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ABSTRACT

A‘Ray1eigh scattering and laser Dopp]er velocimetry system has
been developed for studying the interaction between the vortex street:
behind a cylinder and a two dimensional plane flame front. Measurements
on an open jet methane/air flame stabilized 6n a heaied 0.25 mm p]atinum'
wire showéd appreciable fnstabi]ities in the flame due to the turbulent
eddies in the'mixing region of the jet. By enclosing the flow in a
squére channel flame stability was increésed.‘ A 3.2 mm diameter cylinder,
with Ud/v = 90 and fd/U = 0.16, was used to generate a Kérmén vortex
street at a frequency of 22 Hz. Measurements indicated that the flame

motion in the wake is small compared to the scale of vortices shed by

. the cylinder, but the rms fluctuations in velocity in the wake of the

cy]indek were comparable to the rms fluctuations in Rayleigh scattering
through the flame. Furthermore, the flame upstream of the wake region
also fluctuatéd which would indicate that as a portion of the flame

fluctuates, it perturbs the entire flow field upstream.



INTRODUCT ION

The interaction between fluid mechanical turbulence and the combus-
tion process has long been recognized as important to the understanding
(1)

of combustor performance Numerous turbulent flame speed models have

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

(2)

accounts for the observed phenomenon This lack of understandihg‘is
readily apparent in numeri@a]‘mode]ing of turbulent combustion. For
-example,'séveral'receﬁt studies aimed at predicting pollutant formation
1n‘turbu1ent,reacting flows ﬁsing‘time averaged approaches and simplified
turbulence models have met with only fair success, and the principal
result from these studies is a recognition of the need for more realistic
mode]s(3’4).

This situation is largely due to the lack of reliable exberimenta]
data. However, the recent deve]opment of Rayleigh scattering and laser
Doppler velocimetry for 1ocalizea density and velocity measurements
shouid make possible the necessary time and space resolution reqUired for.
a more precise description of‘turbulence and éombusfion interactions.
Furthermore, the recent recpgnitioﬁ of large coherent structures‘in many

(5)

turbulent flows require their consideration.in the turbulent modeiing.
It was decided to use a simplified experimental model of .this sort of
turbulence by studying the interaction of a Kdrman vortex street with a
flame. |
The averall objectives of the present investigation are to determine
the general characteristics of flame front propagation in a turbulent:

premixed flow and to develop an underStahding of the varjous interactions

which occur between fluid mechanical turbulence and the heat release due
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to the combustion process. This report presents the results of pre1fminary

measurements on a free standing flame front stabilized on a hot wire or

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

the resulting flame front under Taminar flow conditions and the sou?ce of

any instabi]ifies if fhey do exist, (b) the ability of Rayleigh scattering

and laser Doppler velocimetry to provide accurate'density and velocity

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

in the flame front caused by the Kdrman vortex street shed by a cylinder.
Two sets of measurements are described in the following. The first

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

on a heated platinum wire and measurements of the average f1ame:prof11es

and f]uctuatfons due to the flow system are reported. The second set

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

lized in the wake of a small rod. The fluctuations dde to the flow

system were much smaller and measurements of the flame profile and

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

EXPERIMENTAL APPARATUS AND PROCEDURE

Flow System

A schematic diagram of the experimental apparatus is shown in Fig. 1. A
mixture of metered gaseé (air and methane iﬁ any combination) are brought into
© a stagnation chamber of 20 cm diameter equipped with wire screens to damp
out flow turbulence. From thi§ chamber thé f]ow.pasées either through a

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

-~



into a square channel with pyrex walls, shown in Fig. 3. The stagnation
chamber is mounted on an X-Y-Z traverse mechanism so that the optical
system can remain stationary. All gases are metered individually using

rotametefs. The gas mixture can also be seeded with A]ZO3 particles for.

. laser anemometry measurements. To provide a particle free flow for

Rayleigh scattering measurements it was necessary to install an oil/water
removal filter and a 1 um particle filter in the house air system. A
30 cm long, 7.5 cm diameter mixing chamber filled with 5 mm glass beads

assures thorough premixing of gases.

