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Local fluctuations in temperature and composition in a turbulent flame are examined through their influence
on Raman-scattering measurements of time-averaged flame properties. Using mean temperatures and number
densities measured in a hydrogen diffusion flame, two approaches to investigating turbulence properties are
examined. In the first, which is restricted to flame conditions where fluctuations are fairly small, the variation of
measured number density with spectral resolution is used to determine values for particular correlations between
fluctuations in number density and temperature. In the second approach, the Raman measurements are used to
evaluate a particular model for concentration fluctuations. The shifting-equilibrium reaction model is combined
with a clipped-Gaussian probability density function for mixture fraction in order to predict time-averaged
Raman signals. Comparisons with the Raman data determine particular radial distributions for the mean
mixture fraction and for the intensity of concentration fluctuations. These distributions are then used to predict
a variety of averaged flame properties, as well as the errors occurring in the time-averaged Raman
measurements.

I. Introduction

A LTHOUGH turbulent diffusion flames are utilized in
many combustion devices, investigations of these flames

have not established a fundamental theoretical description
from which accurate predictive models can be readily for-
mulated. The theoretical difficulties introduced by the
coupling between kinetics and turbulent eddy mechanics,
together with current schemes for addressing these dif-
ficulties, are described in recent reviews.1'2 An important
factor restricting theoretical progress is the lack of an ex-
tensive body of experimental data from these flames. Since
the early study of Hawthorne et al.3 only a few experimental
studies have been reported. Kent and Bilger4 used ther-
mocouple and isokinetic sampling probes to obtain mean
temperatures and concentrations in co-flowing hydrogen/air
diffusion flames. Bilger and Beck5 used an improved probe to
obtain mean concentrations in both co-flowing hydrogen/air
flames and vertical hydrogen flames into still air. The possible
error mechanisms in applying these probe techniques to
turbulent flames were discussed by Kent and Bilger.6 Lavoie
and Schlader7 used a sonic sampling probe to obtain mean
concentrations in vertical hydrogen flames into still air. A
direct examination of turbulence fluctuations was reported by
Lockwood and Odidi.8 Using a fine-wire thermocouple, these
authors obtained probability density functions for tem-
perature at various axial and radial positions in a vertical
methane diffusion flame.

An experimental method capable of providing non-
perturbing point measurements of temperature and con-
centrations in turbulent flames would obviously enhance the
progress of predictive models. In recent years a number of
experimental studies have been reported which demonstrate
the ability of Raman spectroscopy to provide local
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measurements of temperature and composition in laboratory
flames. The majority of these studies have involved
measurements in the post-flame gases of premixed, laminar
flames.9-13 In one study, however, the feasibility of using a
cw-laser system to obtain time-averaged Raman
measurements in a turbulent diffusion flame was in-
vestigated. 14 Mean temperatures from both hydrogen and
nitrogen spectra and the concentrations of H2, O2, and N2
were obtained in a vertical diffusion flame of hydrogen into
still air. This study introduced the possibility of significant
errors occurring in the Raman measurements due to the
fluctuations in temperature and composition at the flame
position under examination. These errors arise from the
dependence of measured Raman signals on both temperature
and species number density. An error analysis was presented
for various measurement cases, but estimates of error
magnitudes were not made.

The present study again considers the effects of turbulence
fluctuations in flames on time-averaged Raman signals. The
objective of this study is to demonstrate that these effects can
be used to obtain relevant information on local turbulence
properties. The time-averaged relations between Raman
signals and flame properties are reviewed in Sec. II. In this
section the spectral resolution of the detection system is
shown to control the degree to which Raman signals are in-
fluenced by temperature fluctuations. An analysis of time-
averaged Raman signals, measured when fluctuations are
small compared to mean values, is reviewed in Sec. III. The
analysis suggests a method for directly determining particular
correlations between number density and temperature
fluctuations, and this method is tested using data obtained in
the previous study of hydrogen diffusion flame.14 In
Sec. IV a set of time-averaged Raman measurements is shown
to be a useful basis for evaluating theoretical models for
concentration fluctuations. As an example, the shifting-
equilibrium reaction model15'16 is combined with a clipped-
Gaussian form of the probability density function for mixture
fraction17'18 to predict time-averaged Raman signals.
Comparisons with Raman data obtained in the previous
study14 determine particular radial distributions for the mean
mixture fraction and for the intensity of concentration
fluctuations. These distributions are then used to predict a
variety of averaged flame properties, as well as the errors
made in time-averaged Raman measurements.
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II. Time-Averaged Raman Signals from
Turbulent Flames

Detailed equations for Raman spectral signals from flame
gases were listed in the previous study.14 For vibrational (Q-
branch) Raman scattering in laminar flames, a simplified
expression for the Raman spectral signal S, generated by a
particular species having a local number density n, can be
written:

= K-F(\, AX, T ) - n (1)

where AT is a constant which depends on both the experimental
system and the species under observation, and F(\, AX, 7) is
a dimensionless factor related to the distribution of Raman Q-
branch lines within the spectral bandpass of the detection
system. The factor F depends on the spectral resolution AX
and center wavelength X of the detection system, the local
flame temperature T, and the particular species. Equation (1)
indicates that a number density measurement requires a
knowledge of the local temperature, a calculation of the
factor F at that temperature, and appropriate calibrations to
find the constant K. The accuracy of the measurement will
depend on the accuracy of these individual steps, as well as the
statistical uncertainty in the measured Raman signal.10 If the
spectral resolution and center wavelength are chosen so that a
particular vibrational band is resolved, an expression for the
resulting spectral signal Sv can be written:

SV=K-X(\ AX, T)-nv (2)

where nv is the number density of scattering molecules in the
vibrational energy state v, and x is a factor similar to F. The
ratio of spectral signals from two vibrational bands, Sv> /Sv,
is a known function of the local temperature for a diatomic
species in thermodynamic equilibrium. Measured values of
this ratio can be compared with calculated values to obtain
temperature data.

