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1. INTRODUCTION

The profound effect of fluid mechanical turbulence on combustion,
as evidenced by large increases in effective flame speeds and volumetric
burning rates, has been the subject of theoretical and experimental
investigations for at least 100 years (see e.g. the review by Andrews et
al., 1975). From an experimentalist's viewpoint, progress has been
critically impeded by the lack of diagnostic prbbes which could provide
measurements of the statistical nature of velocity, density (temperature)
and concentration fields. From the theoretical point of view, advances
in the understanding of turbulent flows with combustion have awaited
developments in the theory of isothermal turbulent flows. Under this
AFOSR contract, we have sought both to develop Rayleigh scattering as an
optical diagnostic for density in turbulent flows with combustion, and
to investigate flame propagation in turbulent flows. The diagnostic has
now been developed with sufficient temporal and spatial resolution to
provide statistical data to complement other optical measurement tech-
niques such as Laser-Doppler Anemometry (LDA).

Additional studies in turbulent combustion using Rayleigh scattering
are being carried out in our group with support from the Basic Energy
Science Division of the Department of Energy. The results reported by
Cheng et al. (1979, 1980) and Talbot et al. (1980) indicated that Rayleigh
scattering and LDA may be successfully applied to provide information
on the interaction of combustion and tuppulence in boundary layers.

These results shall not be further discussed here. In addition to these
studies, Rayleigh scattering has been used to study the effect of cata-
lytic surfaces in a laminar heated boundary layer (Schefer et al., 1980).
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The effect of fluid mechanical turbulence on transport phenomena
is one of the central problems of fluid mechanics. Turbulence results
from the amplification and distortion of hydrodynamic instabilities.

Due to the non-linear nature of hydrodynamic interactions, disturbance
energy is distributed over a large spectrum of length scales. In high
Reynolds number flows turbulent kinetic energy is generated at the
largest length scales and dissipated at the smallest, Kolmogorov, scales
allowed by viscosity. For large enough Reynolds number these two
processes are essentially independent.

Damkohler (1940) was the first to study the effect of turbulence
and its associated length scales on flame propagation. He defined two
regimes for this combustion problem. The first regime, corresponding
to the flame structure commonly called the wrinkled laminar flame,
occurs when the turbulence length scales are greater than the laminar
flame thickness. In this regime, found at relatively low Reynolds
numbers, the increase in effective flame propagation speed is simply
attributed to the wrinkling of the flame surface and augmentation of
the surface area of the reaction zone. The second regime of turbulent
flame propagation occurs for Reynolds numbers in which turbulence length
scales are smaller than the reaction zone thickness. Under these con-
ditions, transport within the reaction zone is directly affected by tur-
bulent processes. Spalding (1957), for example, assumed that the
effect of turbulence may be modelled by replacing molecular diffusi-
vities with turbulent eddy diffusivities. Numerous phenomenological
models have been reported based upon the ideas of Damkohler (1940). An
extensive review is given by Andrews et al. (1975). The early models,

which have had 1imited success in correlating available data, are similar




to early turbulence models with their appeal to mixing length and other
ad-hoc arguments. More systematic models will be discussed below.

A severe limitation in testing the validity of combustion models
has been the lack of accurate data on turbulent burning speeds. Smith
and Gouldin (1977) have shown that such measurements may be greatly in
error unless the propagation speed is measured locally at the flame i
front. Despite such problems, comparisons between models and existing
data (Andrews et al., 1975) have helped researchers focus on a number
of key questions. These include questions concerning 1) the criteria
for the existence of a wrinkled laminar flame, 2) effect of length
scale distribution on turbulent flame speed, 3) effect of combustion
on turbulent kinetic energy, and 4) proper correlation parameters for
turbulent flame speeds.

Recent models of turbulent flame propagation have sought to more
systematically calculate the effect of turbulence on combustion using
the conservation equations (Clavin and Williams, 1979; Bray and Libby,
1976; Libby and Bray, 1977). Clavin and Williams (1979) developed a
statistical theory for the structure and propagation velocity in turbu-
lent flows with length scales large compared with the laminar flame d
thickness. The analysis involves a regular perturbation for small value

" of the ratios of the laminar flame thickness to the turbulent length
scale. This approach is superior to that of previous phenomenological
models in that it is not necessary to introduce arbitrary assumptions
concerning the flame shape. The turbulent burning rate appears as a
solution to an eigenvalue problem for a given fluctuating flow field. The

model 1s limited in that the density change associated with heat release

1s neglected. However, the qualitative features resulting from the




method of formulation are still of interest. The model predicts that
the burning speed will be a function of the laminar flame speed and
turbulence intensity; however, no dependence on length scale is indi-
cated. (We note this contradicts the correlation of Andrews et al.,
1975). Since the velocity flow field is assumed to be given, no
information on the effect of combustion on turbulent kinetic energy
may be obtained.

Bray and Libby (1976) in a study of turbulence-combustion inter-
actions in premixed flows calculated the effect of heat release on
turbulent flame speed and kinetic energy. The statistical model
employs density weighted averaging to take into account variations in
density due to heat release. A probability density function dependent
on a single reaction progress parameter and location is used to compute
statistical moments related to concentration fluctuations. The model
predicts that turbulent kinetic energy will be reduced by dilatation
effects for flames nearly normal to the upstream flow direction. At
higher angles, turbulent kinetic energy is predicted bo be increased
due to shear. In addition the thickness of the turbulent flame is
predicted to be proportional to the integral scale of the upstream
turbulence. The flame speed,as in Clavin and Williams (1979), is found
to be independent of the upstream length scale. In a subsequent paper,
Libby and Bray (1977) predict that the effects of variations in density
are important in the modelling of turbulent transport terms such as the
Reynolds stress.

In our studies of turbulent flame propagation, we have used
Rayleigh scattering and LDA in the turbulent regime for combustion

corresponding to the wrinkled laminar flame. Two flow configurations
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have been investigated 1) flame propagation in grid-induced turbulence
and 2) the interaction of a Kdrmén vortex street with a plane flame
front.

In the first study, a V-shaped C2H4/air flame was stabilized on a
rod downstream of a grid used to generate turbulence. This configura-
tion is convenient for the study of turbulent flame propagation since
the characteristics of the isothermal flow field have been studied by
numerous investigators. Both Rayleigh scattering and LDA measurements
have been obtained upstream and through the flame front. A time series
analysis of the velocity and density data was performed in which
statistical moments, power spectra, and autocorrelation and probability
density functions were calculated. For flame fronts at relatively
large angles to the flow, the effect of heat release and flow dilatation
is to decrease turbulent kinetic energy as suggested by Libby and Bray
(1977). At smaller flame angles, however, no increase in turbulent
kinetic energy was detected. This is in contradiction to Libby and Bray
(1977) and would seem to indicate that their assumption of undeflected
streamlines is a poor approximation for unconfined flames. In addition,
for oblique flames, the measured increases in turbulent kinetic energy
due to the wake of the flame holder suggests that previous results such
as that of Smith and Gouldin (1977) are more representative of the inter-
action of a flame front with wake-generated turbulence. The effect of
increased viscosity due to heat release is to increase length scales
behind the flame front. Our statistical analysis of density fluctuations
indicates that models using a probability density approach are appro-

priate. Detailed results are discussed in section 3.




