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ABSTRACT

A Rayleigh scattering and laser Doppler velocimetry system has been

developed for studying the Interaction between the vortex s treet behind

a cylinder and a two dimensional plane flame front. Measurements on an

open jet methane/air flame stabilized on a heated 0.25 nsu plati num wi re

showed appreciable instabilities In the flame due to the turbulent eddies

in the mixing region of the jet. By enclosing the flow in a square

channel flame stability was increased. A 3.2 m diameter cylinder, wi th

Ud/v = 90 and fd/U = 0.16 , was used to generate a Klrman vortex street

at a frequency of 22 Hz. Measurements Indicated that the flame moti on

in the wake is small compa red to the scale of vortices shed by the

cylinder. Furthermore , the flame upstream of the wa ke region also

fluctuated wh i ch woul d indicate that as a porti on of the flame fl uctuates ,

it perturbs the entire flow field upstream.

p.,

~ 
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INTRODUCTION

The interacti on between fluid mechanical turbulence and the combus-

tion process has long been recognized as important to the understanding

of contustor performance~~~. Numerous turbulent flame speed models have

been proposed, but as yet no complete theory exists which satisfactorily

accounts for the observed phenomena (2) . This lack of understanding is

readily apparent in numeri cal modeling of turbulent combustion. For

example, several recent studies aime d at predicting pollutant formation

in turbulent reacting fl ows using time averaged approaches and simplified

turbulence models have met wi th only fair success , and the princ ipal

result f rom these studies Is a recognition of the need for more realisti c

models

This situation is largely due to the lack of reliable experimental

data. However, the recent development of Rayleigh scattering and laser

Doppler velocimetry for localized density and velocity measurements

should make possible the necessary time and space resoluti on required for

a more precise description of turbulence and combustion interactions .

Furthermore , the recent recogniti on of large coherent structures in many 
- 

-

turbulent f1ow s~~ require their consideration in the turbulent modeling.

It was decided to use a simplifi ed experimental model of this sort of

turbulence by studying the interaction of a Ká rman vortex street wi th a

flame .

The overall objectives of the present investi gation are to determine

the general characteristics of flame front propagation in a turbulent

premixed flow and to develop an understanding of the various inte ractions

which occur between fluid mechanical turbulence and the heat release due
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2 H
to the combustion process. This report presents the results of preliminary

measurements on a free standing fl ame front stabil ized on a hot wi re or

a small cylinder. The objectives were to determine (a) the stability of

the resulting flame front under laminar flow conditions and the source of

any instabilities if they do exist, (b) the ability of Rayleigh scattering

and laser Doppler velocimetry to provide accurate density and veloci ty

measurements in a flame system, and (c) to investigate the fluctuations

in the flame front caused by the K~rman vortex street shed by a cylinder.

Two sets of measurements are described In the following. The fi rst

were carried out in a 5 cm diameter open jet with the fl ame stabilized

on a heated platinum wi re and measurements of the average flame profi les

and fluctuations due to the flow system are reported. The second set

of measurements were made in a 5 cm square channel with the flame stabi-

l ized in the wake of a small rod. The fl uctuations due to the flow

system were much smaller and measurements of the flame profile and

fluctuations in the wake of a second rod were carried out.

EXPERIMENTAL APPARATUS AND PROCEDURE

Flow System

A schematic diagram of the experimental apparatus is shown in Fig. 1. A

mixture of metered gases (air and methane In any combination) are brought Into
a stagnation chamber of 20 cm diameter equipped wi th wi re screens to damp

out flow turbulence . From this chamber the flow passes either through a

5 cm di ameter nozzle to an open jet (Fig. 2) or through a 5 cm square nozzle 

- . — . -~--~ ~~~~~~~~~~~~~~~~~~~~~~~ 
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into a square channel with pyrex walls, shown in Fig. 3. The stagnation

chanter Is mounted on an X-Y-Z traverse mechanism so that the opti cal

system can remain stationary. All gases are metered Individually using

rotameters. The gas mixture can also be seeded with A1203 particles for

laser anemometry measurements. To provide a particle free flow for

Rayleigh scattering measurements it was necessary to ins tall an oil/wa ter

removal f i lte r and a 1 ~im particle fi l ter in the house air system. A

30 cm long, 7.5 cm diameter mi xi ng chamber filled with 5 m glass beads I -

assures thorough premixing of gases. ~. 

