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Conserved Scalar Measurements in Turbulent Diffusion
Flames by a Raman and Rayleigh Ribbon Imaging Method
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A new method to obtain images of conserved scalars in turbulent flames is presented and implemented with
simultaneous Rayleigh and fuel Raman measurements in a methane /air jet diffusion flame by the use of a
single dye laser and two intensified CCD cameras. The laser beam is focused to a line and retroreflected with
a slight offset to form a thin ribbon, sufficient to measure gradients in two dimensions. A robust, iterative
data reduction technique is used to derive statistics of temperature, fuel mass fraction, mixture fraction (f),
and scalar dissipation ( x). Results for a flame of Reynolds number 20,600 show that the lower moments,
pdfs, and scatter plots of the computed quantities do not differ markedly from published results of point
measurements in similar flames, strengthening confidence in this new approach. The computed components
of x show behavior similar to that in nonreacting flows; there is some anisotropy, with the ratio of the radial
to the axial component in the shear region around 2.0. The azimuthal component, measured by off-axis laser
beam alignment, is roughly equal to the radial component. The correlation between f and x is small on the
flame axis, but the correlation coefficient R, rises to around 0.4 near the edge, which is largely consistent
with other recent results for cold jets and jet flames.

347

INTRODUCTION

This paper explores a new method of con-
served scalar measurements in turbulent hy-
drocarbon diffusion flames, using joint fuel Ra-
man/Rayleigh ribbon imaging, with the main
aim of obtaining quantitative mixture fraction
(f) and scalar dissipation (y = 2DVf-Vf)
statistics. The principles on which this method
rests have been tested against full single-point
Raman /Rayleigh measurements as regards the
mixture fraction [1], but the gradient informa-
tion collected in this work is new and as yet
untested. The scarcity of other such flame data
in the literature will confine validation largely
to comparisons with cold flow results for the
most vital statistics, such as the relationship
between the components of y and the joint
probability density function (jpdf) of x and f,
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aspects which bear directly on current model-
ing practice.

Other recent efforts in this direction include
Rayleigh imaging in a H, flame at moderate
Reynolds number [2], and Rayleigh imaging in
cold flows [3, 4] from which deductions on
flame structure have been made. Joint
Rayleigh /fuel LIF imaging in an acetaldehyde
flame [5-7] is a parallel effort to the present
work; the acetaldehyde LIF intensity is orders
of magnitude stronger than the spontaneous
Raman scattering used here, and so lends itself
easily to wide field two-dimensional imaging,
However, there are queries regarding fuel py-
rolysis and the effect of temperature on the
LIF cross-section [7] that makes the more di-
rect Raman measurement attractive despite its
higher photon noise. Ribbon imaging, in which
the laser line is broadened by retro-reflection
is used here to optimize signal quality while
preserving two dimensionality, so that two
scalar gradient components may be measured.

Preliminary work [1] has shown that the
diluted, piloted flame used here (3/1 air/
methane by volume) is suitable for several
reasons: it has been thoroughly documented by

0010-2180,/94 /$7.00



348

point Raman/Rayleigh measurements [8, 9];
the air dilution reduces soot interference,
widens the reaction zone, shifts the stoichio-
metric profile inside the shear layer, and, fi-
nally, increases the extinction Reynolds num-
ber.

Favre averaging (denoted by tilde overbar
for the mean and ” for the rms) is used in the
presentation to make comparison with cold jet
data more relevant. The results are presented
mostly as radial profiles at the axial location
x/D =25 (where x is the distance from the
nozzle and D the main jet nozzle diameter).

THE TWO-SCALAR METHOD

Stdrner et al. [1] and Bilger [10] describe a
method for mixture fraction maoping in two-
stream reacting flows by two simultaneous
scalar measurements. A brief outline of the
theory and its application follows.

