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ABSTRACT

Conditioned fluctuation intensities and Reynclds stress have been determined separately
for the reactants and for the products in two methane-air and two ethylene-air v-shaped
premixed turbulent flames. The conditioned quantities are deduced from velocity data
obtained by a two-color LDA system using a conditional analysis method based on the
presence of a thin flame sheet dividing the two regions. Within the turbulent flame
brush, the conditioned turbulent kinetic energy in the reactants remains at the free
stream level. The conditioned turbulent kinetic energy in the products k , are higher
than in the reactants indicating flame-generated turbulence. Also, k mcreases with
distance from the flame stabilizer, . Nevertheless, the two condptloned Reynolds
stresses are comparable. The unconditioned turbulent kinetic energy and Reynolds
stress also increase with Z. This increase is proportional to the increase in the
difference between the conditioned mean velocities AU. The magnitude of AU suggests
significant stream tube divergence. The results also show qualitative agreement with the
model developed X Bray et. al. which relates the difference in the conditioned fluctua-
tion intensities to

Introduction

In a recent paperl, we have described two techniques to measure conditioned tur-
bulence intensity and Reynolds stress in premixed turbulent flames using a two-color
laser Doppler anemometry {LDA) system. Conditioned_d-;ta: in the unburned reactarits
are measured directly by seeding the flow with silicone oil aerosol which evaporates
and burns through the flame front. A conditional analysis method is developed to
deduce the conditioned data in the burned products from the unconditional data
obtained using AL,03 seed particles. The data measured in a premixed v-shaped CpH,-
air flame show that the apparent increases ih turbulence intensity and Reynolds stress
within the flame brush are due mainly to intermittency effects caused by the presence
of a fluctuating thin flame sheet moving about the measurement point. However, the

conditioned data show that the turbulence intensities in the products are generally

higher than in the reactant indicating production of turbulence by the flame.

The objectivé of this paper is to describe and compare the general properties of
conditioned turbulence intensity and Reynolds stress measured in two CpH,-air and
two CH,-air turbulent flames. Also; the results are used to investigate the modeling

assumptions of the turbulence combustion model developed by Bray ef.al. 2



Intermittency Model of Flame Turbulence

For typical flame conditions falling into the regime S,/ 4#'.>1.0 where S, is the
laminar flame speed and u'. is the RMS fluctuation intensity of the incident tur-
bulence, the turbulent flame consists of a thin convoluted flame sheet which fluctuates
within the envelope prescribed by the two flame boundariesvof the flame brush.:3 This
t}'pe of turbulent flame, which is usually classified as 'wrinkled laminar flame’, is typi-
cal of the flames we have studied4'6. With respect to an Eulerian reference frame, the
flow within the flame brush is intermittent with burned products and unburned reac-
tants separated by the flame sheet acting as an interface. Under fast chemistry and
thin flamme assumptions, the probability of the intermediate state is therefore com-
paratively small. The velocity statistics can then be described by an intermittency
model similar to the one developed by Bray et. al.2 The Eulerian averaged (uncond@-‘
tioned) mean ve}ocitiés. U and V, are expressed in terms of of an intermittency factor
l.and the two corresponding conditioned mean velocities in the reactants and in the

products, subscripted 7, and p respectively :

U=(1-0)0+(Q) 5 (1)

and

V=(1-0)%+(0) 7% (2)

? represents the probability of the products which varies from 0.0 in the reactants to

1.0 in the products. Similarly, the mean square of the velocity fluctuations are

WP=(1-0) (W, )2+ Q2+ (1 -0)(F, - [,.)? (3)

and

@PR=(1-0) @, )2+ Q)2+ Q(1-0) (¥ - %) (4)

The covariance (Reynolds stress) is then

@ =(1~-Q) (@), + Q@) + Q(1-a)(G - G)}% ~ 1) (5)
In these equations, } appears as a weighting factor or conditioning function. In the
model of Bray et.al.? for the Favre averaged turbulence quantities, the conditioning
function is the Favre averaged conserved scalar . Note that the last term in Egs. (3)-

(5) refers only to the mean conditioned velocity and not to the turbulence components.