Flame Stabilization

A variety of f1ame stabi]izérs have been used by preVious investi-

(2,6)

gators These inc]ude'singie and multiple rods, wires, disks, wall

recesses, vee gutters, and flat p]ates. Two important considerations in

the selection of a suitable stabilizer are the resulying stability

characteristics and turbulent disturbances generated by the flame ho]derA

itself. Flame stability is enhanced by a 1arge-s£rong]y recirculating

(6)

wake region downstream of the flame holder It is necessary to mini--

" mize this latter effect if turbulence levels are to be effectivély

- controlled.

Several stabilizers were tried during the coufse of this study.
In the 6pén jet measurements -a 0.25 mm diameter e]ectriéaf]y heated
platinum wire was used as shown in Fig. 2. The sma]].diameter of the

wire minimizes the effect of body generated turbulence on the flame front,

and by heating the wire stabi]ization‘was possib]e‘OVer~a reasonable

range of flow conditions. - The two plates shown in Fig. 2 functioned as a



chimney and reduced somewhat the turbu]ent fluctuations in the mixing
'regions of the jet and the ambient air, which in turn reduced thé fluctu-
ations in the f]éme.

In the closed channel experimentals the wake of a 1.6 mm diameter
rod was used to stabilize the flame, as somé‘difficu1ties were encountered
with the small platinum wires. There did not‘éppear to be any fTuctua-

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»bqth cases a 4 watt argon ion laser operating at 488 nm was used.
For the LDV measurementé, beam splitting is accomplished with a‘batk to
back prism arrangement which makes‘it possible to adjust the beam inter-
section to the desired point and thus minimize the measurement volume
size and achieve a more uniform fringe spacing. Seeding of the flow is
accomplished with a particle generator where choked air jets (0.4 mm dia.)
skim the surface of a suspension of 3 um nominal‘diameter A1203 parfic]es
in water. This particle generator is tapdb]e.df providing a relatively
constant particle seeding rate of up to 2000 particles/sec over a period
of sevefa] hours. Partic]e sizing was done using an impactor plate
separator developed at LBL. The resulting mass ratio of particles less
than 2. 4 um to those greater than 2.4 um was found to be approximately
8.0. Frequency demodulation of the Doppler signal is done by a commercial
VTSI 1090 LDV tracker. |

~ Measurements of gas dens1ty from Rayleigh scatter1ng are carried
out using F/1.2 collection optics and an F/6 0.3 m McPherson spectro-

meter. "An uncooled RCA 1P28 photomu1t1p11er tube is used as the detector



with the output read directly on an electrometer. The laser beam is
focused by a 100'mm focal ]ength lens to a 70 ﬁm waist diameter. Laser
Tight scattered at a 90° angle is then collimated by an F/1.2 collection
lens and refocused on the entrance slit of the spectrometer. The
resuliting measurement volume is a cyiinder 1.0 mm in Tength by 70 um in
diameter (Fig. 2). References (7), (8), and (9) give a mofe complete
discussion of the theory behind Rayleigh and LDV scattering. The proba-
bility density and spectruh of the tracker output are obtained using a

Federal Scientific correlator and spectrum analyzer.

EXPERIMENTAL RESULTS AND DISCUSSION

Open Jet Measurements and Discussions

It is well known that laser beam deflection and brdadenihg can
result due to gradients in the index of refraction in the f]ame(g).

_ Since 1os$ of spatial resolution can result, this effect was investigated
by imaging the measuring volume onto a screen while at the same time
traversing the flamé with the laser beam parallel t6 the flame front.