-

Flame Stabilization

A variety of flame stabilizers have been used by previous investi-

gators~
2’~~. These include single and multiple rods , wi res, disks , wall

recesses , vee gutters, and flat pla tes. Two importan t considerations in

the selection of a sui table stabilizer are the resulting stability

characteristics and turbulent disturbances generated by the flame holder

itself. Flame stability is enhanced by a large strongly recirculating

wake region downstream of the flame holder(61 . it is necessary to mini-

mize this latter effect if turbulence levels are to be effectively

controlled.

Several stabilizers were tried duri ng the course of this study .

In the open jet measurements a 0.25 m diameter electri cally heated

pla tinum wire was used as shown in FIg. 2. The small diameter of the

wire minimi zes the effect of body generated turbulence on the flame front,

and by heating the wire stabilization was possible over a reasonable

range of flow conditions . The two plates shown in FIg. 2 functioned as a
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chimney and reduced somewhat the turbulent fluctuations in the mi xing

regions of the jet and the ambient air , which in turn reduced the fluctu-

ations in the flame. 
—

In the closed channel experiments the wake of a 1.6 nri di ameter

rod was used to stabilize the flame, as some difficulties were encountered

t wi th the small platinum wi res. There did not appear to be any fluctua-

tions in the flame front due to the wake of this rod.

Rayleigh Scattering and LDV Systems

A schematic of the Rayleigh and LDV optics system is shown In Fig. 4.

In both cases a 4 watt argon ion laser operating at 488 nm was used.

For the LDV measurements , beam splitti ng is accomplished wi th a back to

back prism arrangement which makes It possibl e to adjust the beam inter-

section to the desired point and thus minimi ze the measurement volume

size and achieve a more uniform fringe spacing. Seeding of the flow Is

accompl ished wi th a particle generator where choked air jets (0.4 nm dia.)

skim the surface of a suspension of 3 urn nominal diameter A1203 particles

in water. This particle generator Is capable of providing a relative ly

constant particle seeding rate of up to 2000 particles/sec over a period

of several hours. Particle sizing was done using an impactor plate

separator developed at LBL . The resulting mass ratio of particles less

than 2.4 urn to those greater than 2.4 urn was found to be approximately

8. Frequency demodulation of the Doppler signal is done by a conmnercial

IS! 1090 LDV tracker.

Measurements of gas density from Rayleigh scattering are carried

out using Ff1.2 collection optics and an Ff6 0.3 m McPherson spectro-

meter. An uncooled RCA 1P28 photomultiplier tube is used as the detector
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with the output read directly on an electrometer. The laser beam is

focused by a 100 nm focal length lens to a 70 urn waist diameter. Laser

l ight scattered at a 900 angle is then collimated by an F/l.2 collection

lens and refocused on the entrance slit of the spectrometer. The

resulting measurement vol ume is a cylinder 1.0 m in length by 70 urn in

diameter (Fig. 2). References (7), (8) and (9) gi ve a more complete

discussion of the theory behind Rayleigh and LDV scattering. The proba-

bility density and spectrum of the tracker output are obtained using a

Federal Scientifi c correlator and spectrum analyzer.

EXPERIMENTAL RESULTS AND DISCUSSION

Qpen Jet Measurements and Discussion

It Is well known that laser beam deflection and broadening can

result due to gradients in the index of refraction in the f1ame~
9
~.

Since loss of spat ial resoluti on can result , this effect was investigated

by imaging the measuring volume onto a screen while at the same time

traversing the flame with the laser beam parallel to the flame front. F
A maximum deflection in the beam of one beam diameter (70 urn) was

observed in a direction normal to the flame front. Several traverses

were repeated wi th the laser beam inclined at a small angle to the flame H

front. This in effect reduced the length of beam subjected to large

density gradients. Negligible improvement in the beam deflection was

noted at angles up to 5°. Angles greater than 5° would result in a loss

of spatial resolution greater than that due to beam deflection .

Experimental measurements of flame density profiles were carried

- 4
I
I

- — 
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out for a methane air flame at an equivalence ratio of 0.755 and a nozzle

exit velocity of 1.15 rn/s. The corresponding Reynolds ’ number based on

wire diameter was 19.6. The results are shown in Figs . 5, 6, and 7 where

normal ized Rayleigh scattering Intensity and rms fluctuation are plotted

against distance from the jet centerline . The Rayleigh scattering

intensity Is related to the gas density through the following equation~
7
~

CI 0N EXj~Rj ( 1)

where is the intens i ty of Rayleigh scattered light , C is a cal ibra ti on

constant of the optics , 10 is the incident laser light intensity , N is the

- 
. 

total molecular number density , X1 is the mole fraction of the species ,

and °Ri is the Rayleigh cross section . aRt is related to the index of

refrac ti on nj by the exp res s i on:

2X0 N1 1/2n1 -~~~- 2TT aR~

As will be discussed later , the Rayleigh scattering intensity is directly

proportional to density and found to be independent of the changes in gas

composition during combustion to within 3% accuracy for the present system .