The second problem, the interaction of a vortex street with a
flame front, represents an idealization of the turbulence-combustion
interaction process. In this study, the grid is replaced by a single
cylinder which sheds vortices at a fixed frequency. Thus we are able
to isolate the effects of the passage of a single, two-dimensional eddy
through the reaction zone. This is in contrast to the interaction with
grid-induced turbulence in which a three-dimensional spectrum of eddies
are present. Using a hot-wire upstream of the flame, we are able to
monitor the shedding of eddies. This allows us to use phase-locked
averaging techniques with Rayleigh scattering and LDA measurements to
provide an instantaneous picture of the velocity flow field. In effect
we are able to measure the geometry of the wrinkled laminar flame. The
effect of heat release on vortices as they pass through the reaction
zone may also been determined.

These results have been compared qualitatively with a potential
flow solution in which the flame front is modelled as a line source of
specific volume (see Karasalo et al., 1980, Appendix A). Our data
indicate that the main characteristics of the kinematics of the flow
field are well accounted for by such a model. The data suggest, how-
ever, that modifying the solution to include the random vortex method
(Chorin, 1973) may provide a more realistic description of the effects

of heat release on eddies as they pass through and behind the reaction
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2. EXPERIMENTAL TECHNIQUE

Rayleigh Scattering

Rayleigh scattering in gases results from the inhomogeneous nature
of the medium produced by fluctuations in the dielectric constant. The
Rayleigh scattering intensity is related to the gas density by

Ip=CI NZX op (1)

i

where IR is the intensity of Rayleigh scattered light, C a calibration
constant of the optics, Io the incident laser light intensity, N the
total molecular number density, X,i the mole fraction of chemical species

and oR{ the Rayleigh cross-section for the ith

species. The above
expression (1) indicates IR to depend on the degree of reaction
through species-dependent terms. A study of this effect for typical
combustion cases (Namer et al., 1980) has shown that Rayleigh scattering
can be corrected to provide accurate density measurements (This study
is cited as Appendix B). Rayleigh scattering, first used as a diag-
nostic for density in laminar flows (Robben et al., 1977), has now been
extended by the present results for use in studies of turbulent flame
propagation. These results will be discussed in section 3.

The optical system for Rayleigh scattering is shown in Figure 2.1.
A Spectra Physics 4-watt Argon ion laser is used as the light source for
both the Rayleigh scattering and LDA measurements. The laser beam is
focussed to 40 micron waist diameter by two lenses and the scattering is

collected at 90° from the beam direction by an /1.2, 55 mm focal length

camera lens. The beam passes through a 50 micron slit, is collimated,




and then filtered by a 1.0 nm band-pass filter centered at 488 nm. The
beam is then refocussed to the surface of a RCA 931A type photomultiplier.
The photomultiplier output is amplified by an electrometer with a band-

pass of approximately 1.8 KHz.

Laser Doppler Anemometry

The LDA system shown in Figure 2.2 is the now commonly employed
intersecting dual-beam type with real fringes (Durst et al., 1976).
An equal path length beam splitter with fixed separation of 5 cm is
used, and the two laser beams are focussed by a 250 mm focal length
lens to form the scattering volume. Seed particles are generated by a
cyclone-seeder using nominally 0.3 micron A]ZO3 particles. Scattering
bursts from the particles are collected at 45° from the forward scatter-
ing direction by a lens, filter and photomultiplier assembly and the

Doppler frequency is obtained using a TSI 1090 frequency tracker.

Computerized Data Acquisition

To facilitate the use of the above optical systems a computerized
data acquisition system based upon a Digital Equipment Corporation (DEC)
POP 11/10 has been developed, Figure 2.3. The computer system is
operated under DEC RT-11 using an RKO5 disk with 1.25 million (16 bit)
words and two IBM 724 magnetic tape drives. The operating system is
accessed by a Tektronix 4025 terminal with graphics display capable of
plotting processes data and a high speed line printer is used for per-
manent page plots and data output listing.

The experimental apparatus is mounted on a three-axis traverse




operated by separate stepping motors which are computer-controlled and
thus the flow field positions for Rayleigh scattering and LDA measure-
ments can be scanned automatically.

Measurements are obtained using an 8-channel, 12 bit A/D converter.
Samples may be acquired at a constant sampling rate through clock
control or individual samples may be initiated by a separate interrupt
input by the user. In the latter mode, the time between samples is
continuously monitored by the clock. Raw data may be stored in disk
memory files or on a 7-track magnetic tape for post-processing with
either the PDP 11/10 or the Lawrence Berkeley Laboratory 7600. Details

of the data reduction techniques will be discussed below.
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3. FLAME PROPAGATION IN GRID-INDUCED TURBULENCE

Experimental Apparatus

In Figure 3.1 a schematic is shown of the experimental apparatus.
A coaxial Jet is used in which the premixed gases of ethylene and air
flow through the central jet. The diameter of the nozzle at the exit
of the inner jet is 5.1 em. An outer coaxial jet with a diameter of
10.2 cm was used to shield the inner flow from mixing with the stagnant
surroundings. The flow velocity of the inner and outer jets were
matched using the output of a calibrated DISA hot-wire 55P11 and 55D01
anemometer system. The flow rates were also monitored using standard
rotameters.

A bi-plane, circular grid was placed 5 cm upstream of the exit of
the coaxial jet to generate turbulence. For all conditions described
below, the mesh size of the grid, M, was 0.5 cm and the grid elements
were 0.1 cm in diameter. A V-shaped flame was stabilized on a 0.1 cm
diameter rod positioned at the exit of the nozzle as shown in Figure 3.1.
Note that the x coordinate is parallel to the jet axis and the y-
coordinate normal to the jet axis. The coordinate of the flame holder
is {in cm) (5,0). In a typical measurement sequence, the experimental
apparatus was fixed at a given x location and traversed by computer

control in the y-direction to provide profiles of velocity and of Raleigh

scattering.

Experimental Conditions

Turbulent flame propagation was studied for three flow velocities,

U = 245, 501 and 684 cm/sec with fuel/air equivalence ratios, ¢, ranging




N

from 0.55 to 0.75. For the three velocities the equivalence ratios

were adjusted to provide a flame half angle, o, of approximately 25°

as measured from the flow centerline. The equivalence ratios for these
three cases were respectively 0.55, 0.7 and 0.75. At the highest flow
velocity (684 cm/sec), additional measurements were obtained at equi-
valence ratios of 0.6 and 0.7, which gave flame half angles of approxi-
mately 10° and 16° respectively. Table 3.1 summarizes these conditions
along with the associated mesh Reynolds number ReM = %ﬂ . In Figure 3.2,
a photograph of the flames corresponding to the conditions U = 684 cm/sec,

¢ =0.6, 0.7, 0.75 is shown.