A maximum defTecfion in the beam of one beam diameter (70 um) was

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

were repeatéd with the laser beam inclined at a small angle to-the flame
front. This in effect reduced the length of,beam‘subjected to large
density gradients. Negligible imprevement in the beam deflection wés
hoted 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



out for a methane air flame at an equivalence ratio of 0.755 and a nozzle
exit velocity of 1.15 m/s. The corresponding Reynolds' number baséd on

wire diameter was 19.6. The results are shown in Figs. 5, 6, and 7 where
normalized Rayleigh scattering intensity and rms fluctuation are plotted

against distance from the jet centerline.’ The Rayleigh scattering

(7)

intensity is related to the gas density through the following equation
Ip = CI N IX.0p. | (1)
where IR is the intensity of Rayleigh écattered light, C is a calibration
constant of the optics, I0 is the incident laser light intensity, N is the
total molecular number density, Xi is the mole fraétion of the species,

and oRi is the Rayleigh cross section. ORi is related to the index of

- refraction n, by the expression:

As will be discussed later, the Rayleigh scattering intehsity is direct]&
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 flame normal to the free stream flow
direction (not norma]lto the flame front) at distances of 3 mm, 6 mm, and |
12 mm downstream of the wfre.

Fluctuations in the flame front location were readily apparent. Two
forms of instability were presént. The first was a low frequency (v 1 cps)
visibly observable random flame front movement. This is répresented by

the error bars shown in the data and represents an average uncertainty in



flame front position 6f 0.1 mm, 0.25 mm, and 1.0 mm for the three cases

respectively. This effect could be due to sevéra1'sources. Velocity

profiles were measured using the LDV systeﬁ ébové the nozzle to determine

flow uniformity in ihe absence of combustion. These are shown in Fig. 8

along wiih rms values of Ve]ocity fluctuations. Data are presented at

d{stances of 3, 6, ahd 12 mm 5bove the nozzle exit.énd it can be seen

that the velocity hrofi]es are unifOrﬁ over the entire region in which

.', Rayleigh measurements were taken. RMS velocity fluctuation values of

~ approximately 2% were'measured at the-nozzle centerline and these increased
to a maximum of 10% at a distance of 24 mm from the centerline. At 7 mm

‘ from the centerline (corresponding to the~maximum distance over which
Ray]eighAmeasurémenté were taken) the;fluctuationé have increased to

’ approximate1y a%. |

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

~ the jet with the ambient air, and fhe resulting interaction with the flame

front as it penetrates this ‘turbulent region. "WHen this turbulenf mixing

zone was‘great1y minimized in the channel experiments discussed later,

the entire flame region could be made quite steady. Appareht]y thesé

disturbances mﬁst propagate back upstream- and along the flame front. The

bresence of the two wa11s shown in Fig. 3 also reduced. the flame f]uctu-

- ations: somewhat.

vf-}ﬁ ;Ad{ffon ég ;Hé ;égdba fluctuétioﬁs'aiscuséedvabdve,>f1ame-froh£>
voéci]]ations were found to exist at well defined frequencies‘of‘88 and
135 cps. A typical oscilloscope trace of these'f1uctuations} as well as the
corresponding spectrum analysis of this signa1;:are shown in Fig. 9. RMS
values for- these osc111atfohs norma1ized\by the local sCattering intensity

" are shown in Figs. 5, 6, and 7. For both the:3 mm and 6 mm cases, a



maximum normalized rms fluctuation of approximately 0.30 was observed.

In the 12 mm case, the maximum rose sharply to 0.62, indicating increased

f]u;tuations as one moVes farther downstream.

A comparison betweéﬁ ekperimenta11y'measured and éalcu1at¢d ya]ues of
the Ray]eigh'intensity'ratio across the flame wasfmade.-vThe calculated
value, based oh.the assumption of aﬂiabafic combustion with edui]ibr%um
pfoducts, was found to be 0.153. ".The corresponding experimental value - .
“(from Eq. 1) was 0.155 1_0.01,>ihdicéting.good agreeméﬁt..,The above
“calculation was repeated assuming 100% N, at the adiabatic‘flame temper-
ature'to investigate the effect of mixture éqmposition on the Rayleigh
sjgna]. Agreement was witﬁin 3%7of the value assumiqg equilibrium
products. This indicates that the scattered intensity is approximately -
Aindependeht of ‘the dégree of reaction and inversely proportionai to the
density for the conditions of this experiment.
| For an fdea]ized one dimensional f]@me front inclined at an angle
8 to the incomihg gas'f]ow, ﬁhe burning velocity Ub i§ fe]éted fp the
incoming velocity Ui by the expression(G)

ub’= U; sin o - : C(2)