Traverses were taken across the fl ame normal to the free stream flow

direction (not normal to the flame front) at distances of 3 m, 6 nm , and

12 nm downstream of the wire.

Fluctuations in the flame front location were readily apparent. Two

forms of instability were present. The first was a low frequency (‘~ 
1 cps)

visibly observable random flame front movement. This is represented by

the error bars shown In the data and represents an average uncertainty in
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fl ame fron t pos iti on of 0. 1 nm, 0.25 m , and 1.0 nm for the three cases

respectively. This effect could be due to several sources . Velocity

profil es were measured using the LDV system above the nozzle to determine

flow uniform i ty in the absence of combustion . These are shown in Fig. 8

along with rms values of velocity fluctuations . Data are presented at

distances of 3, 6, and 12 m above the nozzle exit and it can be seen

that the velocity profi les are uniform over the entire region In which

Rayleigh measurements were taken . RMS velocity fl uctuation val ues of

approximately 2% were measured at the nozzle centerl ine and these increased

to a maximum of 10% at a distance of 24 m from the centerline . At 7 m

from the centerline (corresponding to the maximum distance over which

Ray le igh measuremen ts were taken) the f luctua ti ons have i ncr eased to

approximately 4%.

The most likely source of the disturbance is the turbulent mixing of

the jet with the amb ient air , and the resulting interacti on with the flame

front as It penetrates this turbulent region . When this turbulent mixing

zone was grea tly m in imized in the channel exper iments d i scusse d la ter ,

the entire flame region could be made qui te steady . Apparently these

disturbances must propagate back upstream and along the flame front. The

presence of the two walls shown in Fig. 2 also reduced the flame fluctu-

ations somewhat.

In addition to the random fluctuations discussed above , flame front

oscillations were found to exist at well defined frequencies of 88 and

135 cps. A typica l oscilloscope trace of these fluctuations , as wel l  as

the v.orresponding spectrum analysis of this signal , are shown in Fig. 9.

RMS values for these oscillations normalized by the local scattering inten-

sity are shown in Figs . 5, 6 and 7. For both the 3 m and 6 nm cases , a
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maximum normalized rms fluctuation of approximately 0.30 was observed.

In the 12 nm case, the maximum rose sharply to 0.62, indicating Increased

fluctuations as one moves farther downstream.

A comparison between experimentally measured and calcul ated values of

the Rayleigh Intensi ty ratio across the flame was made. The calculated

val ue, based on the assumption of adiabatic combustion with equilibri um

products , was found to be 0.153. The corresponding experimental value

(from Eq. 1) was 0.155 + 0.01, indicating good agreement. The above

calculation was repeated assumi ng 100% N2 at the adiabatic flame temper-

ature to investigate the effect of mi xture composition on the Rayleigh

signal . Agreement was within 3% of the value assuming equilibri um

products. This ind icates that the scattered intensity is approximately

Independent of the degree of reaction and inversely proportional to the

density for the conditi ons of this experiment.

For an idealized one dimensional flame front inclined at an angle

0 to the incoming gas flow, the burning velocity Ub is related to the

incoming velocity U1 by the expresslon~
6
~ F

Ub = U i sin e (2)

In actual flame systems the flow upstream of the flame front diverges so

that Eq. (2) does not hold unless the right hand side is replaced by the corn- - -

ponent of flow velocity normal to a particular flame front isotherm.

Based on measurements taken at 3 nm and 6 m points , the flame Inclination

angle was found to be 22.3°. For an incoming velocity of 1.15 m/s, Eq. (2)

gives a burning velocity of 0.43 rn/s. This compares with a laminar flame

speed of 0.26 m/s00~ for a CH4/air flame at the same conditions.

H
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Smith and Gou1d1n 0~ have noted in a similar study using LDV and

hot wi re anemoinetry that consideration of flow divergence upstream of the

flame front could result In flame speeds lower by up to 50% over those

determined by the direct angle method (Eq. (2)) -and probably will largely

accoun t for the di fference in flame speeds .
A comparison of flame front thickness was made with values published

in the literature. The apparent flame front thickness was determined

from the experimental Rayleigh intensity profi les, FIgs. 5 through 7.