This contribution to fluctuation intensity and covariance arises in the Eulerian
description of the flame turbulence, due to the effect of intermittency. The Lagrangian

description of the flame turbulence only includes the first two conditioned terms.

Experimental System

The experimental set-up is shown schematically in Fig. 1. The turbulent flame is
stabilized by a 1.0 mm diameter rod placed at the exit of a flow nozzle which provides a
circular co-axial jet with an inner core of fuel/air mixture 5.0 ¢ in diameter sur-
rounded by an annular air,jet of 10.0 cm outer diameter. Incident turbulence is gen-
erated either by a bi-plane grid of 5.0 mm square mesh with 1.0 mm elements or a
perforated plate with 3.2 mm circular holes spaced 4.8 mm apart. The turbulence

generator is placed 50 mm upstream of the stabilizer.

A Spectra-Physics 2.0 watt argon-ion laser is the light source for the four-beam
two color LDA system. Differential frequency shifting by Bragg cells is used for
measuring the transverse velocity, V. The collection optics consists of two photomulti-
plier assemblies placed in the forward scattered direction at approximately +10° from
the optical axis. The laser, the LDA optics an.d the collecting optics are mounted on a

computer-controlled three axis traverse table to facilitate rapid scanning of the flame.

To directly obtain conditional sampling in the unburned reactants, silicone oil
aerosol provides the LDA seed particles. The aerosol is generated by an air jet atom-
izer using Dow Corning silicone oil made. Previous flow visualization results7 have
shown that these oil droplets are evaporated and burned through the thin flame. Con-
sequently, the LDA measurements made with silicone oil droplets refer only to the
reactants ahead of the flame sheet. For sampling unconditionally through the flame,
aluminum oxide particles of 0.3 um are introduced into the flow by a cyclone canister
seeder.

The Doppler bursts are analyzed by two TSI 1980A frequency counters interfaced

with a data acquisition system based on a PDP 11/10 computer. Digitizing and record-

ing of the counter outputs are triggered by a co-validation circuit. The criterion for



K

coincidence is that the two counter signals arrive within 3.0 usec of each other. At
every rmeasurement position, a series of instantaneous velocity vectors
U(n)=U(n)+V(n), n=1...4096 are recorded and stored on magnetic tape for reduction
on the LBL CDC 7600 computer.. Velocity profiles consisting of 30 points are made at
six locations from z = 10 to 60mm above the stabilizer at 10.0mm interval. More
details of the LDA system and data acquisition system are included in Ref. 1, where the

effects of various biasings on these data are also discussed.

Data Analysis

The conditional analysis method to obtain the two conditioned quantities from the
unconditioned velocity data is described .more conveniently with reference to the velo-
city Joint Probability Density Functions (JPDF) shown in Fig. 2. Compared here are the
contours of the JPDF's within the flame brush obtained with the use of silicone oil aero-
sol {conditioned reactant), p,{U,V), and with Al,05 (unconditioned), p(U,V). 1t is obvi-
ous that p{U,V) is double-peaked and p,{U,V) is single-peaked. Furthermore, the sin-
gle p,(U,V) peak corresponds to one of the peaks of p(U,V). Therefore, the second
(lower) peak on p(U,V) must be associated with the burned products. A conditional
function, g{(U,V) can then be introduced to compute the conditioned velocity statistics

from p (U, V) such that

_ [f ug(unyp(U,V)dU dV
U = (6a)
S [ guvyp(U.v)dU dV

and

7 .S U9 mpudUudy

" [ guvyp(U.V)dU dV (6b)

where g(U,V) satisfles

1 if U<Upp, and¥V<Wn,

g(U, V)= 0 otherwise

The criteria for Uy, and Vy, can be determined on the U-V plane by the extent of the
p-(U.V) contours. For example, Ujjy and Vy, shown in Fig. 2 are 6.5m/ s and 0.05m/ s

respectively. Note that Eq. (6a) should be equivalent to



O, = [ fUpAU.V)dU aV
To compute the conditional mean velocities form the data series (7(71.) the following

equations are used:

:=Ni°2=gw.V) U(n) (7a)
and
T, = 5 % (1-9(U.V) Un) (7b)-

where N, is the number of data satisfying g{(U,¥)=1, and N, is the number of data
satisfying g (U,V)=0. Similar expressions are used to compute the conditioned fluctua-
tion intensity and the covariance. The accuracy of the analysis is inferred by compar-
ing the conditicned statistics obtained for the reactants with similar data fneasured
using silicone aerosol. As shown in the previous paperl, the results of the conditional
~ analysis compare very well with measured data even at positions close to the product
where N, is small and the uncertainties of the analysis are expected to be high. There-
fore, the data obtained from direct conditional sampling using silicone cil are not

presented here. Only the results obtained from conditional analysis are discussed.

Results

The mixture compositions and experimental conditions of the four flames are
listed in Table I. The methane-air and the ethylene-air mixtures are arranged to have

8 so that the differences in the reaction of the

the same laminar burning velocity, S,
methane and ethylene flames to identical incident turbulence can be shown. The
unburned/burned density ratios of the ethylene-air and methane-air mixtures are

about 7.8 and 8.3 respectively.

The overall geometry of the four flames is compared in Fig. 3 and 4. In Fig. 3, the
orientation of the flame brush is showp by the locus of the positions of maximum tur-
bulence kinetic energy, k. where k=%(1'?+v'?), These loci show that the orientations
of No. 1,2 and 4 are quite similar while No. 3 is more oblique to the incident flow. The
flame brush thickness, §;, is shown in Fig. 4. At z = 20mm, §J, for No. 1 and 3 are about

2.0mm while 6; for No. 2 and 4 are larger at about 4.0mm. The larger §; of No. 2 and 4



is consistent with schlieren observation showing that the flame convolutions are
developed closer to the flame stabilizer in these flames with higher incident tur-
bulence. The growth réte of No. 3 is quite linear reaching to §; = 8.0mm at z=60mm.
- The most rapid growth rate is shown Ey No. 1. At z=680mm, 4, for No. 1,2 and 4 are
about 11mm. As shown by the flame orientations and flame brushl thicknesse's; the
features of the methane and ethylene flame subjected to incident turbulence are

indeed different.

Note tha.t the typical laminar flame thickness, §;, for these flames is about
1‘,0mm.9 If 6;~4,;, the probability of the intermediate states becomes much higher,
therefore the assumptions of the intermittency model are not valid. This occurs at
positions close to the flame stabilizer. As a result, conditional analysis of the data is

possible only at z=30mm. for No. 1 and 3, and at z=20.0mm for No. 2 and 4.

Representative JPDF's from each flame are shown in Fig. 5. The double peak
feature is common to all the JPDF's though the shapes of the contours are different.
Note that the contours of the two peaks are separate for No. 1,3 and 4, and only slightly
interconnected for No. 2, indicating the low probability of intermediate states. The
locations of the product peaks at regions of higher U indicate axial acceleration of the
flow in the product. Since all the reactant peaks .are mostly within the positive V
region while the product peaks are in the negative V region, the overall effect of the
flame-flow interaction is to deflect the flow from outward to inward towards the flame
center. This is consistent with the model of a thin wrinkled flame through which the

tangential velocity component is conserved.

The difference between the conditioned mean velocity  vectors,
AU = (([7},—(7,.)2 + (171,,—17:.)2)” at knay (i.e. the positions of Fig. 2) are compared in Fig. 6.
This parameter represents the overall flow acceleration across the flame and is also
proportional to the intermittency contribution to the fluctuation intensities since the
sum of Eq.(2) and (3) is 2k = 2(1-Q)k, +204, +Q(1-Q)AUZ. As shown here, AU increases
with z. However, AU is found to be relatively constant across the flame brush in the

transverse direction y. Although the reactant/product density ratio of the mixtures



are about the same, the differences in AU for the flames are gquite large. The lowest AU
is found for No. 3. It increases by only about 0.2m/ s along the flame brush. In con-
trast, for No. 1 with identical incident turbulence but with ethylene, AU is substantially
higher and increases rapidly to a plateau at 2=50mm. The difference in AU for No. 2
and 4 are less drastic. However, a maximum is shown for No. 2 at z=40.0mm. Note
that the results for No. 1 and 4 are quite similar and do not show any local maxima

such that at x>50mm they exceed AU for No. 2.