In actual flame systems the-flowAupstream of:the flame front diverges S0 _
~that Eq. (2) does not hold unless thé right Hand éidé is replaced by the com-
_ponent of'f1qw'vé10city normal to a particular flame front isother&.

Based on measurements taken.at 3 mm and 6 mm points, the flame inciinétion

angle was found to be 22.3°. For an incoming veiocity of 1.15 m/s,“Eq,'(Z)

gives a burning ve]bcity of 0.43 m/s. This cohpares with a 1am1néQ flame

speed of 0.26 w/s{1%) "for a CH,/air flame at the same conditions.



smith ‘and Gouldin ") have noted in a similar study using LDV and
'hbt wire anemometry tﬁat 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
account for the difference in flame speedsf

A comparison of flame front thickness was made with values pub]ished
in thé Titerature. The apparent flame front thickness was déterminéd
frdm the experimental -Rayleigh intensity profiles, Figs. 5 through'7.
A conventional definition for f]ame front'fhickness was used which is

given by(]z)

L = Pp =~ Ay o " ~(3)
where p. is the gas density and the subscripts 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) ;or the three cases.

- of the present ihvestigation are shown in Table I. These can be compared

(12).

with a value of 0.96 mm from the literature

TABLE I - Flame Front Thickness

Distance above Flame Front
Flame Holder, mm  Thickhess, mm

3 0.80 + .15
6 - 1.12 + .33

12 ' 1.89 + .28
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The estimated erfor limits on the calculated values of this investigation
are based on uncertainty in the flame front location due to the random
fluctuations noted earlier. It can be seen that the ‘'values at 3 mm and

6 mm from the flame holder are. comparable with the published value. As
. one moves downstream, hoWevér, the averaged flame front thickness increases
sfgnificant]y. This increase is probably due to‘fluctuétions in flame
front position. Under conditions of turbulent upstream flow Smith and
Gou]din(]T) also noted a simi1af'{ncrease in flame front thickness.

The results of LDV meaguremehts across the flame are shown in Fig. 10
‘,for‘thefve10city chponeht para]1e1 to the jet axis. At distanées of
3 and ‘6 mm above the wire é relatively well defined velocity increase of
Ib% iﬁdicates the location of the flame front while at 12 mm downsfream
the velocity profile has become quite spreéd out and it is difficult to
determine a flame front Tocation. Flame front positions determined from
'_Fig.-lofare in general agreement with those determined from the Ray]éigh
résu]ts..'The f1ame spread aﬁg]e and flame speed we}e ca]cU]ated‘baéed on
the point at which the velocity had increased by 2% from the free stream
© value.. The resulting flame speéd was 0.48 m/sec, compared with a value
of 0.43 m/s calculated from Rayleigh scattering measurements. Considering /
_difficu]ties in defining a f1ame front location for the two sets of
measurements such agreement is reasonab]e;
RMS values for Ve]ocit} fluctuations were measured and fOUnd.to be

in the same range as those shown in Fig. 8 for flow above the nozzle without
combustion. No oscillations were observed at 88 and 135 cps as was found
during the'Rayleigh measurements. However, based on f]ame_ffont fluctu-
ations indicated by the Rayleigh measurements, maximum velocity fluctu-
ations on the order of 3% would be expected due to the relatively small

changes in velocity across the £1ame. Noting that the minimum sensitivity



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

' f]Uctuations could be present but .below measureable limits.