With the assumptions of homogeneous inlet
conditions and unity Lewis numbers, we also
simplify the kinetics to a one-step reaction
between fuel F and oxidant O:

F+r0=(r+1)P. €))

The fuel mass fraction Y;, and the enthalpy
H =¢,T/Q are used to form the conserved
scalar B =Yy, + ¢,T/Q. The mixture fraction
f is then defined by

B - BZ qu + Cp(T - T2)/Q

= s 2
B — B Yo + Cp(Tl -T)/Q @

f

where subscripts 1 and 2 denote the fuel and
air streams.

Rayleigh measurements are used to obtain
temperature: T = a,/Ra, where Ra is the
Rayleigh signal (corrected for laser energy
variation) and the calibration factor a; is pro-
portional to the Rayleigh cross section of the
mixture [1, 11]. Spontaneous Raman scattering
from the fuel is the most direct method for
obtaining Y;,. With some manipulation, Eq. 2
can then be cast in a form which expresses the
mixture fraction as a function of the Raman
(Rm) and Rayleigh (Ra) measurements:

Ciar
f= 7 Ra Rm + C,c,(a;/Ra —T,)/Q, (3)
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where C, and C, are constants, and W the
mixture mole weight.

The appearance of a; (proportional to the
Rayleigh cross section o), W, and ¢, in Eq. 3,
all of which are functions of f and the degree
of reactedness, requires an iterative data re-
duction scheme: in the unreacted (frozen) mix-
ture (subscripted ‘fr’ below), o and W vary
linearly with the fuel concentration; in the
“fully reacted” state both are nonlinear func-
tions of f. Here we define the frozen state as
that of fuel and oxidizer mixing without reac-
tion, and the fully reacted state (subscripted
‘r’) as that of predictions for an opposed flow
laminar flame of the same composition, at a
strain rate of 400 s~', around half of the
extinction value, 810 s™'. From these calcula-
tions tabulated outputs of o (f), W(f), and
D(f), the molecular diffusivity of the mixture,
are obtained. In Ref. 1, ¢,/Q was taken as
constant. Later work reveals that this restric-
tion can be lifted owing to the iterative data
reduction procedure. Here, a constant Q is
computed, using Eq. 20 of Ref. 1 at stoichio-
metric as Q = ¢ (T,y — T,)/(fY;, 1), with ¢,
the mean over the temperature range 7, to
T,4- In the iterative procedure the value of c,
is a simple linear function of mixture fraction f
and reactedness b: c, = [(1 = b)C,ro0em T+
bCppumeayl/2, where the frozen and burned
values are calculated for the local mixture frac-
tion.

A potential source of error is inherent in the
assumption of a one-step reaction: to the ex-
tent that the parent fuel is converted to inter-
mediates in which the C—H bonds are broken,
the Raman signal is lost. The laminar flame
calculations can be used to quantify this effect:
species such as CH, are assumed to contribute
to the Raman signal in proportion to the num-
ber of C—H bonds per molecule and the num-
ber density. For methane this effect is small.

The reactedness b is defined here by b =
(T - T,)/(T, — T,). In the iterative procedure,
o = oy + b(o, — 0,). The mole weight and
the diffusivity are computed similarly. A better
approximation for the diffusivity would be D
= DAT/T))"*". For each iteration, T, b, o, ¢,
and W are updated to yield an improved f.
Convergence to within one percent normally
occurs in less than four iterations. The fraction
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of nonconverging nodes is typically 0.1 percent.
Errors associated with the use of a single strain
rate for the laminar flame calculations have
been investigated [6]; the effect is very minor.

EXPERIMENTAL

The methane fuel is diluted with air (3/1
air /methane by volume) to eliminate soot. The
stoichiometric value of f is 0.353. The fuel
issues from a vertical nozzle of diameter D =
3.8 mm into a filtered, 6.5 m /s coflowing stream
at Reynolds number 20,600, and has a small
premixed annular pilot flame of H,/C,H, /air.
Pulses from a flash-lamp pumped dye laser (3
us duration, 1 J, at 532 nm) provide the
Rayleigh and the Raman signals. The horizon-
tal beam is focused by a 150-mm focal length
spherical lens to a 0.5-mm waist near the flame
axis, and retro-reflected with a 0.5 mm vertical
offset so that a very narrow ribbon, 1.0 mm
high, is formed at the waist, sufficient to obtain
axial gradients. The two opposed CCD cam-
eras are fitted with lens-coupled intensifiers
and f/4 (Rayleigh) and f/1.2 (Raman) collec-
tion optics, with 2/1 image reduction. An in-
terference filter, 630-nm, 10-nm bandwidth,
filters the Raman channel.

