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Abstract

A single torotdal. laminar vortex interacts with a
counterpropagating laminar premixed tlame in order

'study the fundamentals of the tlame-vortex interaction. This

flame-vortex interaction represents a fundamental “building
block™ of premixed turbutent combustion. Expenmental
results quantify the degree of flame rollup, the ame perim-
eter increase due to wrinkling, the boundary ot the pocket
formation {corrugated tlame) regime and local quenching of
the premixed tlame. The measured trends indicate that
viscous attenuation of the vortex by the hot, viscous products
is important. Local quenching occurs at the leading edge of
the vortex when the Karlovitz number (based upon the
vortex diameter and retational velocity) exceeds 0.1, which
15 significantly less thana the value of unity predicted previ-
ously. Quenching is believed to result from a combination of
Tame stretch and radiative heat loss in the bumt gas. The
importance of ame stretch is verified; as Lew1s number is
varied it is found that in order to form pockets, difTustonally
stable flames require a vortex strength that (s three time
larger than that required by the diffusionally unstable Hames.
Effects of flame curvature are gquantified; the highest OH
intensities occur when the flamefront is convex towards the
reactants, as expected for these flames for which Lewis
number <!|. The results are compared with the numerical
solutions of the Navier-Stokes equations obtined by Poinsot,
Vevnante and Candel. These experiments help to quantity
regimes for which the local flamelet approach is valid in the
modeling of rbulent premixed flames.

* Student Member
** Professor. Aero Eng
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Introduction

A flame-vortex interaction is shown schematicaily
in Figure 1. Shown s a planar view of a torcidal vorticity
layer. The rotational velocity of the vortex has two elfects.
First, there is a hvdrodynamic effect caused by the vortex
velocity field which wrinkles the flame and can cause
pockets even with no stretch or viscosity etfects. The vortex
induces a velocity on centerline towards the flame, which
retards flame motion on centerline; the vortex velocity far
from centerline has a component in the direction of flame
propagation, causing the flame to wrinkle as shown in Fig.
L. As this wrinkle passes over the rear portion ot the vortex.
the rotattonal velocity pulls the flame toward centerline
which tends to creaie a pocket of unburned reactants if U/
SL is sutticienty large. Secondly, the rotational velocity
exerts stretch on the flame which can augment this wnin-
kling/pocket tormation process. Flame stretch is due 1o the
imposed stmin field and to flame curvature. The stagnation
potat strain lield near centerline induces posttive stretch and
can reduce the local bumning velocity tor Lewis numbers
exceeding unity. The curvature of the flame at centerline
induces negative stretch, which can atfect the buming veloe-
ity in 3 manner opposite to the strain field. The flame
curvature is similar to that of an inverted Bunsen burner,
which is well documented [1]. Some vortex conditions tor
which strain dominates over curvature (and vice versa) were
predicted by the numerical solutions of Poinsot et al. [8].

The present study is designed to address four im-
portant questions in turbulent premixed Hames. First, the
degree of strain, curvature and quenching exerted on a flame
by each vortex in a turbulent flowfield is not known. There
{s abundant information about a steady, planar laminar flame



in a strain field near a stagnatton point [[.2]. However, the
planar stagnation point flame properties may not adequately
simulate local conditions near strained turbulent tlames

because turbulent vortices inroduce the additional effects of

flame curvature and a time varying strain {ield [3] as the
vortex passes over the flame. The present study of a single
vortex passing through a {lame can be used w understand
how planar stagnation point flames can be related to turbu-
lent Ilames.