In order to reduce the fluctuations in.the flame front the flow
- .system was changed to 5 cm square ¢hanne1:with pyrex walls, as shown in
Fig. 3, and the flame was stabilized in the wake of a 1.6 mm diameter

rod.. Stephenson(]3)

has fbund that flame movement along a wall can be
minimized by injeéting a thin layer of N2 along the wa]i to effectively
quench the flame in}the region. This was done throhgh 100 um porous
materigl, 3.2 mm thick at the base of each of the pyrex walls. The
nitrogen also helped keep the flame from-flashing back a1png the corners
df the nozzle where the velocity gradients afe-re]ative]y small.. The
flow field without,combustion'was mapped with a hot film énemometer and
found to be uniform.. Turbulénce levels wefe of the order of 1.5% and
lower. ' The velocity at the charnel entrance was 0,424 m/s and the equi-

vaience ratio of the methane/air flame was 0.77.

Rayleigh SCattering profileé were: taken of. the .undisturbed flame at

“distances qf 5, 7.5, 10, and 12.5 mm downstrcam of the flame holder. A

typica1 profile is shown in Fig. 11. The scattering of laser light from

“the pyrex windows of the channel into the detection optics was a substantial

fraction of the signal, ranging from 20% to 100% of the Rayleigh signaT

from room temperéture air. - This background sqattering was strbng]y‘

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

laser beam entered and exited the channel, and thus would vary strongly
from measurement point to measurement pofnt.‘_A correction for the back-

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

11
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the spectrometer slit to positions just above and bejow the laser beam,
~ where there is no Rayleigh scattering signal but where the background
scattering is approximéte]y the same. These intensities were averaged
(they were not equal, in general) and subtracted from the Rayleigh plus
background measuremént to obtain the Réy]éigh scattering. Even this
‘correction procedure had considerable inaccuraéy,-ahd is probably
responsible for much of the error in the data to be presented. By
comparisons, the backgrbund scattering‘wés neg]idible in the open jet
flame profile measurements descr{bed previoUs]y.‘ ,

it was also found that the Rayleigh signal in the region of the flame
front oscillaied stowly ‘and somewhat irregularly at a rate of'aboﬁt one
cycle every two minutes. Apparently the flame position was Varying by as
‘much as 1 mm, even though the flow rate remained steady. We have conjectured
~ that this wandering may be due to some thermal effect associated with:the
;hanne] wal]s. In any event the origin has not been détermined and it
was a source of considerable erfor. - | . h »

No indications of fluctuations in the Rayleigh scattering signal in
the region of the flame front (or at any positfon) were found, for
frequenbﬁes up to approximately 100 Hz. There is, of course, the shot
4noi$e genérated by the photoelectron collection in thevphotomuTtiplier.
This noise is independent'of frequéﬁcy and was _subtracted from the
measured rms f]ucfuafions. The actual sensitivity of the overa]] system
toAf]uctuatiohs in density was about 1% for frequencies up to 1000.H;.

The effect of fluctuations in -the f1ow.fie1d on the flame fronf was
investigated by allowing the Kdrman vortex street behind a cylinder to |
jnteract with the flame front. -As shdwn in Fig: 3, a 3.2 mm diamefer rod

was placed in the same axial ]ocation‘as'the flame holder, with 8 mm transverse
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(14)

sepération‘ According to Kovasznay » there is 'a unique relation
between the cylinder Reynolds number‘and the Strouhal number, St = fd/U,
whefé f is the frequency of vortex sheddings, d is the rod diameter, and
.UAis the free stream flow velocity. There is also a critical Reynolds
humber of‘40 below which there is no Kdrman vortex street. The Reynolds
number of the 3.2 mm rod was 90, éorrespbnding td a Strouhal number of .
0.16 and VOrteX shedding at 21.2 Hz.

Profiles of the mean Rayleigh scattering signal and the rms fluctu-
atibns:wére taken in the region of the flame at a series of axial positions.
.Spectra1.ana1ysis of the'f1uctﬁations indicated a peak at 22 Hz, which
cbmpérés well with the predicted value of 21.2 Hz. There was also an
'édditional peak at ]0;5 Hz with about half the amp]itude, which is as
yet unaccounted for. For the measurements to be-repbrted the rms value
‘:of.the fluctuations, over a bandpass of approximately 5 Hz to 1000 Hz,
was méasﬁred with.an rhs meter while the average values were either read
from the electrometer or from a digitai'vo1tmeter.