Data Reduction Techniques

A time series analysis of the Rayleigh scattering and LDA data wes
performed in which statistical moments, power spectra, and probability
density and autocorrelation functions were calculated. Standard
algorithms were used as discussed by Bendat and Piersol (1971). The
time series for the Rayleigh scattering and LDA measurement were obtained
by recording on disk memory 5000 samples of the analog signals at a
T constant rate of 4000 samples/second for the conditions corresponding
to U = 684 cm/sec. At the Tower velocities samples were acquired at a
rate of 2000 samples/sec rate. The output of the photomultiplier for

Rayleigh scattering was amplified by an electrometer with a corner fre-

quency of 1.8 KHz. The LDA signal obtained from the TSI 1090 frequency
tracker was filtered with an RC filter, with corner frequencies of 2 KHz
or 1 KHz depending on whether the sampling rate was 4000 or 2000

samples/sec.
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In order to consider the output of the frequency tracker as a
continuous signal, it was necessary to have sufficient particles in the
flow to provide the tracker with a large number of realizations/second
as compared with the highest frequency fluctuation in the flow. With an
exit nozzle velocity of 245 cm/sec, the number of realizations per second
was typically greater than 5000, At the higher velocities, the number
was greater than 20000. At such high data rates, it can be assumed that
tracker output is essentially analogous to that of a hot wire signal.
Inspection of calculated power spectra confirms this point.

To determine the turbulence fluctuation intensities of Rayleigh
scattering and velocity measurements, electronic noise associated with
the photomultiplier and frequency tracker must be removed. In the case
of Rayleigh scattering, the variance of the noise of the photomultiplier
is proportional to the mean current (Robben, 1975). Therefore at the
beginning of each profile, photomultiplier fluctuations in the free
stream outside the flame were recorded. Since no density fluctuations
exists at this location, the signal variance is due primarily to photo-
multiplier noise. Then at other locations this variance, adjusted for
change in the mean current level of the photomultiplier, is subtracted
from the total signal variance. In addition to this error, the mean
signal level related to Rayleigh scattering may be contaminated with
unrelated background 1light picked up by the collection optics. This
background intensity was measured by moving the collection optics
+ 0.38 mm in order to allow the slit to block light scattered directly
from the laser beam. The electrometer output measured in this manner
was subtracted from the total mean signal. The resultant output is then

proportional to the Rayleigh scattering.
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The noise associated with the LDA frequency tracker arises from
several sources: photomultiplier noise, tracker broadening, and general
instrumentation noise. The noise variance was determined by measuring
the velocity variance in a laminar jet, i.e. a flow in which the turbu-
lence intensity was approximately 0.5%. The noise level measured in
this manner corresponded to a velocity variance of 14.6 (cm/sec)z. This
level, which was subtracted from the total variance, is typically less
than 10% of the total variance measured under turbulence conditions in
which U = 684 cm/sec or 501 cm/sec. At the lower velocity, U = 245 cm/sec,
this level is approximately 15% of the variance. Comparison of results
for grid-turbulence without combustion (see the following section) and
previously reported results indicate that this technique of noise removal

is adequate.

Grid-Generated Turbulence

One of the classical problems in fluid mechanics is that
of grid-generated turbulence. The problem is attractive since many of
the general features of turbulence are exhibited, while the flow
description is simplified in that the turbulence may be approximated as
isotropic. As a consequence of isotropy the equation for turbulent
kinetic energy may be written:

oz o 2
et = -0 @ (1)

where v is the kinematic viscosity and ;TZ the averaged square of the

fluctuating component of velocity.
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Batchelor and Townsend (1948) showed experimentally that UQIETZ is
proportional to x/M. This result is independent of U for similar grids
apart from small random changes in the virtual origin of turbulence
occurring for different mesh Reynolds number ReM = UM/v.
The Taylor microscale, A, an approximate length scale for dissipation

is defined by the equation:

"z o2
(%;:—)JF. (2)

Two consequences of equation (1) and the linearity of Ue/aTz-with x/M

result, namely

=z
and ReA = &5%7—3-= const (independent of x for a given RM).

These results have been tested by Batchelor and Townsend over the range,
600 < ReM < 4.4x104 and 25 < x/M < 150. In Figure 3.3, UQ/;T? is plotted
versus x/M for the three inlet velocities of this study. At a given

location x/M, UQ/;TZ

is calculated from the data of 20 points spaced at

1 mm intervals across the center of the grid. As predicted for isotropic
turbulence, the slopes are approximately constant. As with the data of
Batchelor and Townsend (1948), no systematic shift in the origin of tur-
bulence is apparent with changing flow velocity. Hence the result
appears to be quite insensitive to slight changes in inlet conditions.

The slope of the curve in Figure 3.3 is 92. The data of Batchelor

and Townsend (1948) give an average slope of 134, The ratio on the mesh

e .
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size M to mesh element diameter, d. for their experiment is 5.3 as
contrasted with 5.0 for the present study. As noted by Batchelor and
Townsend (1948) consiaderable scatter exists in the literature. Von Kgrmdn
(1938) for M/d = 4.76 found the slope to be 99. Thus considering the
close proximity of our measurements to the grid, our results seem quite
reasonable.

Taylor's hypotheses may be used to calculate A from equation (2)

(see e.g. Bennett and Corrsin (1978)), i.e.

Ez— NS (4)
2 T2 et
Over the relatively narrow range in ReM and x/M, X is found to be appro-
ximately 0.2 cm. The statistical variation in A does not allow equation
(1) to be tested under ambient conditions. However, as will be discussed
below, the large increase in kinematic viscosity behind the flame front
cause relatively large increases in length scale that appear to be
governed by equation (1).

Andrews et al. (1975) have correlated turbulent flame speeds with

u'r

3 For

Reynolds numbers based upon the Taylor microscale, i.e. ReA =
ReA < 100, they suggested a wrinkled laminar flame model was appropriate.

Our data covers the range 10 < Rex < 30.

Results and Observations of Flame Propagation Studies

Rayleigh scattering measurements for the conditions of Table 3.1
provide data for mean density profiles, flame location, and density

fluctuation intensities. A typical profile of the Rayleigh scattering
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level and fluctuation intensity level are shown in Figure 3.4, These
results correspond to the flow condition, U = 684 cm/sec, ¢ = 0.75, and
x = 8.0 cm. The relative level of Rayleigh scattering has been inter-
preted as the ratio of the local gas density to the gas density in the
free stream. Corrections due to changes in species are neglected.
(Namer et al. (1980) have calculated the corrections to be approximately
5%.)