Soot precursor interference is found to be
small at this axial location, affecting around
1% of the data. It can be reduced further in
the iterative data reduction: by plotting fuel
mass fraction versus temperature, corrupted
data take non-physical values, well outside the
completely reacted limit, and so can be identi-
fied and deleted.

Due to the intrinsic photon arrival statistics,
the Raman channel has rather low signal-to-
noise ratio (snr), typically = 15. The optimal
low-pass filtering to be applied would be such
that the truncation of the Raman dissipation
spectrum balances the residual noise after fil-
tering. To estimate whether there is redundant
spatial resolution in the measurements, the
Kolmogorov length scale 7 has been calculated
as follows: an integral length scale [/ is esti-
mated using the measured half-radius L, of f
(in Fig. 1, L; = 7.6 mm), setting the velocity
half-radius L, = Sc L, (where Sc is the turbu-
lent Schmidt number, Sc = 0.7) and I/L, =
0.65 [12]; this yields / = 3.5 mm. (Alternatively,
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Fig. 1. Radial profiles of f(O); f7(@); Yi(a) Y /Y (#);
/2000 (m); T" /2000 (O).

a measure of / can be obtained from the
two-point correlation R, in the radial direc-
tion: [, = [ R,, dr yields [, = 2.7 mm. This
lower value is consistent with the observed
anisotropy of the large scales in jet flames [13].
However in keeping with common practice
where the integral length scale is typically de-
rived from measurements in the axial direc-
tion, / = 3.5 mm is used below.)

The turbulence Reynolds number Re, =
u'l/v is then estimated using velocity data by
El-Banhawy et al. [14] for diluted CH, flames:
u' =172 m/s; v is obtained from the known
temperature profile; v = 1.17 cm?/s. This
yields Re, = 215 and 5 = L, Re, */" = 0.095
mm. Tennekes and Lumley [15] estimate that
the turbulence energy dissipation peak occurs
at 307, and that a resolution of 10% is ade-
quate to capture the dissipation. Namazian et
al. [16] estimate that around one half of the
scalar dissipation energy is captured with a
resolution of 10m. In the present work the
resolution is 0.18 mm (twice the node spacing,
by the Nyquist criterion), i.c., = 27n. The Ra-
man signal dissipation spectrum k?E(k) peaks
at wave number k (= 2#/A) = 3.1/mm, cor-
responding to A = 2 mm = 207. It thus ap-
pears that there is room for low-pass filtering:
a resolution of 57 (1/4 of the scale of the
dissipation peak) should suffice; this is 2.6 times
the resolution of the raw Raman data. We
have chosen 3 X 3 pixel smoothing as this most
closely corresponds to resolution 5. Examina-
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tion of the Raman dissipation spectrum k*E(k)
shows that this filtering removes 21% of the
energy content of the unfiltered data; two-
thirds of the energy removed occurs at A < 57.
The remaining third, representing ~ 7% of
total energy, is presumed to be balanced to
some extent by residual noise. The SNR of the
filtered Raman data is = 40, somewhat higher
than that used in hardware probe measure-
ment of y in a plane jet [17).