A typical profile 6f the mean Rayleigh signal where the flame is in
the wake of the rod is shown in Fig. 12. The two flame profiles sketched
ihdicate the apparent maximum excursions of the slow 0.5 cycle per minute
fluctuation in flame position. One shoq]d note that the accuracy of these
measuremehts is limited, due‘to the uncertain background scattering |
signal, and that the true flame denéity profile could have a somewhat
different,shape. Ih general, all the flame profi]es were similar to Fig. 12,‘
‘but with different center pésitions'and widths.

A typical profile of the rms f]uétuation in the Rayleigh signal is
~ shown in Fig. 13 for a position 6 mm downstream from the flame holder.

The fluctuations decrease to zero outside the flame zone, as expected.
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The other fluctuation profiles are fairly similar.

The corfé]ation of the center of the flame density profi]eé with
the center of the flame fluctuation profiles is shown in Eig. 14. This cor-
relation 1is quite good, and it appears that fhe two centers coincide quite
'we11.“The correiation of the width:of the flame density profiles with
ﬁthe width of the flame f1uct0ation profiles, shbwn in Fig. 15;‘is‘not SO
good. The flame width was taken as defined by Eq. 3 and the half peak
4iﬁtensity width was used for the width of the f]ame fluctuation profile.
We believe that the scatter is due to the previously discussed errors in
“the data..which are exaggerated by the differencing requiréd to obtain
rthe widths. Within the;e errors, the two widths appear comparabie.

The positidﬁ of the flame front as determined by a series of trans-
| -verse profilé'measurements at various axial locations is shown in Fig. 16.
' Tﬁe mean locatioh is taken from the center of the fluctuation profiles,
ahdﬂthe‘ﬁerror bars" indicate the half-intensity widfh of the fluctuation
| profiIes;‘ Aisq'shown’bn“tﬁé figure is the location of the flame in the
' absence of the wake generating rod. The flame mers substahtially closer
to the rod, as would be expected due to the decreased velocity in the
wakevfegion. -There may also be an increase in the flame propagation
velocity dgeAto the increased mixing in the wake vortices; ﬁowever{
_ detailed velocity measurements would be necessary to determine this effect.

- Measurements of the mean and rms ve]ocitigs in the wake of the rod

were made using a-hot film anémometer probe, in the absence of the flame.
The profiles agreed with the measurements of Koyésznay(]4), and the width
of the f]ucfuation region, based-on the 5% norma]ized rms'leve1; is shown
in Fig. 16. The maximum rms fluctuations wereAabout 12%. 1t is immediately

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



15

.'the wake. However, the rms. fluctuations 1h velocity in the wake of the
cylinders were comparable to the rms.fluctuations in Rayleigh scaftering.
through'thé flame. Further, there are fluctuations in the flame 1o§at10p
close to the flame holder where there is no disturbance of the flow by the
Waké, at least in the caée where the flame is absent.

In the presence..of the flame the streamlines- upstream of the flame are
curved outward: from the center of the channel, due to'the partial b]ockihg of.
tﬁé flow by the density decrease associated with 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

'fkont, it is reasonable that the fluctuating flame will cause a fluctuating'j

- perturbation of the flow field. This could be responsiB]e for the fluctu- .
étidns in the flame front in the region close to the flame holder where
‘the flow is not directly éffected by the wake bf tﬁe cylinder.

The width of the fluctuating flame region, indicated by the bars in
Fig. 16, is shown in Fig. 17 plotted against the transverse flame positions.

~ There appears to be neér]y linear increase in width'inlthe region near
thg flame holder, a leveling off directly above thé rod, fof]owed by a

-sharp increase to about 1.5 mm,'after which ft remained fairly constant.