The rms fluctuations shown in Figure 3.4 are primarily due to result
of random movement of the flame sheet across the probe volume. The
maximum turbulence intensity of 33% is typical for all results. The
effect of turbulence fluctuations in the density profile is seen most
markedly in the increase in mean flame thickness. While the laminar
flame thickness is less than 1 mm for these conditions, the flame width
here is approximately 4 mm. The flame width was seen to increase with
distance x, varying from 3-5 mm. The increase in thickness would appear
to result from the extension of the flame front into the field of grid-
generated turbulence, see Figure 3.2.

The probability density function (p.d.f.) plotted in Figure 3.5 was
calculated from the Rayleigh data for the conditions of maximum turbulent
intensity in Figure 3.4. The distribution is highly bimodal. The
highest probability densities are for cold reactants and for completely
burned products. Since the chemical reaction rates are quite high, the
probability of an intermediate state is low. In the p.d.f. this inter-
mediate state is probably overestimated since the response time of the
Rayleigh signal is limited by the band-pass of the electrometer. This
p.d.f. along with others, however, indicate the p.d.f. model of Libby
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and Bray (1977), in which the intermediate state is neglected, may be
reasonable for the conditions of our study.

The evolution of the mean velocity, U, for various flow conditions
is shown in Figures 3.6-3.9. In Figures 3.6-3.8, the flame angle has
been held constant.

In Figure 3.6, the velocity profiles are presented for an equiva-
lence ratio of ¢ = 0.55 and an upstream velocity U = 245 cm/sec. For a
given x, the location of the flame front may be inferred from the
increase in velocity due to heat release of the flame. Since the flame
angle is 25°, one would expect considerable flow acceleration in the
x-direction. Rayleigh scattering indicates that the peak fluctuation
intensity occurs slightly beyond the point of initial increase in velo-
city. For example, at x = 8.0 the density begins to decrease at y/d = 15.
The reaction zone thickness is 4 mm. The peak in density fluctuation
occurs at y/d = 12. We note that the most rapid acceleration of the flow
occurs in this region. The rate of acceleration of the flow decreases
beyond the reaction zone.

The continued acceleration of the flow past y/d = 7 results from
the streamwise acceleration of the flow behind the flame as cross-stream
momentum s converted to streamwise momentum (see section 4). A similar
interpretation holds for the other profiles. At y/d =0, x = 7.0 cm,
there is a slight decrease in velocity due to the wake of the flame
holder. The Reynolds number of the flame holder based upon the viscosity
of the hot products behind the flame is approximately 13.

Similar qualitative trends are exhibited in Figures 3.7 and 3.8; however,

the effect of the wake is more pronounced due to the increased drag of

- R - m— .
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the cylinder. The flame holder Reynolds number for these two cases is
respectively 20 and 30.

Inspection of Figure 3.8 indicates the existence of two competing
processes in determining the flow pattern: 1) acceleration effects due
to heat release and flow convergence, and 2) the decelerating effect
due to the drag of the flame holder. At the relatively wide flame angle,
corresponding to Figures 3.6-3.8, the effect of heat release and flow
convergence is dominant. However, for flames at smaller angles to the
upstream flow, it would be expected that there would be less accele-
ration of the flow in the x-direction. In addition, for a given x-
location downstream of the flame holder, the mass flux convected through
the flame is considerably less for smaller flame angles. Hence conver-
gence effects are also decreased. Interaction with the wake may dominate
in this case.

In Figure 3.9, mean profiles of the u velocity component are
presented for the condition corresponding to a flame angle of 10° i.e.

U = 684 cm/sec and ¢ = 0.6. As expected the effect of the wake of the
flame holder is dominant for this condition. No acceleration of the

flow due to heat release is visible except at the farthest downstream
locations. Rayleigh scattering indicates that for x = 8.0 cm, the mean
flame position, as indicated by the peak in the fluctuating intensity,

is at y/d = 5.0. Bray and Libby (1976) in modelling highly oblique
flames have assumed that the streamlines remain undeflected through the
flame front. This imposes the kinematic condition that the velocity
normal to the flame, Un’ is related to the velocity parallel to the flame

front by the relation Up = Un/tan a, where a is the previously defined

18




flame angle. The imposition of this condition causes the model to
predict a significant Reynolds stress in the flame and an increase in
turbulent kinetic energy due to the interaction of this stress with the
velocity gradient. The results presented in Figure 3.8 indicate these
condition to be invalid for our study since no increase in the u compo-
nent occurs, although for the flame angle the u component is nearly
parallel to the flame. We shall return to this point later in our dis-
cussion of turbulent kinetic energy.

The qualitative features of the flow fields described above are
further emphasized by the profiles of turbulence intensity. In Figure
3.10, for example, at x = 8.5 we see that for y/d > 15, the turbulence
level is that due to grid-induced turbulence. At the flame front
y/d = 13, there is a large increase in fluctuation intensity due to the
movement of the flame front across the probe volume. As in the case of
Rayleigh scattering, this may be seen in terms of the velocity p.d.f.
The p.d.f. of velocity is shown in Figure 3.11. As with the density
p.d.f. a bimodal distribution occurs, indicating the fluctuation of the

flame front. The location of the peaks in velocity fluctuation intensity

are found to correlate well with the location of peak density fluctuation.

Behind the flame front the turbulence intensity decreases to approximately
half of the level upstream of the flame. Thus a substantial decrease in
turbulent kinetic energy occurs. This is consistent with the model of
Bray and Libby (1976) which suggests that dilatation effects will be
dominant in flows propagating at relatively large angles to the upstream
flow direction.

In Figure 3.12, profiles of turbulent velocity intensities are

19
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presented for the conditions of an oblique flame, at an angle of 10° to
the jet axis. Note again that Rayleigh scattering indicates that mean
flame positions for x = 8.0 and 11.0 cm are respectively y/d = 5 and 11.
These profiles differ dramatically from those of Figure 3.10. No large
increase in intensity at the flame front is expected since no large
increase in velocity in the x-direction is induced by the flame (Figure
3.9). The increase in turbulence intensity, at y/d = 3 is similar to
that which is found in the wake of a cylinder in isothermal flow. Recall
that the flame holder Reynolds number for this case is approximately 30,
based upon the viscosity of the hot products.

In order to determine the source of the velocity fluctuations, the
power spectrum was calculated from the velocity time series at x = 11,
y/d = 5. The results, shown in Figure 3.13, show a peak at approximately
500 Hz. The Strouhal number corresponding to this frequency is 0.07.
Roshko (1953) in a study of vortex shedding found that the Strouhal
number to be 0.12 for a circular cylinder of Reynolds number 40. In this
Reynolds number range, the Strouhal number decreases with decreasing
Reynolds number. It seems reasonable to attribute the peak intensities
shown in Figure 3.11 to vortex shedding from the flame holder since the
frequency range is reasonable and the Tocation of the intensity peaks
are uncorrelated with flame position.