The second research question relates to the torma-
tion of pockets, or islands. of unbumed rexcians. The vortex
strength required to form pockets and theretore cauge the
flame to enter the “corrugated tlame” regime s not known.
Examples of very wrinkled wrbulent flametronts are <hown
in Refs 4-7. These poukets of reactants may: then quench the
amefront, allowing reactanss to survive. This can cause
excessive tevels of carbon monoxide or unburned by drocur-
bons which may account for combustion inetiiciencies. The
present results quantify the boundanes of the corrugated
regime and the local extinction regime for a single vortex
and allow for the assessment of two recent numencal sumu-
lation methods which predict the formation of pockers and
tlamefront quenching. Poinsot et af. [8] und Rutlund et al. (9]
solve the Navier Stokes equations numericatly for u luminar
flame-vortex interaction. Kwon et al. [10] and Wu et ul. [4]
use a flame intertace simulation which also predicts the
formation of pockets. These {lame advection codes are
unable to provide any information about reaction rate and
thus are incapable of predicung quenching, Other sumulu-
tions of the ftame-vortex interaction have been reponed by
Chate and Cant {11] and Ashurst and MeMurtv{ 2] and
Peters and Williams [13]. Knowledge of where the bound-
aries are between these regtons will permit moditicution w
traditional turbulent combusuen diagrams and determine
where the local flamelet model is applicable and justiticd.

The third research question concerns the minimum
diameter of vortices that can wrinkle a premixed flame.
Peters {14] describes a minimum vornex diameter which he
denotes the Gibson scule. Poinsot et al. [8] predict that a
different vortex scale 1s the smallest that wnnkles the Hame.
That is, the minimum scale of wrinkling and the condinons
at which pockets first form are strongly influenced by gus
viscosity and flame curvature.

The fourth question is at what Karlovitz number
guenching begins. The nondimensional Karfoviiz number,
defined as (Ug/dD)I(Sina), is a measure of the {lame
streich, which is composed of both {lame strain and tlume
curvature effects. In traditional turbulent combustion dia-
grams, a Ka of unity 1s usually taken to be the border between
the corrugated flame region and the distributed reaction zone
region. In most numerical simulations, the border between
pocket formation and quenching is assumed to asympioti-
cally approach this limit of unity.

Apparatus

The experiment consists of a rectangular Hlame
be, 61 em high and 11.4 ¢m on a side, as shown in Figure
2 (15.16]. The front is optical quality glass, and each side has
a slit covered with glass for visualization experiments utiliz-
ing a laser sheet. For the hydroxal radical {luorescence
images. non-fluorescing fused silica was vsed on the front
and sides. The bottom of the flame tube contains a spark
source and a fuel delivery tube. The wp is sealed by either
4 20.3 ¢m diameter or 10.2 cm diameter loudspeaker. Lo-
cated 35.9 cm {rom the bottom of the flame tube is an
mterchangeabie sharp-edged oritice plaie. The orifice diam-
cters range from 0.6d cm 1o 5.1 ¢cm.

Expenments were conducted using etther methane
Of propane it an equivaience rauo @ of 0.6. Equivalence rato
wus maintained precisely through the use of eritical (low
orifices for both the fuel and air. The fuel and air are mixed
externally and atlowed to (low through the ame wube fora
sufficient time to allow 5 volumes of the tube 1 be displaced.
thus insuning adequate purging and an accurate equivalence
ratio. The mixture is ignited using a standard automotive
spark-plug.  The hot products are exhausted during the
interaction through solenoid operated ports (2.5 x 7.6 ¢cm)
near the bottom of the flame tube and pressure reliet valves
in the upper chamber. The pressure rise is thought to be on
the order of 2 psi for equivalence ratios near 0.6.

The undisturbed luminar buming vetocity of meth-
ane at ¢ of 0.6 was determined expenmentally 10 be 8 coy
5. 5[ was measured by subtracting the gas velocity ahead
of the tlame (34 cmus), as measured using faser velocimetry,
from the lume speed 1n laboratory coordinates (42 cmis),
Jetermined from VCR images. Alter this measurement was
made, the exhaust ports were doubled in size to reduce the
pressure Jdriving the (Tumefront. thus reducing the tlame
speed in laboratory coordinates o ldemys. The resulting
value of Scm. s is in general agreement svith Yamaoka and
Tsup {171, Yuetal [18{and Lewis and Von Hbe [19]. Very
smooth, non-wrinkled laminar flames were achieved for
o=0.6_ but the flamefront became wrinkied due to thermo-
diffusive (nstabilities in the methane, und hyvdrodynamic
inswabilities caused by the increased pressure (because of
increased Sp» in the propane.