In Fig. 7, kpmay along the flames are shown. At these positions where (Q%0.5, the con-
tributions from AU are most significant. Therefore, it is not surprising to find that
k ey also increases with z. Up to z<30mm the results show that under similar
incident turbulence, kp,y, within ethylene flames are higher than in the methane
flames. At z=50mm, this difference becomes less consistent since k,y for No. 1,2 and
4 are more coﬁparable. The fluctuations within the flame brushes are slightly aniso-
tropic with v' generally higher than u'.

The corresponding conditioned turbulent kinetic energies, k,, and k, are shown in
Fig. 8. The k,'s are fouﬁd to be approximately equal to the incident turbulence. For
No. 2,3 and 4, k., decays slightly with increasing z while for No. 1 the results show a

very small increase.

The turbulent kinetic energies in the products, k,, are higher than k,, and
increase with increasing z. We regard the higher turbulence levels in the products as
an indication of the true 'flame generated turbulence’, since these quantities do not
include the effects of intermittency. In general, higher incident turbulence level pro-
duces higher k, shown here by the difference between the results of No. 1 and 2, and
No. 3 and 4. However, with similar incident turbulence, k&, in the ethylene flames are
consistently higher than in the methane flames except at z>50mm where k; for No. 4
exceeds that of No. 2. More discussion of this interesting feature is included in the
next section. These results again show the differences between the methane and
ethylene turbulent flames. The kp's are all lower than kn,,. However, at some

transverse positions close to the flame boundaries k, sometimes exceeds the



corresponding k.

In the paper by Bray et. al.z, the difference in the conditioned mean velocity is
used to model the difference in the conditioned turbulence intensities. For their one-
dimensional turbulent flame, the model is (u'p)z-(u",)2=/cs((7p—(7r)2 where k3 is an
empirical constant. Since our turbulent flames are two-dimensional, the analogous
formula would be

ky — kr = K3 H(AU)?
It is interesting to note that since k. is relative constant with z, qualitative support of -
this model is shown by the similarity between the shapes of the Al) and kp curves. The
values of kg obtained for k,, are listed in Table II. The results show that 13 increases
with x, and the values for No. 1,2 and 4 are about twice that for No. 3. However, the

2 falls within the range of the results.

value of 0.1 used in the work of Bray et. al.
Although this comparison does not provide a consistent value of «g, it does show, at
least qualitatively, that the model proposed by Bray et. al. is indeed a useful approxi-

mation of the conditioned turbulence intensities.

The conditioned and unconditioned covariances are shown in Fig. 9 and 10 respec-
tively. Fig. 9 shows that all (27), are close to zero. The values of {uv), for No. 1 and 3
are close to zero, and are less than 0.05(m/ s)? for No. 2 and 4. The (4v), results
demonstrate again that the 'flame generated turbulence’ is not associated with addi-
tional shear stress. In contrast, the values of @¥ shown in Fig. 10 are all negative and
substantially higher than the conditioned results. As discussed in our previous
papers,l'6 the sign of the covariance is opposite to that predicted by mean gradient
transport model. It is obvious from Eq. (5) that the major contribution to the covari-
ance is from the intermittency term. The sign of the contribution is consistent with
the difference in the mean conditioned velocities. Since (17}:—17,.) is negative and
((71,—(7,.) is positive, their product is negative. In fact, the magnitudes of ¥ shown in
Fig. 9 are essentially equal to 0.25(17;,—17,)(5},—[7,.). These results again demonstrate
that the mean gradient transport model is not highly appropriate for premixed tur-

bulence flames.