The decrease of turbulent velocity intensity at y/d = 10, x = 11.0
further confirms our observation that the undeflected streamline
assumption of Bray and Libby (1976) is inappropriate. Since a decrease
in turbulent kinetic energy across the flame front is related to flow
dilatation effects, it is reasonable to expect that the streamlines are

deflected.
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Grid-generated turbulence results in a three-dimensional spectrum
of length scales. In Figure 3.14 the power spectra upstream of the flame
front is presented for the conditions corresponding to U = 684 cm/sec
and ¢ = .75. The spectral shape is quite similar to that reported in
many studies of grid-generated turbulence. The autocorrelation function,
the Fourier transform of the spectral density function, is shown in
Figure 3.15. The integral length scale, the scale at which turbulent
energy is produced, may be defined as:

oo

f u(t)u(t+r)dr .
0

L =

=

=4

For the autocorrelation of Figure 3.14 L = 6 mm. This is reasonable
since the mesh spacing, M = 5 mm. At the flame front, autocorrelation
functions suggest that there is a large increase in length scale. These
results are difficult to interpret due to the movement of the flame.
Behind the flame front, where tracker noise is a higher percentage of
the total variance, digital filtering of the time series will be required
to calculate the integral scale. We are currently completing a more
detailed study of these effects.

In normal grid-generated turbulence, Batchelor and Townsend (1948)

have shown theoretically and experimentally that

22

= l%! (x-xo)
where Xo js the virtual origin of turbulence. The scale is thus predicted
to increase as the turbulent kinetic energy decays with distance x.

Behind the flame this increase in scale is substantially enhanced by the
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increased viscosity. In Figure 3.16, our results are presented at the
location well behind the flame front, y/d = 5. The value of U is taken
as the average velocity between locations 7 < a-< 18. Along with the
data, a curve of slope l%X-M is shown. The good agreement with the data
indicates that the turbulence behind the flame decays in a manner
similar to isotropic turbulence. An analysis of the microscale near the

flame front, as in the case of integral scales, will require more

sophisticated analysis due to the movement of the flame front.

Summary

Our study of flame propagation in grid-induced turbulence has indi-
cated that for flame fronts at relatively large angles to the upstream
flow, the effect of heat release and flow dilatation is to decrease the
turbulent kinetic energy. At smaller angles, the streamlines are
deflected in such a manner that dilatation effects are still dominant.
These data indicate that the deflection of streamlines of the flame front
must be taken into account in order to properly model the turbulent
kinetic energy of flames. The effect of drag on the flame holder has
also been shown to have a major effect on the flow field behind the flame,
particularly at small flame angles. This suggests that results for such
conditions are not typical of the interaction of a flame front with grid-
induced turbulence. Preliminary results for length scales indicate
there may be large increases in integral scales at the flame front. Well
behind the flame front the evolution of the integral scales suggests a

return to flow dynamics found in grid-induced turbulence.
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TABLE 3.1
U Re Equivalence Flame Half Angle
M Ratio
¢ a
684 2280 .75 25
684 2280 .70 16
684 2280 .6 10
501 1670 .7 25
245 817 .55 25
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4. INTERACTION OF A FLAME AND A KARMAN VORTEX STREET

Introduction

One of the major shortcomings of models of turbulent flame propa-
gation using the wrinkled laminar flame model is the need to make
assumptions about the geometry of the wrinkling. The importance of this
problem has been noted by Karlovitz (1954), Scurlock and Grover ({1953),
Peterson and Emmons (1961), and Ciavin and Williams (1979). However,
details of the wrinkling process are still not sufficiently understood
for accurate numerical models of flame propagation under these circum-
stances to be developed. In order to advance our understanding of the
interaction of turbulent eddies with flame fronts, we have studied the
interaction of an otherwise laminar flame with a two-dimensional Kdrmén
vortex street using Rayleigh scattering and LDA. Although this is an
idealization of a turbulent flow, many of the important features of
turbulent flame propagation are exhibited. Furthermore, the regularity
of the vortex street enables us to use phase-locked signal averaging to
produce the details of the complete two-dimensional flow field as a
function of time. These experiments can supply a critical portion of
the data base from which numerical :odels of turbulent flame propagation :
may be formulated and tested. Previous measurements (Namer et al., 1977)
under Air Force Contract F44628-76-3-0083 demonstrated that Rayleigh
scattering along with LDA measurements were capable of yielding data of
the necessary quality to construct detailed two-dimensional flow fields
as a function of time. In order to ascertain that the velocity field
was the desired one, LDA measurements have been performed first and the

results are reported here. Rayleigh scattering density field measurements
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will be completed shortly and will not be discussed further at this time.

The Kdrmdn Vortex Street

The wake behind a cylinder for Reynolds numbers between 40 and 5000
exhibits a fairly regular pattern of alternately rotating vortices known
as a Kdrmdn vortex street. This phenomenon has been studied extensively
by many investigators. A stability analysis of an ideal Kdrmdn vortex
street, consisting of two staggered infinite parallel rows of vortices
whose strengths are equal but opposite in sense (see Figure 4.1), has
shown that the only arrangement which exhibits neutral stability is one
in which h/2 = 0.281 (e.g. Lamb, 1945). Fage and Johansen (1927) and
Rosenhead and Schwabe (1930) measured the variation of the vortex
shedding frequency with Reynolds number. Roshko (1953) and Roshko (1954)
provide a substantial amount of data on the dependence of the S%trouhal
number on the Reynolds number. Furthermore, as in Kovasznay (1949),
Roshko (1953) found that a stable, regular vortex street is obtainnd
only for Reynolds numbers between 40 and about 150. Various authors
quote different values of the upper limit. This may be due to the fact,
not generally realized, that for Reynolds numbers near the Tower limit
the vortex street is not shed from the cylinder but develops from a
laminar wake instability (see Kovasznay, 1949). When the Reynolds number
increases to some critical value the vortices begin to be shed directly
from the cylinder. Tritton (1959) and Marris (1964) suggest that this
critical value of Reynolds number is about 90. During this study this
transition was observed at varios Reynolds numbers down to 75. The data
of Roshko (1953) suggests that he may have observed this phenomenon at a
Reynolds number of 150, although not remarking on it.
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Operating Conditions and Experimental Apparatus

Considerations of the above criteria and the laminar flame propa-
gation speed, stability, and the physical dimensions of the experimental
facility defined the constraints and the range of operating conditions.
For instance, two cylinders were used to generate the vortex street at
different frequencies. Their diameters were necessarily small (2.0 and
3.0 mm) in order to maintain large length-diameter ratios needed to
obtain an essentially two-dimensional flow field and yet large enough to
accommodate the reference hot wire. The Reynolds number requirements
for stable vortex shedding established the "free stream" velocity, U_,
at 55 cm/sec. Thus the Reynolds numbers were 73 and 110 for the 2.0 and
3.0 mm rods respectively. In order to get stable flame propagation and
avoid flashback or blowoff an equivalence ratio of 0.52 was chosen for
the premixed C2H4-air flames studied. Furthermore, the cylinder had to
be placed far upstream of the flame in order to prevent the flame from
attaching itself to the vortex generating cylinder. This precaution was
quite important since the reference hot wire necessary for phase-locked
measurements would be destroyed by the flame if flashback occurred.