To generate a vortex nag, a voltage mmp function
is applied across the cuil of the loudspeaker, causing the
speaker to detlect und push (luid through the orfice [20-23).
The translational velocity of ihe voriex core and the maxi-
mum rotational velocity were measured using laser
velocimety and were determined (o be approximately equal.
Both velocities were a function of the voltage applied 1o the
speaker, the diameter of the orifice and the pulse duration of
the voltage mmp function. Rotational velocities between 2.5
¢m/s and 200 ¢m/s were achieved. The combinations of dg
{0.64 10 3.1 emy), Ug and S_ (8 to 14 ¢m/sec) allowed Ka to
vary from between 0.003and 1.0

The rowtional and translational companents of the
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extinction is said to occur if the superequilibrium OH con-
centration decreases o less than one tenth of the unstretched
value. 4

Figure 6 shows a very weak vortex (Ug/S[_=0.5,
Ka=0.005) interacting with the flame front. Reactants are on
top of the interface and products are on the bottom. products
appear black due to the lack of oil drops which bum up in the
flame front. The cores of the vortex pair are also black
because oil drops were not added to the upper chamber. so
as to visualize the vortex core location. As can be scen. the
vortex does not wrinkle the flame front The tlame rorees the
vortex cores to move apart in Fig. 6, which s sumilar
motions which occur when a vortex pair appreaches a soid
boundary. The parabolic shape of the flame surface also may
help to separate the vortex cores. -

In Figure 7 the voriex strength has been incraused
o Ug/S1 =2.75 with a corresponding Ka=.03. The sortes
already is strong enough 10 separate itsell from the tlame
front and exist as a pocket of reactants. This povket vom-
pletely disappears 131 ms after any effect on the {lame by the
vortex is first detected. The oil droplet visualizanon eeh-
nique cannot identify whether the border between reactants
and products s a reaction 2one or is locally quenched. Now
that there is very little *vonex wake” in Fig. 7. Combustion
continues until all the reactants in the pockets are consumed.

In Figure 8 the vortex strength has been increased
o UgiS1=8.8 with Ka=0.95. The rotational velociy first
pulls the flame in the vortex wake toward centerline. which
creates a narrow necking of the reactants in the wuke region.
The tlame then enters the rear of the vortex and begins o 1ol
up. The wake 15 longer than in the previous figure due 10 the
increased transfational velocity (which is proportional 10
rotational veloeity). The lame rolls up and wavels almost
270 degrees around the vortex, causing the thin black inte-
rior tines observed in Fig. 8. A jet of hot gas products is
observed to isste upward alony the centerline in Figs. 82-81
due to product expansion. The hot, viscous jet exiting the
rear of the veriex tends to unroll the vortex. as evidenced by
the white fingers of unbumed reactants that extend nearly
parallel o the wake.

Flame quenching is observed when the vortex
strength is increased further (Ug/SL = 10.2, Ka=0.11) as
seen 1n Figure 9. The flame rolls up in the vonex (Fig. Ya und
9b) and forms a pocket (Fig. 9¢). However, the tlame does
not continue to spiral inward towards the core. as predicted
by the constant density simulation of Peters and Whlliums
[13]. instead, hot products expand and are jettisoned out the
rear of the vortex, causing the S-shaped pocket tn Fig. 9d.
This is similar to that observed with the Mie scattening in
Figs. 8g-8i. The bottom part of Figure 9d also show's that the
flame is nearly quenched at the leading edge of the vortex.
Complete quenching is observed in Figs. Ye and St where
reactions at the rear of the pocket continues but reactions
have ceased at the leading edge of the vortex where the strain
is largest. This is shown more quantilatively by the protiles
of OH intensities in Fig. 10. The peak OH intenstties of the
trailing edges remain nearly constant, while the inlensities in