A stUdj of plane oscillating flame fronts has previously been

(15)

reported by Peterson and Emmoqs , 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 a]ong'the flame front, away from the origin, while at higher

: fkequencies the oscillations are damped. Their measurements are in
reasonable agreement with a theoretical description due to Markstein(lﬁ).
.These results predict'a véry'moderate decay of the 22 Hz oséil]atioﬁs
found in the present measureménts. It is not c]eaf 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 probab]y,generated-qpstream in the stronger
'wéke regijon and the‘flame structure shou]d have an oscf]]ating shapef
However, in the regioh near the flame holder the oscillations should be
of different character, perhaps due to perturbations in the flow Velécity
 as discussed.ear1ier. The wake kégion itself has a strbngvVortex

structqre‘which will directly affect-the'f1ame propagation.

SUMMARY

An experimental apparatus and technique for studying the~éffect of
" flow fluctuations and fufbu]ehce on plane flame fronts has been deveToped.:
The diagnostic techniques. consist of Ray]eigh'scattering for time resolved ‘.
density measurements and laser Doppler velocimetry for vé}ocity measure-
. ments. | | - - o
When a plane flame front, originating at a small wire or rod, is
created in an open methane/air jet, there are appreciable f]uctuations'
in the flame front densities at all positions a16ng the flame eveh though,
in the absence of the flame front, the flow is quite steady in the centra1“;_
~core. The large scale turbulent eddies in the mixing region of the jet
'énd the ambient air cause.the flame to fluctuate considerably in this
region and it appears as thbugh these fluctuations are able to perturb
the flame front upstream in the central cdrer '
By enclosing the flow in a square channel with'pyrex glass Wa]Ts, a
stéady plane f]éme front cou]d be generated. A preliminary study of the

interactions of the flame ffont with the vortices shed from. a cylinder



was’carried out. Fluctuat]ons in the flame front were found both upstream
and downstream of the wake region of the cy11nder In the wake regions,
‘the width of the<f1uctuat1ng flame front was small" cohpared to the scale
of the vortices generated by the cylinder, although the rms va]ues of wake
’ve1oc1ty fluctuations and f1ame dens1ty f]uctuat1ons were comparab1e
'As in the open jet measurements, it appeared as though ‘the f]ame front ,
f]uctuat1ons in the wake region were able to perturb the flame. front up-
“stream 1n-the flow region which was und1sturbed by the wake (at least in
the'absenoe of a flame). | |
It appears that motion ot the flame front will perturb the entire

flow field, so that the flame posttion~and the direction and ve]ocity |
" 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 mechan1sm wh1ch is capable of exp1a1n1ng the upstream
flame fluctuations observed both in the open jet f]ow and in the channe]

flow perturbed by the wake uf 4 Ly]lude).

.‘”-



10.
11,

12.
130

14.
15.

" 16.

~REFERENCES

W1111ams, F A. Combustlon Theony, Addison-Wesley, London, 1965.

Beer, J. M. and Chigier, N. A., Combuystion Aerodynam1cs, Ha]sted
Press, New York, 1972, p. "60. :

..fASchefer R. A. and Sawyer, R. F., Sixteenth Symposium (International) |

on Combustion, The’ Combus tion Inst1tute, (to be pubTished).

Pratt, D. T., Fifteenth Symposium (Internat1ona1) on Combust1on,

1339, The Combustion Institute, 1975.

- Laufer, J., Annual Review of Fluid Meohanics, 7, 1975, pp.1307-326.

- Lewis, B. and vonAElbe G., Combustion, Flames, and E;p]os1ons in

Gases, Academ1c Press, New York, 1961.

Robben, F., "Compar1son of Density and Temperature Measurement Using
Raman Scattering and Rayleigh Scattering," presented at Work-
shop on Combustion Measurements in Jet Propu]s1on Systems,
Lafayette, Ind., May 22-23, 1975.