The coordinate system and the locations, in mm, of the flame holder and
vortex generating cylinder are shown in Figure 4.2.

Due to the operating conditions described, conventional hot wire
probes could not be used because conventional probe holders, being
comparable in size to the vortex generating cylinder, would perturb the
flame in a similar manner. A novel hot wire probe was designed and
constructed which incorporates the cylinder as both a vortex street

generator and hot wire probe holder. A schematic of the construction is
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shown in Figure 4.3 and a top view of the test section is shown in
Figure 4.4. The vortex generating cylinders used were pyrex tubes. The
wire sensor, 0.02 mm diameter gold plated tungsten, was spot welded to
the tips of 0.5 mm diameter platinum wire supports 10 mm apart. The
sensor position is fixed at 10 mm above the cylinder and offset to the
side by about one cylinder radius. In this position the signal from the
sensor was a maximum.

The hot-wire, described zbove, supplied the reference signal for the
phase-locked averaging. The reference signal was sampled simultaneously
along with the LDA tracker output voltage at a 1 KHz rate on two channels
of the A/D converter and the data was stored in a file (see chapter 2).
4070 samples were taken at each location of a two-dimensional x-y grid.
For comparison, measurements of the wake with no combustion were made

utilizing 2022 samples per channel per location.

Ensemble Averaging Technique

The feature which makes this study attractive is the regularity and
the repetitive nature of the K&rm@n vortex street in the wake of a
cylinder. Phase-locked or ensemble averaging is possible and highly
resolved velocity and density fields can be found as a function of time
or phase. The ensemble average is obtained by averaging measurements at
the same location and phase. Thus, for example, the velocity measurements
are reduced from u(x,y,t) to U(x,y,¢) and the density measurements can
be reduced from p(x,y,t) to p(x,y,o), where ¢ here is the phase angle of
the flow field.

The basis for ensemble averaging is the reference hot wire signal

which can be used to establish the phase of the flow field. The method
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whereby this was carried out for this experiments is described in the
following. Consider a furction, g(t), which may represent an oscillating
velocity or density as a function of time at a given location, and which
is sampled at discrete times to generate a set of measurements g(ti).
Further consider a reference function R(t), where R(t) is periodic with
mean R(t) = 0. There will be N roots or zero crossings tr, n=1, ... N,
which satisfy R(t;) = 0 with %%(t;) > 0. Therefore, there are N-1
complete cycles whose periods are defined by Tn = (t;+1 - t;). The
phase associated with a measurement g(ti) 1s defined by ¢, = &i-t;)/Tn,
where t° < t; <tpyyand 0 < ¢; < 1.0, Thus g(ti) can be replaced by
gn(¢1). The ensemble average is thus calculated for 20 equally spaced

values of the phase angle ¢J, J = 1,20, from
~ N-1

with ¢j-0.025 <¢; < ¢J+0.025. The number of samples averaged at each
phase angle may be estimated by dividing the total number of samples by
20.

In order to insure that there were no significant irregularities
in the vortex street, data is only considered when the cycle period, Tn’
is within 10% of the average period, TAU. In general the amount of data

‘ rejected by this criteria was small.
3(03) can be smoothed further by a truncated Fourier series (e.q.

Kovasznay, 1949) by defining

2
9(e) = } {A, cos(21rm<l>)+Bm sin(2mmo)}
m=0
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where A, =2 j§1 Q(QJ)cos(an¢j)6¢J
20 . )
B, = 2 JZ] g((bJ)sln(Zwm4>J)6<DJ
and 6¢J = 0.05

With such an averaging technique at every point on a two-dimensional x-y
grid such quantities as u(x,y,®) and p(x,y,») may be found. A convenient
way to present these are by plotting lines of constant u or p for various
values of ¢, thus reproducing a series of detailed "snapshots" of the

entire flow field.

Results and Discussion

The streamwise velocity component, u, was measured at points on a
two-dimensional x-y grid using LDA for three cases: a) in the wake of a
2.0 mm cylinder, b) through a flame in the wake of a 2.0 mm cylinder,
and c¢) through a flame in the wake of a 3.0 mm cylinder. Presented
here are the mean and standard deviation {rms) of N along with contour
plots of the smoothed ensemble averaged velocity field.

In order to know what an ideal vortex street would look 1ike when
represented by contours of u, contours were computed for the ideal vortex
street in Figure 4.5(a) and are shown in Figure 4.5(b). It can be seen
that each vortex is represented by a paired structure consisting of a
high and a Tow velocity center. This is because the vortex retards the
flow in the center of the street and augments it on the outside.

Figure 4.6 shows the wake of a ¢ mm cylinder at four phase angles,

%




® = T/TAU. The vortex shedding frequency was 34 Hz and the convection
velocity of the vortices was 50 cm/sec. Clearly the phase-locked
averaging technique is quite capable of reproducing the two-dimensional
flow field as a function of the phase angle. Figure 4.7 shows a typical
profile of the mean and rms of u across the wake. This agrees well with
Kovasznay (1949) and Roshko (1953). For only this figure the vortex
generating cylinder is located at coordinates (x,y) = (-25.0,0.0).
Otherwise the coordinate system is as defined in Figure 4.2 and the
vortex generating cylinder is at (x,y) = (-25.0,12.5).

Typical mean and rms velocity profiles across a flame in the wake
of 2.0 and 3.0 mm cylinders are shown in Figure 4.8. The key features
to note here are the deflection of the wake by the flame, the large rms
velocity found at the flame, and the continued acceleration of the flow
behind the flame. The level of velocity fluctuations at the flame and,
in fact, throughout the flow field are not significantly different for
the two cases. A series of mean velocity profiles at various streamwise
locations are shown in Figure 4.9.

The deflection of the flow, and hence the wake, is due to the small
pressure drop across the flame which is necessary for the flow to acce-
lerate when the density falls due to combustion heat release. This, we be-
lieve, s an important effect of combustion heat release on the flow
field upstream of the flame, which in turn will affect the manner in
which the combustion wave behaves. It is important that models which
propose to predict realistically the combustion process account for this
phenomenon. Neglecting this phenomenon may lead to incorrect conclusions
such as the concept of flame generated turbulence (see Karlovitz, 1954,
and Richmond et al., 1960) or incorrect values of the flame speed (see

Smith and Gouldin, 1977).
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The large value for the rms velocity at the flame is due to an
Eulerian effect when the flame fluctuates across the probe volume. This
should in no way be construed as flame generated turbulence. In fact,
for these studies, the combined effect of dilatation, due to the accele-
ration of the flow normal to the flame, and the increase in the viscosity,
due to the increase in temperature, will tend to dissipate and reduce any
turbulent kinelic energy in the flow.