4

the leading edge decline mpidiv from Fig. % to 9d and are
cssentially zero within our experimental error in Figs. 9¢ and
9f. Later images of the unburned gas pockets show a declin-
ing OH intensity around the pocket. These pockets may not
burn completely and could be one source of hydrocarbon and
CO emissions in lean-burn engine exhausis. These results
are qualitatively the same as the full Navier-Stokes caleula-
tions for a flame-vortex interaction caleulated by Poinsot et
ul.{8] which also shows pocket formarion, leading edge
quenching, and escape of unburned reactants, The Navier-
Stokes caleulations {8) and detiled chemistry calculatons
of stretched laminar single flames show this abrupt extinc-
non process can not be caused by tlame stretch effects alone
and instead result from the combined effect of flame stretch
and heat loss in the burnt gas. Quantitative model-experi-
menl compdrisons are not possible uniil the temperature
ficld 1n the burnt gas and the velocity tield chead of the
vortex are measured.

Regimes of Wrinkling, Pocket Formation and

Quenching

The boundaries of the wrinkled flame regime and
ihe pocket formation regime are plotted in Figures 11 and 12.
For cuch Mie scattering data point plotted, 3-3 visualizations
were recorded by the VOR camera: repeatability wis exced-
lent Classical theory of ftame wrinkling by Damkohler and
by Shehelkin [19] predicts that the (tuctional increase
lame area should be only a function of normatized velocity
{Tuctuations (L'g/ S in this case) and should not depend on
vortex size. These clussical concepts predict that a curve
Jetining the degree of wrinkling would be 1 hornzontal line
in Fig 11. [nstead, the boundaries between regimes in Fig. 11
have a negative sfope.

The negative siope of the boundaries in Fig. 1!
indicates that smailer vortices are less eftective in wnnkling
the lame and fermung pockets than larger vortiees of the
same rotaticnal velocity. Numerical simulations of Poinsot
ctal [8] have predicted that the regime boundarntes should
have negative slope, which agrees with the present results.
Smaller vortices decay more rapidiy than larger vorticies
Jduring flame passage because smaller vorucies have lower
Revnolds number, ic., relatively larger viscous forees. In
addiion, smadier vortices create larger locud tlame cunvature
which can oppose wrinkling and pocket formation due w0
tlame stretch.

Streteh, Curvature, and Lewis Number Effects

The Lewis number was varied 50 as to study both
thermo-diffusively unstable flames (methane-air, $ = 0.5, Le
= .02 [28)) and thermo-diffusively swble flames (propane-
air, p = 0.6, Le = 1.87). The unsiable {lames remained



smooth and non-cellular (see Figs. 6a, 7a, 8a) lor ¢ < 0.7
apparently because the hydrodynamic forces associated
with non-uniform gas expansion were not strong enough to
trigger the wrinkling. For 0.7 < ¢ < 1.0, the methane-air
flames were cellular, as expected, and not appropriate tor
this type of study.

The flame regime boundaries for the diffusively
unstable case (Fig. 11) and stable case (Fig 12) have similar
negative slopes. However the vortex strenygths UgiS re-
quired to form pockets in the diffusionaily stable case are
three times larger than the corresponding values tor the
unstable case. These findings indicaie that {lame stretch
plays a signiticant role n the present interactions. In wrbu-
lent premixed flames, both Wu et ad. [4] and Kwon etal. 710}
report that preferenual ditffusior/flame stretch effects cause
significant changes in the flame structure and the reactant
consumption rates.