A conventional definiti on for flame front thickness was used which is

given by~~
2)

L~ (dP/dZ)max

where p is the gas density and the subscri pts b and u refer to burned and

unburned gases respectively. (dp/dZ )max is the maximum density gradient

in the flame zone. Values calculated from Eq. (3) for the three cases

of the present investigation are shown In Table I. These can be compared

with a value of 0.96 m from the literature~~
2
~.

TABLE I - F lame Fron t Thi ckness
Distance above Flame Front
Flame Holder , m Thickness -, nun

3 0.80 + .l5

6 l.l2 + .33

12 1.89 + .28

___________ ___________________________________________________ 
_____________________________
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The estimated error limi ts on the calculated values of this investigation

are based on uncertainty in the flame front location due to the random

fluctuati ons noted earl ier. It can be seen that the values at 3 nun and

6 nun from the flame holder are comparable with the published value . As

one moves downstream, howeve r, the averaged flame front thickness increases

signifi cantly. This increase is probably due to fluctuations in flame

front positi on. Under conditi ons of turbulent upstream flow Smith and

Gould in ClU also noted a similar increase in flame front thickness.

The results of LDV measurements across the flame are shown in Fig. 10

for the velocity component parallel to the jet axis. At distances of

3 and 6 nun above the wi re a relatively well defined velocity increase of

10% indicates the location of the flame front while at 12 m downstream

the veloci ty profile has become quite spread out and it is difficult to

determine a flame front location . Flame front pos itions determi ned from

Fig. 10 are in general agreement with those determined from the Rayleigh

results. The flame spread angle and flame speed were calculate d based on

the point at which the velocity had increased by 2% from the free stream

value . The resulting flame speed was 0.48 rn/sec compared with a value

of 0.43 rn/s calcula ted from Rayleigh scattering measurements . Consi dering

difficulties in defining a flame front location for the two sets of

measurements such agreement Is reasonable.

RMS values for velocity fluctuations were measured and found to be in

the same range as those shown in Fig. 8 for flow above the nozzle wi thout

combustion . No oscillations were observed at 88 and 135 cps as was found

during the Rayleigh measurements. However, based on flame front fluctu-

ations Indicated by the Rayleigh measurements , maximum veloci ty fluctu-

ations on the order of 3% would be expected due to the relatively small

changes in velocity across the flame. Noting that the minimum sensiti vi ty 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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of the present LDV system appears to be 2 to 3%, it is possible that the

fluctuations could be present but below measurable limi ts.

Closed Channel Measurements and Discussion

In order to reduce the fluctuations in the flame front the flow

system was changed to 5 cm square channel with pyrex walls , as shown In

Fig. 3, and the flame was stabilized in the wake of a 1.6 nun diameter

rod. Stephenson~~~ has found that flame movement along a wall can be

minimi zed by injecting a thin layer of N2 along the wall to effectively

quench the flame in the region . This was done through 100 ~im porous

material , 3.2 nun thick at the base of each of the pyrex walls. The

nitrogen also helped keep the flame from fl ashing back along the corners

of the nozzle where the ve locity gradients are relatively smal l. The

flow field without combustion was mapped with a hot f i l m  anemometer and

found to be uniform . Turbulence levels were of the order of 1.5% and

lower. The velocity at the channel entrance was 0.424 rn/s and the equi-

valence ratio of the methane/air flame was 0.77.

Rayleigh scatteri ng profiles were taken of the undisturbed flame at

distances of 5, 7.5, 10, and 12.5 imi downstream of the flame holder. A

typical profile is shown in Fig. 11. The scattering of laser light from

the pyrex windows of the channel into the detection optics was a substan-

tial fraction of the signal , rangi ng from 20% to l00~ of the Rayleigh signal

from room temperature air. Thi s background scattering was strongly

dependent on the dirt and imperfections in the pyrex glass wall where the

laser beam entered and exi ted the channel -, and thus would vary strongly
from measurement point to measurement point . A correction for the back-