When the flow is accelerated across a flame, the acceleration is in
the direction normal to the flame. For the type of flames studied here,
this implies a fairly strong acceleration in the cross-stream velocity
component. If the axis y = 0 may be considered to be an axis of symmetry
across which no flow can pass, the cross-flow must be diverted parallel
to the x-axis (in a similar fashion to stagnation flow) and a further
acceleration behind the flame is observed. These features are further
illustrated in Figure 4.10 which shows contour plots of the mean stream-
wise velocity component for the two cases.

A series of "snapshots" of the flow field are shown in Figures 4.11
and 4.12 for the flame in the wake of a 2.0 and 3.0 mm rod respectively.
These consist of constant velocity contours at a given phase angle as
obtained from the phase-locked averaging. TAU, the average period, is
equal to the reciprocal of the vortex shedding frequency. The shedding
frequencies are 32 and 24 Hz, respectively, for the two figures. The
flame location or shape is not clearly defined in these pictures because
of the manner which the flow accelerates behind the flame does not lead
to a clear interface between reactants and products. It remains for
Rayleigh scattering measurements to more accurately define the wrinkling

of the flame. However, one may consider the properties of a particular
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contour level, say 74 cm/sec, to be, at least qualitatively, representa-
tive of the flame. Some features becom immediately apparent. The
fluctuations of the flame in the wake of a 2.0 mm rod do not appear to be
as pronounced as those in the wake of a 3.0 mm rod. This correlates well
with Markstein (1959) who shows that for this range of frequency of dis-
turbance most flames will be more stable to disturbances at 32 than 24 Hz.
However, the acceleration through the flame is greater for the former
case. This may be due to weaker and smaller vortices shed from the 2.0 mm
cylinder. This explains why the rms level at the flame for the two cases
are comparable (see Figure 4.8). The vortex structure observed in

Figures 4.5(b) and 4.6 as well as upstream of the flame are not observed
behind the flame. There are a number of reasons for this. First, since
the streamwise component of the flow continues to accelerate behind the
flame, local highs or lows will not be observed. Second, because of the
need to choose larger contour intervals behind the flame in order to get
reasonable plots the resolution in velocity is greatly reduced compared

to what it is upstream of the flame. Finally, there is an indication,
from the data, that the strength of the vortices are reduced behind the

flame. However, further analysis is necessary to substantiate this.

Summary
The study of the interaction of a Kdrmén vortex street and a flame,

although an idealized flow, has resulted in a better understanding of
the turbulent combustion process. The regularity of the vortex street
makes phase-locked averaging feasible. We have made and will continue
to make detailed time-resolved density and velocity measurements, using

Rayleigh scattering and LDA respectively. Two key results were obtained

32




from this study. First, it is clear that models which hope to predict
combustion flows must account for combustion heat release and its affect
on the flow upstream and downstream of the flame. Second, the tendencies
of flame stability described by Markstein (1959) were demonstreated

here. The dependence of flame distortion and wrinkling on the frequencies
(and by implication, the phase relations) of the incident flow fluctua-
tions should also be accounted for in models of turbulent combustion.
Further, implied by this study is that dilatation and increased viscosity,
both due to the combustion heat release, may cause the strength of the
vortices to decrease and the fluctuations to decay very quickly behind

the flame.
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Flame Propagation in Grid Induced Turbulence

Focused
laser
beam

Light
scattering
collection
optics

Turbulence

generating
grid

Air

/

7

b e — —

)

Turbulent

“J;/’//1,,,fkune

Rod
_ flame

1

|

]

—— holder

Cz2Hg + Air

Figure 3.1

AN

Air

XBL 804-4132




40

¢ m\EQ %89=]

)

raoualngani

TuLT0 =9 () L0 =9 (4) ‘970 = ¢ (®)

paonpur prad uy uorjedodoad awery

Q)

- 2°¢ 2andyyg

(®)

PR

T el i S




41

DNIINGINL

69¢-208 18X 03LV4INIO-GIY9 40 NOILNTOAI €°€ 24nbiy

N/ X
G2 0z sl

I | | 7/

v 8'€¢89 unpd
i 9'00G6=No
S/WO2'GHe n.pn_

'O

2'0

¢'0

L Ol+,n/,N




42

-0

¢-0

-0

(WW) H3010H 3WV13 WOHd 3IONVLSIA TVH3LVT
o-¢l

O-vl

0-0!

0-8

INITNGINL Q3INANI-QIHI NI
3NV Y HINOYHL ALISN3Q 40 SITI404d ALISNILINI SWY ONV NYIW b°E 3.4nb 4

09

ot

0-¢
0

L 4

v

v—=%

eelrsnne

—o———o-

IQ]Qs

- ~
S




3
[3

43

15 A
o
°
€0
°
45 | o
- °
w
S °

(o
o

30 1 ©

°
o
o0 o ®
g NN
e o o00 )
o0
°
°
0.1 0.35 Y3
ELecTroMeTER OuTPuT (VOLTS)
Plqure 3.5 PROBABILITY DENSITY FUNCTION OF ELECTROMETER OUTPUT

L -, cmp

—opRT S S

- —



44

JONITNGYNL G3ONANI-QIYD NI 3WVId ¥V HONOUHL SITIJ04d ALIDOTIA NYIW 9°¢ aunb 4
99¢-208 18X 3 |
o<l Gl Ol G
r T _

_ 0
]

—16'0

wl'g=X
wag'g =X
wrQ'g =X
wig') =X
w3 =% o

ss'0=¢ :
S/WOGHZ =N .__.N

04 < b

H




45

JONINGYNL GIINANI-AIYD NI IWY14
48€-208 718X Y HONOYHL S3VI40Yd ALIDOTIA NYIN L°€ sunbj4
0Z Gl Ol q 0
| I ] [ M\\
A '
) 0 -
m Q Im| 4 “ L1 m m O
o m ! ;

~ '

wig'g=x ¢

wiQ'g=x v

WdG') =X o 3 L'
wdQ', =X o ..%
0.'0= ¢ 6'l

s/Ww29'006=%n

2R
S .