Local exinction was observed lor the present meth-
ane-air {lames but was not observed tor the propanc-air
flames; the global extinction timit is plotted in Fig. 1 1. The
strain rates and Karlovitz numbers stated are globat values,
and are not based on local instantaneous stratn rates or
curvature. For the flame-vortex inteructions studied here.
local quenching is observed fora global Ka > 0.1, consider-
ably lower than the value of | often ussumed. However, the
value of 0.1 may not be 2 universal quenching limit for ail
tlame-vorex interactions, and we anticipate it will vary with
laminar burning velocity, heat loss rate, vortex size and
strength, and ttame-vorex nteraction time.

fn addition to quenching, flame curvature ettects
are also observed for these Le less than 1 Hames, When the
flame is convex towards the reactants, as 1n ihe two red
peninsulas in Fig. 9d, the OH intensities (and by unplication
the reaction rates) are high. When the tlume is convex
towards the products, as in the top and sides ot Fig. 9d, the
OH intensities are lower. The peak OH intensities vary by a
factor of 4 due to ame curvature effects. These observa-
tions are consistent qualitzuvely with siretched lame analy-
sis [1).

While the present results confirm certain trends
predicted by Potnsot et al., it is important to keep in mind
several differences between their assumptions and the present
experiment. The preseni vortex is an axisyvmetnc orotd,
whereas the numerical study considers a two dimensional
pair of line vortices. The numerical study includes no vortex
translational velocity or buovancy {orces which exist in the
expenment. Reulistic twrbulent eddies will have transla-
tional velocities induced by neighboring vortices, as gov-
erned by the law of Biot and Savart {12]. The translational
velocity enhances the tTame wrnkling but does not, by itself.
cause pockets to form. The numerical study also assumed a
[-step reaction rate and large radiative heat losses in the
burnt gas. which may not correspond to our experimental
conditions.

Peters and Williams [13] have simulated the inter-
action of a flame with a “frozen™ vortex having a velocity
field that is not disturbed by the flame. For several reasons,

)]

the flame in the present experiment does not roll up and
undergo 3-5 revolutions about the vortex core, as predicted
by Peters and Wllhams The potential vortex in the analysis
had rotational \elocmes that approach an infinite magnitude
near the core; the present vortex has nearly zero rotational
velocity at the core center. The maximum rotational velocity
in the expenment was limited by transition to turbulence.
Also, the large value of viscosity of the products and the
expansion of gases that exit the vortex tend to reduce the
rotational velocity; neither are considered in the constant
density analysis of Peters and Williams.

The perimeter of the tlame interface that is imaged
in Figs. 6-9 is important because it helps to quantify the
increase in reaction surface area caused by a single turbulent
eddy. In Figure 13 time is normalized by d/Sy and the
measured perimeter ts normatized by the unperturbed pe-
nmeter. The upper curve comesponds to an interaction in the
pocket Tormation regime (Ug/SL=8.8), while the lower
curve corresponds to an interaction at the border between the
wrinkled flame regime und the pocket formation regime
(Ug/S1.=2.75). Some negative values arnise because the
flame front is initially convex and (lattens out. thus reducing
the perimeter. Chate and Cant [1 1} have calculated the flame
perimeter increase for a frozen vortex velocity {ield und have
measured frends that are similar to those shown in Fig. 13.

Conclusions

1) Four disuact regimes of the flame-vorteX interacuon
are observed; the no eftect regime, the wrinkled tlame
regime. the pocket formation regime and the global
guenching regime. Boundaries between these re-
2imes were measured.

2)  Smaller vortices are less likely to disturb the flame
front thun larger vortices having the same vortex
strength (Ug/S1). These ebservations are consistent
with the Navier-Stokes simulations of Peinsot ¢t al.
Smailer vortices have a lower Revnolds number than
the larger vortices and thus decay due to viscous
forces betore they can effectively form pockets.
Smaller vortices also cause larger flame curvature,
which can prevent wrinkling. Using the present re-
sults, it van be estimated that a large fraction of the
smaller vortices ahead of a rypical wrbulent flame are
too weak 1o wrnnkle the tlame.

3) The globai Karlovitz number (L-'qfdo)!(SLZia) at
which quenching occurs is Q.1 for the particular
vortex diameter chosen; this value is significaniy
less than the value of unity estimared in previous
analvses.

