

4) Scaling concepts indicate that the baroclinic torque mecha-
nism scales with Froude number in a manner that differs from that
of the Rayleigh-Taylormechanism;the ratio of baroclinictorquesto
the Rayleigh-Taylor stabilizing forces scales inversely with Froude
number. For the present experiment, the velocity induced by baro-
clinic torques is about equal to that induced by the Rayleigh-
Taylor mechanism, so that baroclinic torques are important but not
dominant.

5) The use of a toroidal vortex is shown to be a useful way to
perturb a flame in a controllable,repeatable manner while retaining
much of the physics associated with turbulent flames.
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