ground scattering was made for every measurement by moving the Image of 

~~~ir~~- .~- — ~——---~~--~~ ~~~~~~~~~~~~~~~~ 
- .. - - -.-
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the spectrometer slit to positions j ust above and below the laser beam -,
where there Is no Ray lei gh scattering s ig nal but where the ba ckground

scattering is approximately the same . These intensities were ave raged

(they were not equal , in general ) and subtracted from the Rayleigh plus

background measurement to obtain the Rayleigh scattering. Even this

correction procedure had considerable inaccuracy , and is probably

responsible for much of the error in the data to be presented. By corn-

parisons , the background scattering was negligible in the open jet flame

profile measurements described previous ly.

It was also found that the Rayleigh signal in the region of the flame

front oscillated slowly and somewhat i rregularly at a rate of about one

cycle every two minutes . Apparently the flame position was varying by as

nuich as 1 nun, even though the flow rate remained steady . We have con-
jectured that this wanderi ng may be due to some thermal effect associated

with the channel walls. In any event the origin has not been determined

and it was a source of considerable error.

No indications of fluctuations in the Rayleigh scattering signal in

the region of the flame front (or at any posi tion) were found , for

frequencies up to approximately 100 Hz. There is, of course, the shot

noise generated by the photoelectron collection in the photomultiplier.

This noise is Independent of frequency and was subtracted from the

measured rms fluctuations. The actual sensitivi ty of the overall system

to fluctuations In density was about 1% for frequencies up to 1000 Hz.

The eff ect of f luctuations in the flow f ield on the flame f ront was

investi gated by allowing the Kdrma n vortex street behind a cylinder to

Interact with the flame front. As shown in Fig. 3, a 3.2 nun diameter rod

was placed in the same axial location as the flame holder , wi th 8 nun transverse
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separation. According to Kov6sznay~~
4
~-, there is a unique relation

between the cylinder Reynolds number and the Strouhal number, St fd/U,

where f is the frequency of vortex sheddings , d is the rod diameter, and

U is the free stream flow velocity. There is also a critical Reynolds

number of 40 below which there Is no Kdrman vortex street. The Reynolds

number of the 3.2 inn rod was 90, corresponding to a Strouhal number of

0.16 and vortex shedding at 21.2 Hz.

Profiles of the mean Rayleigh scattering signal and the rms fluctu-

ations were taken in the region of the flame at a series of axial posi tions.

Spectral analysis of the fluctuations indicated a peak at 22 Hz, which

compares wel l with the predicted value of 21.2 Hz. There was also an

additional peak at 10.5 Hz wi th about half the amplitude , which is as

yet unaccounted for. For the measurements to be reported the rms value

of the fluctuations , over a bandpass of approximately 5 Hz to 1000 Hz -,

was measured with an rms meter while the average values were either read

from the electrometer or from a digital voltmeter.

A typical profile of the mean Rayleigh signal where the flame is In

the wake of the rod is shown in Fig. 12. The two flame profiles sketched

indicate the apparent maximum excursions of the slow 0.5 cycle per minute

fluctuation In flame position . One should note that the accuracy of these

measurements is limi ted, due to the uncertain background scattering

signal , and that the true flame density profile coul d have a somewhat

different shape. In general , all the flame profiles were similar to Fig. 12,

but wi th different center positions and widths.

A typical profile of the rms fluctuation in the Rayleigh signal is

shown In FIg. 13 for a position 6 m downstream from the flame holder.

! 

The fluctuations decrease to zero outside the flame zone, as expected.

ii
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The other fluctuation profiles are fairly similar.

The correlation of the center of the flame density profiles with

the center of the flame fluctuation profi les is shown in Fig. 14. This cor-

relation is quite good , and it appears that the two centers coinci de qui te

well. The correlation of the width. of the flame density profiles with

the width of the flame fl uctuation profiles , shown in Fig. 15, is not so

good. The flame width was taken as defined by Eq. 3 and the half peak

intensity wi dth was used for the width of the flame fluctuation profile.

We believe that the scatter is due to the previously discussed errors in

the data , which are exaggerated by the differencing requi red to obtain

the widths . Within these errors, the two wi dths appear comparable.

The position of the flame front as determined by a series of trans-

verse profile measurements at vari ous axial locations is shown In Fig. 16.

• The mean location is taken from the center of the fl uctuation profiles ,

and the “error bars” indicate the half-intensity width of the fluctuation

profiles . Al so shown on the figure Is the location of the flame In the

absence of the wake generating rod . The flame moves subs tantial ly closer

to the rod , as would be expected due to the decreased velocity in the

wake region . There may also be an increase in the flame propagation

velocity due to the Increased mixing in the wake vortices ; however,

detailed velocity measurements would be necessary to determine this effect.

Measurements of the mean and rms velocities in the wake of the rod

were made using a hot film anemometer probe, in the absence of the flame .