4)  Stretch effects play an important roie in the {formation
of reactant pockets, as evidenced by large effects of
Lewis number on the resuits. Reaction rate is en-
hanced due to flame curvature when the flamefront is
convex lowards the reactants for these Le less than |
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flames, in agreement with stretched laminar {Tame
theory.

The translational velocity of the voriex with respect
to the reactants (Uz) is important in the tlame wrin-
kling and pocket formation processes. Uz must be
included for accurate numerical simulations of this
experiment as well as general turbulent [tows. Due o
Uz, cusps were formed in the flame surface which
point toward the products, which are commoeniy ob-
served in turbulent flames.

The increase in {lame {Tont perimeter wias quantilied
during the tlame wrinkling and pocket formauen
processes.

The present results, particularly when coupled with
direct numercal simulations, will help Jeline the
limits of stretched laminar flametet models in turbu-
lent combustion,
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Figure | Schematic of Laminar Flame Prosuganng

Upward Over Torotdal Vortex. On centerhine, fame 2xpen-
ences positive strain (similar to stagnation pamnt hows)
swhich decrease Spoand negative curnvalure (similar 1o un
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Figure 2 Apparatus Used to [nteract Laminar Flame
and Laminar Vortex

Figure 3 A Typical Undisturked Vortex Ring Phaoto-
graphed Using « Luser Light Sheet and Submicron Oil Drops
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Figure 5 Measured Maximum Rotational Velocity (Ug)
of Vortex and Axial Velocity of Core {Uz,c) For a Given
Loudspeaker Volume Displacement (AV), Voltage Ramp-
up Time (t;}, and Orifice Diameter {de).
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Figure 6 A Weak Vortex (UgiS1.=0.5. dp/8r=37.2. Ka=0.005) Thgt Ha§ No Effect on Fame Front.
Tf;e distance between vortex cores increases. similar to vortices interacting with a solid surface. Methane,

$=0.6

d e

Figure 7 Formation of Pocket of Reactant with No Flame Rotlup. UgiSy =2.75. dp/dF=37.2, Ka=
0.03, methane, $=0.6, time: a: 31ms, b 63ms, ¢ 77ms, d: 100ms, e: 106ms, [ 111ms



Figure 8 Formation of Pocket of Reactants with Flame Rollup, Up/S) =8.8, dp/3F=37.2. Ka= 0.95.
methane, §=0.6, time: a: -11.4ms, b: 8.6ms, ¢: 23ms. d: 34.3ms. e: 57ms, 1 66ms, g 71.4ms, h: T7ms.
i 83ms.
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Figure 9 Quenching of the Flame Near the Vortex Leading Edge. Strong vortex case (Ug/Sp.=10.2,
Ka=0.11. d/dF=37.2) OH fNuorescence from lower boundary of the pocket in image (d) no longer appears
in images (e} and (). Flame does not consume the reactants, Methane-air, @ = 0.6. Approximate time
from initial interaction: a = 40ms; b = 60ms: ¢ = 73ms: d = 100ms: e = 1i0ms; { = 115ms. Relative OH
intensity: red = 0.5-1.0; yettow = (1.3-G.5; green = 0.2-0.3; bive = 0.1-0.2; black = below 0.1.
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Figure I1 . Regimes of Wnnkled Flames, Pocke! Forma-

tton (Corrugated Flames) and Local Quenching Measured
For Diffusionally Unstable Conditions. Methane, ¢=0.6.
Negative slope of boundaries is aitributed to viscosity and
flame curvature effects. as shown by numernical simulation
of Poinsot, et al.
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Figure 12 Regimes of Wrinkled Flames and Pocket For.
mation {Corrugated Flames) Measured For Diffusionails
Stable Conditions. Propane, $=0.6, l.e=1.87. Note that 1¢
form pockets, vortex strength must be three times larger fo
the above stable conditions than {or unstable condition:
(Fig. 11). Also, no quenching is obse{\'ed.
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