Discussion

The differences in the flame geometry and fluctuation intensities in the methane
and ethylene flames indicate that incident flow properties such as U., %', the length
scales and S, are not sufficient to prescribe the characteristics of a turbulent flame.
The extent of the heat release which is proportional to the product/reactant density
ratio should also be of significance. However, the overall features of the conditioned
fluctuation intensities and covariances are similar. The fluctuation intensities in the
reactants remain comparable to the incident turbulence level The conditioned fluctua-
tions in the products are higher but are not associated with an increase in shear
stress. In three cases, the turbulence kinetic energies in the products &k, continuously

increase with z.

The results for No. 2 show a slight decrease at z>50mm following the initial
increase. Visual observation indicates that this flame has the shortest flame height
due to the high incident turbulence and enlarged flame brush thickness. Also, the
ﬂame sheet farther away from the stabilizer becomes so convoluted that occasibnally
large swells of flame pockets are shown.6 The decrease at z>50mm may be typical of
the flame properties approaching the tip of the flame brush. It is of interest to note
that the results of No. 1 seems to exhibit a similar trend at x=60mm. Although the
results of No. 3 and 4 do not show any level-off or decrease, it seem reasonable to

suspect that the fluctuations will eventually decrease.

The initial increase in k, with z seems to support the argument that the tur-
bulence production may be kinematic in nature, as suggested in an early paper by Kar-

1.10 This argument correlates the increase in k, with the increase in flame

lovitz et. a
wrinkle. The interaction of the incident flow with the curved flame can result in more
random flow deflections which increases the fluctuation intensities in the product. Qur
results show that the increase in k, is consistent with the growth of the flame brush
thickness as the flame sheet becomes more convoluted. Comparison of the experimen-

tal results with theoretical calculations using the vortex dynamics rnodel11 will help to

determine whether or not turbulence production by this mechanism is significant.

10
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Another parameter which could be of importance to the understanding of tur-
bulence flame propagation is AU. Its significance has been recognized by Bray et. al. in
their model.2 Our data show that AU generally increase with z and incident tur-
bulence. The variation of AU seems to suggest combustion induced stream-tube diver-
gence. Since AU represents the overall change in mean flow velocity across the flame,
the conservation of mass can be approximateci by (AU/ S;)+1=p, A,/ pp Ay, where S; is
the turbulent burning velocity. For these turbulent flames, the turbulent burning
velocity is about twice the laminar burning speed ( S;*2S,=0.8m/ s ) such that the
ratio AU/ S, is less than 2.5. Using reactant/product density ratio of 8.0 indicates that
A, > A.. As AU becomes smaller close to the stabilizer or when the flame is oblique as
in No. 3, the divergence would be more significant. The most interesting implication of
this interpretation is that the decrease in flow divergence is associated with an
increase in turbulence producti‘on which, may also be related to the development of
the flame wrinkles. Further investigation of this feature of the oblique turbulent flame

may require comparison with data obtained in oblique laminar flames.

Finally, ’the variation of turbulence properties along the flame shows that the
flow-fields of these simple planar unconfined v-shaped flames are highly two dimen-
sional. To compare the experimental results with a one-dimensional theoretical model
requires a co-ordinate transformation of the data. The selection of the flame co-
ordinate for transformation is not trivial and would need careful consideration. For
example, the overall orientation of the flame brush asf‘so::'iated with the loci of Fig. 2 is
in general smaller than the direction of maximum flow acceleration as indicated by
AU. Therefore, these two logical choices for co-ordinate transformation to obtain one
dimensional turbulence properties would préduce quite different results, especially

with regard to the shear stress across the flame. This aspect of turbulent flame study

is being pursued and the results will be forthcoming.

Conclusions

A two-color LDA system is used to study premixed turbulent flame propagation in

two methane-air and two ethylene-air v-shaped flames. The results are analyzed to

11



obtain conditioned velocity fluctuation intensities and covariances. These conditioned
quantities in the reactants and in the products are useful for comparison with either
the Lagrangian or Eulerian models of turbulent combustion. The results of the
analysis are found to compare well with direct measurement of the conditional proper-

ties in the reactants.