The profiles agreed with the measurements of Kov~sznay
0
~~, and the width

of the fluctuation region, based on the 5% normal ized rms level , is shown

In F ig. 16. The maximum rms fluctuations were about 12%. It Is Inunediately

obvious that the width of the flame region is much less than the width of

- ______
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the wake. Further, there are fluctuations In the flame location close

to the flame holder where there is no disturbance of the flow by the

wake, at least In the case where the flame is absent.

I n the presence of the flame the streamlines upstream of the flame are

curved outward from the center of the channel , due to the partial blocking

of the flow by the density decrease associated wi th the flame . As a result

the wake of the rod will also be curved outward . Since the presence of the

flame front affects the entire flow field in the region upstream of the

front, it is reasonable that the fluctuating flame will cause a fluctuating

perturbation of the flow field. This could be responsible for the fluctu-

ations in the flame front in the region close to the flame holder where

the flow is not directly affected by the wake of the cylinder.

The wi dth of the fluctuating flame region , indicate d by the bars in

• Fig. 16, is shown in Fig. 17 plotted against the transverse flame positions.

There appears to be nearly l inear increase in width in the region near

the flame holder, a leveling off di rectly above the rod, followed by a

sharp increase to about 1.5 nun, after which it remained fairly constant.

A study of plane oscillating flame fronts has previously been reported

by Peterson and Enlnons(15), where a flame holder was oscillated transverse

to the flow and the shape of the flame front was recorded. At low

frequencies the oscillations grow slowly in amplitude as one progresses

along the flame front, away from the origin , wh ile at higher frequencies

the oscillations are damped. Their measurements are in reasonable agree-

ment with a theoretical description due to Markste1n~~
6). These results

predict a very moderate decay of the 22 Hz oscillations found in the

present measurements . It is not clear what bearing this has on the

present experiment, except in the region furthest from the flame holder
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where the flow perturbatIon due to the wake should be small. In this

region the oscillations are probably generated upstream in the stronger

wake region and propagate downstream along the plane flame front. The j
flame structure should have an oscillating shape, which either damps out

or grows according to the linear perturbance analysis of Markstein~~
6
~.

However , in the region near the flame holder the oscillations should be

of di fferent character, perhaps due to perturbations in the flow veloci ty

as discussed earlier , which would be a nonlinear effect. The wake

region itself has a strong vortex structure which will di rectly affect

the flame propagation.

SUPT4ARY

• An experimental apparatus and technIque for studying the effect of

flow fluctuations and turbulence on plane flame fronts has been developed.

The diagnosti c techniques consist of Rayleigh scattering for time resolved

density measurements and laser Doppler velocimetry for velocity measurements.

When a methane/air plane flame front is stabilized on a small wire

or rod in an open jet, there are appreciable fluctuations in the flame

front densi ties at all positions along the flame even though , in the

absence of the flame front, the flow is qui te steady in the central core.

The large scale turbulent eddies in the mixing region of the jet and the

ambient air cause the flame to fluctuate considerably in this region and

It appears as though these fluctuations are able to perturb the flame

from upstream in the central core.

By enclosing the flow in a square channel wi th pyrex glass walls, a

steady plane flame front could be generated. A prelimina ry study of the

I,- -

- - 
—~~~~~~~~~—--5-~~~~~~~-
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interactions of the flame front with the vortices shed from a cylinder

• was carried out. Fluctuations in the flame front were found both up-

stream and downstream of the wake region of the cylinder. In the wake

regions, the width of the fluctuating flame front was small compared to

the scale of the vortices generated by the cylinder. As in the open jet

measurements , it appeared as though the flame front fluctuations in the
wake region were able to perturb the flame front upstream in the flow

region which was undisturbed by the wake (at least in the absence of a

flame).

It appears that mot ion of the flame front will perturb the enti re

flow field -, so that the flame positi on and the di rection and veloci ty

of the flow before the flame front are coupled. In fact, it is well known

that the laminar sheet flame fronts stabilized on a rod create a wedge-

• type flow around the flame, considerably perturbing the flow upstream

of the flame. It then follows that if a region of the flame front is

fluctuating, then it will cause fluctuations in the upstream flow. This

may be a mechanism which is capable of expla ining the upstream flame

fluctuations observed both in the open jet flow and in the channel flow

perturbed by the wake of a cylinder.
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Oscilloscope trace of Rayleigh
si gnal 6 mm from nozzle exit and
3.5 mm from centerline (5 ms/cm
sweep rate).

Spectrum of Rayleigh signal.
(200 Hz full scale).

Figure 9 5
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