RESULTS AND DISCUSSION

This section focuses in part on aspects of the
Rayleigh/Raman method where difficulties
may be expected; there are three areas of
particular concern. Firstly, for fully burned fluid
around stoichiometric (f, = 0.353) composi-
tion, Yy, = 0, so f is determined solely from
the Rayleigh data which is at its minimum and
may therefore lead to scatter at f,. Secondly,
the effect of soot precursor interference on the
Raman data is known to peak slightly rich of f;
[18]. Finally, Raman noise and limited resolu-
tion are most noticeable in the scalar dissipa-
tion results and merit special attention.
Although mean and rms values of f, T, and
Y;, do not add new information to that already
published [1], they are useful for testing the
overall performance of the method. A compar-
ison of the data in Fig. 1 (based on 500 images)
with the point measurements by Masri et al.
[19] shows similar values of the centerline
fluctuation intensity f”/f (here 0.185 at 25D,
versus (.16 and 0.20 at 20D and 30D, respec-
tively) and the peak temperature fluctuation
T" (here 350 K at 25D, versus 380 K and 520
K at 20D and 30D). However, Y} /Y, Iis
markedly higher (here 0.31 at 25D, versus 0.17
and 0.22 at 20D and 30D), indicating that
Raman noise may have increased the mea-
sured fluctuation of Y;,. However, the Raman
signal contributes only in part to the computed
mixture fraction, which can account for the
fact that f” is not correspondingly increased.
Radial profiles of mean and rms of the scalar
dissipation components are shown in Fig. 2.
The ratio of the radial to axial components,
X./ X, rises slightly from a minimum of 1.7 on
the axis to 2.0 in the shear layer. This marked
anisotropy, like very similar results for a plane
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Fig. 2. Radial profiles of mean and rms of scalar dissipa-
tion components: y(0); x7(O); x,(a); x/(O).

air jet [17] and a round water jet [20], may be
attributable to the moderate turbulence
Reynolds number, 200 (160 for the plane air
jet). The methane jet in Ref. 15, with Re, =
700, shows very little anisotropy at x/D = 17.
The ratio y,,/X, (where subscript az denotes
the azimuthal component) has been measured
at three off-axis radii; its value is near unity in
the central region, peaks at 1.2 in mid shear
layer and declines to unity at tne outer edge.
The common assumption that x,, = y, is thus
fairly well supported by these results.

It can be seen in Fig. 2 that x; and y, are
around twice the corresponding mean values,
reflecting the local, very peaky distribution of
x. On the axis, the mean value of % (here
taken as 2§, + ¥,) is 29 s™!, so one can expect
local fluctuations to exceed 200 s~ 1. It is note-
worthy that this range of y (in this roughly
half-extinguished flame) brackets the extinc-
tion value y = 180 s™! (at stoichiometric) ob-
tained by laminar flame calculations at strain
rate 810 s™'. At upstream locations in the
turbulent flame, x/D = 10 and 20, peak values
of x are much higher; this is where extinction
is known to be initiated [21].

The mixture fraction probability density
functions (pdfs) in Fig. 3 show no marked
anomaly around stoichiometric (the stoichio-
metric location is shown by vertical marks on
the pdfs), indicating that any increase in scat-
ter due to the minimum in the Rayleigh signal
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Fig. 3. Probability density functions of mixture fraction f,
temperature 7T, and fuel mass fraction Y;,. Negative values
of r/D denote opposite side of flame axis.

near f, is minor. The weak dual peaks in
the pdf of f at r/D = 2.3 occur well lean
of f,; this appears to be a genuine manifesta-
tion of the turbulent-nonturbulent interface,
smoothed by the superlayer. Similar weak dual
peaks are found in the pdfs of f by Masri et al.
[22). In the pdf of the fuel mass fraction (Fig.
3), an intermittency spike is clearly seen.

The temperature pdf in Fig. 3 shows bi-
modality due to partial extinction: at r/D = 2.3
peaks tend to form around values for burned
and unburned fluid. It is more clearly seen in
Fig. 4 in the scatter plots of T and Y, condi-
tional on f: lean of f, the distribution be-
comes bimodal. This phenomenon is amply
documented elsewhere [9, 22]; the distributions
in Fig. 4 are quite similar to those of the single
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Fig. 4. Scatter plots of temperature, fuel mass fraction and
scalar dissipation, conditional on mixture fraction with
8000 data points collected equally from all radii. Lines
denote laminar flame calculations at strain rates 5 and 800
s~!, and frozen flow.
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point measurements, especially when it is taken
into account that the present data cover a
broader range of f than in Ref. 9. It can also
be seen in Fig. 4 that there is no scatter of Yj,
outside the range of frozen to burned fluid.