Under similar incident turbulence, and with the methane and ethylene mixtures
having the same laminar burning speed, the overall geometry and the fluctuation
intensity of the two flames are diflerent. However, the behavior of the turbulence pro-
perties across the flame are similar. The conditioned fluctuation intensities in the
reactants remain comparable to the incident turbulence level. The fluctuation intensi-
ties in the products generally fncrease with distance from the stabilizer, and are
higher than those in the reactants, indicating production of turbulence by the flame.
However, this increase in turbulence is not ass‘ociated with an increase in shear stress
because the covariance (Reynolds stress) in the products is comparable to that in the

reactants.

The peak unconditioned fluctuation intensity and covariance also increase with z.
This increase is proportional to the increase in the difference between the conditioned
mean velocities, AU. The magnitude and change in .AU implies that combustion induces
stream-tube divergence across the flame, and that the divergence is more significant
closer to the stabilizer. This observation suggest possible relationship between the

flow divergence and the production of turbulence.

The results are compared with the model developed by Bray et. al. relating the
difference in the conditioned fluctuation intensities to AU. Although our data do not

provide a consistent value of the empirical constant, qualitative agreement is found.
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TABLE 1 Experimental Conditions

No. fuel Equiv. Ve turb. /U)o @/U) Fig.
ratio (m/s) source (%) %) symbol

1 CpH, 0.7 5.5 grid 5.0 5.0 ®

2 CH, 0.7 5.5 plate 7.0 5.5 o

3 CH, 0.83 5.5 grid 5.0 5.0 A

4 CH, 0.83. 5.5 plate 7.0 5.5 A

Table Il Values of k3 at k..

z{mm)
20.0 30.0 '40.0 50.0 60.0

0.18 0.23 0.26 0.28
0.12 0.26 0.41 0.36 0.35
0.08 0.09 0.16 0.12
0.03 0.12 0.21 0.27 0.33

W N
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Fig. 1 Schematlics of the experimental and data acquisition system
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Fig. 2 Contour plots of (a) the conditioned JPDF in the reactants and (b) the
unconditioned JPDF obtained for flame No. 1 at z=30mm and y =8.0mm.
Contour lines are shown for every 10% of the maximum value of the
JPDF. The broken lines show Vj,, and U);, associated with the condi-
tional function g (U, V).
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No. 1 No. 2

v {n/s)
v (n/s)

4.5 s 6.5 7.5 8.5 5.0 8.8 7.8 8.8 .
g (a/s) u (a/s)
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v (n/s)
v (a/s)

3.5 4.5 - 8.5 7.5 5.0 8.0 7.0

8.2
¢ (a/s)

u (n/s)

Fig. 5 Comparison of the JPDF obtained for each flarne at z=50mm and posi-

tion of kmae. Contour lines are shown for every 10% of the maximum
value of the JPDF.

19

9.8



2.2 T =T T

fol3 -
0.8 1 L —
20 30 40 50

x {mm)

Fig. 8 The difference in conditioned mean velocity in the reactnats and in the
products, AU, along the k¢ loci. No. 1, ®; No. 2,0, No. 3. & ; No. 4, A.

20

60



k(m/s)

Olr

20 30 40 | 50
| x (mm)

Fig. 7 kpax as function of z. No. 1, ®: No. 2,0, No. 3, A; No. 4, A
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Fig. 8 Conditioned turbulent kinetic energy in the reactants, k., and in the
products, kp, associated with k.. No. 1,@; No. 2,0, No. 3, A; No. 4, A.
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Fig. 9 Conditioned Reynolds stress in the reactants 27/, and in the products,
-y}, associated with ke, No. 1, @®; No. 2,0, No. 3, 4 ; No. 4, A.
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Fig. 10 Unconditioned Reynolds stress =iz associated with k,;. No. 1. ®; No. 2,
ci, No. 3, A No. 4, A.
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