Chigier, N. A., | "Combustion Diagnostics by Laser Ve]oc1metry," 14th
Aerospace Sc1ences Meeting, paper. 76- 32, Jan. 1976,
Wash1ngton, D.C. .

"Rudd, M. J., J. of Physics, 2, 1969.

Andrews, G. E. and Bradley, D., Comb. Flame, 19, 275, 1972.

Smith, K. 0. and Gouldin, F. C. "Exper1menta] Investigation of Flow
Turbu]ence Effects on Prem1xed Methane-air Flames," AIAA 15th
Aerospace Sciences meeting, paper 77-183, Los Angeles, CA
Jan. 24-26, 1977.

.Fristrom, R. M. and Westenberg, A A., Flame Structure, McGraw H111

New York 1965.

Stephenson, D. A., private commun1cat1on, G. M. Corp Laborator1es,.
Warren, M1ch

Kovasznay, L. S. G., Proc. Roy. Soc.,A: 198, 174-190, 1949.

" Peterson, -R. E., Emmons, H. W., Phys. of Fluids, 4, no. 4, p. 456,

1961.

Markstein, G. H. ed., "Non-Steady Flame Propagation," Macmillan Co.

New York, 1964.



~ flame holder\./

- -—:‘> screens

stagnahon
- chamber
5| [8] [&
@ 1 ®
§ &l |5
el 18] |B
| | )',_PR‘O
filter |
CH,4 Hy
air XBL 577-956

FIGURE 1. Experimehtal.Apparatus



. Laser bedm/ f

RN
'?Omﬁf)

flame front-" Y

“ Nozzle ‘Details of Raleigh
exit . Measuring Volumn

.~ XBL577-957

FIGURE 2. Wire Stabilized Flame

- il ..



L‘z, LASER BEAM

| mily vz
. 4 4 -
~_ 1]
~
N

it

CdY o 4
| W 1 TEPYREX Winbows (4)
B Pe o
A o

YA

-t —&
CYLINDER J  “~FLAMEHOLDER

'Figure-S. Top-view ofusquare channel



Flameholder

Beiwtt Gas flow S '
splitter : —
N P S5
oV 1 1
_Iris lris - Laser bcam trap
Laser - :
LoV
dnlcctor.'

@ 0N

Cpectral T
lamp
pid
/
-
Spectrometer g to
Ph’:(qmulllplicr o
1 . ] o |
Rayleigh & Raman
detector
ot ' Figure 4

Rayleigh and LDV System



1.0
03

0.8 |
0.7
o6}

0.4

ol
0.2

O

]

w5 20 .- 25 . . 30
| Distance from centerline (mm) o

.~ XBL 577-.958

FIGURE & Variation of normalized Rayleigh scattering
intensity and RMS fluctuations with distance
from centerline. Traverse at 3 mm above wire.



I1/14

1O
0.9
0.8
07

[ l

25 3.0 35 | 4.0
Distance from centerline (mm) |

FIGURE 6, Variation of normalized Rayleigh scattering .

" intensity and RMS fluctuations with distance
" from centerline. Traverse at 6 mm above wire.

49

~ XBL 577-959



1.0
0.9
0.8 —
o7
06!
05—
04 |

_ i ; | ] s l |
Distance from centerline (mm) R

XBL 577-962

FIGURE 7, Variation of normalized Rayleigh scattering inten- ’ ’
'sity and RMS fluctuations with distance from centér-
line. Traverse at 12 mm above wire.



o o Hot wire
S i e et A

Oll
9]

Avv

v A

—20
s
e
— 14
12
2 1o

Urms /0 (%)

| -
0 2 4

FIGURE 8.

6 8 10 12 14 16 18 20 22 24

r(mm)

Velocity profiles and rms fluctuations .above
the nozzle without combustion. Mean velocity:

- 0O-z=3mm, @-2z=6m, O- 2z =12 mm;

RMS fluctuations:§7 - z'= 3 mm,/A\- z = 6 nm,

Y-z =12 mm.

|
oO.nN DO

© .XBL 577-960



Oscilloscope trace of Rayleigh
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