The scatter plot of y in Fig. 4 is based on
the approximation that, instantaneously, y, =
Xaz 0 that xy = x, + 2y,, as argued by Ansel-
met and Antonia [17]. However, it must be
emphasized that this exaggerates the extrema
of x since x, and y,, are not likely to have a
strong positive correlation. The scatter plot of
X is more easily read when reworked as con-
tours in Fig. 5; it is seen that the largest
fluctuations in y occur at, and just rich of, f..
Figure 5 includes all data from r/D =0 to 5,
hence the peak at (0, 0).

Radial profiles of the important correlation
between f and the components of y are shown
in Fig. 6. In common with results for a H,
flame [2], the value of the correlation coeffi-
cient has a minimum on the axis and increases
with radius. The results in Fig. 6 agree quite
closely with those for a cold CH, jet [16] at
x/D = 17. The dissipation of temperature (not
a conserved scalar) in a lifted flame [23] seems
more complex, but the range of the correlation
coefficient at x/D = 20, —0.1 to 0.6, is simi-
lar. By contrast, for a plane air jet [17] the
correlation seems very weak.

The simplifying assumption of independence
of f and y, which permits modeling of the jpdf
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Fig. 5. Iso-contour plot of scalar dissipation data as shown
in Fig. 5, but based on the full data set. Each contour is at
twice the level of the one below.
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as the product of the two separate pdfs does
not appear fully justified by these new results,
but it should be noted that where the correla-
tion is strong, y and f are both small, so that
the dependence overall is smaller than Fig. 6
suggests.

Of special interest for conditional moment
closure modeling {24, 25] is the radial variation
of the conditional scalar dissipation, { x | f =
17, (conditional on f taking the value 7), as
shown in Fig. 7. For the less reacted fluid
(b < 0.5) the modeling assumption that { x | f
= 7) is independent of radius seems tenable.
For the more reacted fluid (b > 0.5) there is a
marked increase with radius for data above
stoichiometric composition. This increase may,
however, be at least in part a measurement
artifact: loss of Raman signal strength due to
fuel pyrolysis at high temperature would arti-
ficially increase the mixture fraction gradient,
and y, just rich of stoichiometric. As there is
also substantial scatter in the data in Fig. 7,
the results for b > 0.5 must be viewed as ten-
tative only.

CONCLUDING REMARKS

Realistic quantitative measurements of mix-
ture fraction and scalar dissipation compo-
nents have been obtained by two-scalar ribbon
imaging, Comparison of the statistics of f, T,
and Yy with the literature shows no marked
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anomalies. Although little is as yet known about
scalar dissipation statistics in jet flames, the
results are consistent with the behavior one
may expect from theory and by extrapolation
from cold flow data. Simplifying assumptions,
signal noise and limited spatial resolution all
affect the results to some extent. However, the
value of this method as a platform for further
extensions, whereby measurements of radicals
and/or velocity can be made jointly with f and
X, Is so great for theory and modeling that the
expense and complex equipment needed for
such work is easily justified. Alternatives to the
fuel Raman/Rayleigh combination are being
investigated: fuel Raman/0O, Raman is a vi-
able combination when joint PIV measure-
ments are considered, since the particle Mie

scattering does not affect the filtered Raman
data; the fuel Raman /N, Raman combination
is attractive around stoichiometric, where N, is
the one major species with strong signal and
significant variation with f.

This work was supported in part by the Aus-
tralian Research Council and the Air Force Office
of Scientific Research under grant no. AFOSR-
91-0150. The experiments were carried out at
Yale University.
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