46

3IN3INGYNL A3INANI-QIYI NI

89¢-208 18X INY 14 <.:¢:oxz._. S311404d >._._.uo._u> NV 8°¢ aunb4 .
p/A
.o_N Gl el G 0
| | | .\_\
Jw
16

wig'g=x%x 9o
wi'g=xv
wdg'2=X0
w2 =x0
GL'0:=9

s/wagieg9 =%n i




47

1

1
{
—

b

: IINIINSUNL QIINANI-GI¥D NI w

19€-208718X IWV14 V¥ HONOYHL SITI408d ALIDOTIA NYIM 6°€ 34nbyy %

p/ K |
02 Gl Ol g 0
[ [ [ | ¥

G'0
' -
_ \

A

WwIQ'l] =X ¢
woQ'0l =X =
wiN's =X A _
woQ'g =X o —He'|

09'0:=9

s/w28'¢89 =°n




JONIINGYNL AIINANI-AIY9 NI IWy14
e 0.<-20878X ¥ HINOYHL SITI40Yd ALISNILINI 3ININGYNL OL°E 3u4nbj4
p/A
014 Gl Ol S 0 |
[ | T I _ _ _
-1v0'0 N
4 ac
8 | n
-{80'0,
wog'g=x 9o (
woQ'g8=Xv B
wag', =X0
wiQ'l =X 0 ]
2l'0
GL0=9 u

s/w28'¢89 =¥n



43

,

INCY3 V3 pzuq:mm:h V NI ALIJ073A 40 NOILINRJ ALISNIQ ALITISYE04d LL'E 34nb)y
WD €1=A'S'8=X"SL'0=1Hd'S/WD ¥89=n

( S/ZWD ) ALIDOI3A

*@26 " 006 "066 °098 "0P3°028 "008 "B8L "09L "OFL "OTL "00L ‘089 "099 *OF9

y R rl 1 Fi ) i 'y 3 1 i q N 1 ~
i"di L) L v v L v () L T ¥ L) v L L) L i 4 A4 A4 bl h) L) | L} L ’-*111‘
1A N . “ .
+ ~£0-300°!}
+ : ++¢¢++ o u £0-30
+ + ]
. ++ +* 1
+ + o 4 R
+ + + . +£0-300°€
+ + . “
+4 +
+ + +ED-300°S
‘ -
._..os.mss.h
Y +
s* -
* [ ]
+€0-300°6
A .
4+ - .
+ +20-301°1)
+ 4
+ “
. 1 ze-306°1
-
- !
+20-305°\
4 2. 2 2 g 1 & & ' I g 1 0 [ 4 A 2 a2 1 () Iy 1 o 2 i ") A A '} »
L L3 Ll T L L4 v ¥ L] T ¥ |l T T '

*d *a *d

1.-‘1..- '-~

-

AP P nes e

B e

.

- -

L



50

JONIINGAINL 030NANI-GI¥Y NI 3WvId vV HINOHHL

2.€-20819X ALISNIINI ALIJ01T3A INIINGYNL 2L°€ aunbi4
p/A

Gl Ol G 0
r T ]

~ o 20'0

——-e_
> »
4 e
o
o) o 8

wi0'l) =X ®

WiQ'8= X 0
09'0=¢
s/wag'eg9:=Cn

90'0




51

INOY4 JWYT4 V ONIHIE ALIJ0T3A 4O WNYLIIAS ¥3IMOd €L°€ 34nb4
WO S =A*"11=X"09°0=1Hd"S/WD +89:=N
AJON3N0344 907

OS'E OE'E PI'E V62 0L°2 O5°C PE"C DI“2 @61 BL°1 OS°1 2E°1 @I1°1

*.:J::..!..::-!:..1.4:. prvdrnissinrgnsdrrrp s spen e s efrverpreed e egeeed, 26" 1-
1
¢
{
- *
- -, 0L 1-
r *
z * e R
3 S
< et +05°1-
4 + (]
: + ] (3]
: + + w
: . .
- + X TOE" |- m
' o
- 3 —
: + )
< ﬁ >
< ta171- ™
.
t + O
3 . 1 m
- pr
- F06°- :
r
b . . .
A
-
T . oL
+

-
5 + .
- -
Fontraeprmts sttt T st st bt nd 05

A id

(4

P

T TRRT




52

NOILONNZ ALTSN3Q TW4103dS _SL'€ 3unbjq

W) B1=A°S°8=X'S. 0=1Hd*S/HI P89=N
AONIND3Y4 9071

PS'E 0E°€ 01°E sw.N BL°Z2 05°C DE°C OIC @6°1 OL°t ©S°l @C°1 ©I°1

9 ' 1 ) 3 | 1 L '\ 1 L Y 2
L L) \d v L v v | 1) L] L) L4 v L L L] v  § v L v ) L i )
3 ' 4
E *» -
“+ L 3 . A‘sv. —I
m ‘0
- -
E + ++t
+ + A +02°1-
t +
m y ._
'y
+ .
3 . 400°t-
4 +
+ + ios°-
m +
r +* J
3 +
-+ +-09°-
E * .
- + .
4
£ or°
S + 1
94
.vl -
S + <+ .
T J02°-
”' -y
+ +00°0
m +
3 + 7
3 .
3 L
+ +02'0
asalasasl A Jaassl RessBasaad Lusasdeasad baasalk i A [y .~. 82000k 2 8 a 1 'y
L L4 L T ‘d ] L ] L) L] ) J L)

*N3d vd123dS 9071




53

JNITNGUNL GIINGNI-GIYS NI NOILONAS NOILYIFWY0J0LNY SL°E 34nDid
W) 61=A°G"8:=X"SL 0=1Hd*S/WO ¥89=N

(°23S) AVi3d 3NWIl

£0-300° t£0-30S° &£0-300 ° E£D-305 " E0-300° E0-30S° IED-300° v0-300°S 00°0

LA Bd i J “ L Al e B | “ L Bl Al “11 L el B § “ LA i A “ L) 141“1.1 LA B J " L i e oe.a
+
+ +* * . .
! : . r o . - ]
* ]
+ {1 ..
- +02°‘9
4 -
3 <+ “
ﬁ 4
-y
+ +
, #
4
<
- e hd
- . .4 or°9o
4 -
<
- -
ﬁ <
| + ]
. 4 .
4 +089°'0
4 .
<
1
- -
4 <
<
3
v + ]
- 4 08°0
b ;
f “
s
S
3 -
b 1
3
. 4
dododod - N " N L 1. ahada . aalada
0 badad -tn dadadod " Aod liod 0 Aadal b w LAadalod ﬁb- Aad -L“ Aaldadald So—

*¥Y¥0201NV

P e

s S P




54

3IN3INGYNL Q3INANI-AIYI
NI 9NILy9vdOdd INO¥4 IWY1d V GNIH3g
Y 3792504 IW YOTAVL JHL 40 NOILNT0AI 9L°E aunb 4

A 9! sl +1
"““X‘
- - Il‘\x -
- -TT X

. N
W @Ol = 2doys

Slosd
/> 489 2° X

L'Osd
/=3 108 2"\ @

A

A

S0'Q
oro »,
n
610 .w..
W]

Qo

e - e
——wwyr >
2 ol _/- Ll



55

Figure 4,1 - Ideal Kirmén vortex street
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Figure 4.2 -~ Schematic of flame interaction with a

Karman vortex street and coordinate system.
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Figure 4.4 - Test section for flame interaction

with a Karman vortex street.
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Figure 4.6 - Streamwise velocity contours
of the wake of 2.0 mm cylinder.
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Figure 4.11 - Velocity contours through flame

in the wake of 2.0 mm cylinder
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