Expressions for time-averaged Raman signals obtained
from turbulent flames using a cw-laser spectroscopy system
are given by the time averages of the laminar relations in Eqs.
(1) and (2). For concentration measurements, Eq. (1) becomes

S~=K-F(\, AX, T ) - n (3)

If T and n are expressed as sums of mean and fluctuating
terms, Eq. (3) can be written:

, AX,

where the error term e is simply:

F-n

(4)

(5)

Since the factor F depends on the spectral resolution and
center wavelengths of the detection system, the error e also
must depend on these parameters. Figure 1 shows the
variation of the nitrogen factor F with temperature for three
different spectral bandpasses. The curves show that the
variation of F increases rapidly as the value of the spectral
resolution AX is reduced. Figure 2 shows measured values of
F-n for nitrogen obtained during the previous study of
vertical hydrogen diffusion flames.14 The number densities in
this figure have been normalized by the nitrogen value in
room air. The particular flame conditions for these
measurements are listed in Table 1. As expected from the
corresponding curves in Fig. 1, the measurements in Fig. 2
show a strong dependence on the spectral resolution.

Raman temperature measurements in turbulent^ flames are
obtained from the ratio of time-averaged signals SV</SV. Since
the two signals typically have temperature dependencies that
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Fig. 1 Calculations of the temperature-dependent factor F(\, AX, T)
for nitrogen.

Table 1 Flame conditions for
Raman measurements

Nozzle diameter d0
Axial position X/d0
H2 velocity at nozzle exit
Froude number
Reynolds number (Re)d

0.9mm
50

840 m/s
8.4xl07

6800

are quite different, the ratio of averaged signals probably will
not be same as the laminar ratio -Sv, /S^evaluated at the mean
temperature. Thus, a measurement of Sv, /Sv generally will
not provide an accurate determination of the actual mean
temperature. Figure 3 shows temperatures found from ratios
of averaged Raman signals obtained during the previous
study.14 Signals were recorded for both vibrational bands
from nitrogen and Q-branch lines from hydrogen. The in-
dicated temperatures were found by simply using the laminar
expressions for the ratios of these signals.! As shown in Fig.
3, this procedure results in temperatures from hydrogen
spectra that are substantially higher than temperatures from
nitrogen spectra at each flame position. In order to obtain
concentration data from measured values of F- n, values of
F(T) must be assumed based on the available temperature
data. The curve labeled "Ta "in Fig. 3 shows the temperature
values assumed for this purpose in the previous study. The
reported profiles of measured mean number densities were
found from:

Using Eq. (4), the ratio of measured mean number density to
actual mean number density can be written:

n = F(T)
n F(Ta)

(7)

Equation (7) serves to summarize the difficulties in obtaining
tThe nitrogen temperatures shown in Fig. 3 are somewhat lower than
reported in Ref. 14 due to an error in the previous calculations for
s,,*/st).
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Fig. 2 Raman measurements of time-averaged number density
signals in a turbulent hydrogen diffusion flame.14

mean flame properties from time-averaged Raman signals.
An analysis of errors introduced in averaging pulsed-laser
Raman signals from turbulent flames has been given recently
byEckberth.19

III. Direct Determination of Particular Correlations
In the previous section the influence of temperature

fluctuations on time-averaged Raman signals was shown to be
controlled by the spectral resolution of the detection system.
When this result is combined with a simple error analysis for
Raman concentration measurements,14 a procedure can be
identified for directly determining certain correlations be-
tween fluctuations in temperature and species number den-
sity. Experimental data for such correlations would be helpful
in formulating turbulent combustion models that incorporate
finite-rate chemistry. In these models, correlations between
fluctuations in temperature and reactant concentrations are
introduced when a global reaction rate in Arrhenius form is
time-averaged.20 Although the analysis in this section is
formally restricted to flames in which fluctuations are
relatively small, it will be shown that useful information can
be obtained even in the severe conditions of a turbulent
hydrogen diffusion flame.

A concentration error term e was introduced in Eq. (4) in
order to relate the time-averaged Raman signal to the actual
mean number density. In the previous study14 a simple
analysis was used to examine the sources of this term. If Tand
n are expressed in terms of mean and fluctuating components
and F is expanded in a power series about the mean tem-
perature, then Eq. (5) yields

where

e (AX) ^a] (8)

F ( T )

n'T'
W^T'

2F(T) dT2

and r
The dependence of the coefficients ai on the spectral
resolution AX follows from the dependence of F on AX.
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( RADIAL POSITION ) / ( AXIAL
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0.35

Fig. 3 Raman measurements of mean temperature in a turbulent
hydrogen diffusion flame.14 Temperatures are obtained from both
hydrogen and nitrogen spectral signals. The Ta curve represents
estimated mean temperatures used to obtain concentration values
from time-averaged number density signals.

Additional terms in the expansion for e involve higher-order
correlations in n' and T', and higher-order derivatives of F
evaluated at T. If the fluctuations in number density and
temperature are relatively small compared to the mean values
and the coefficients in the expansion are not large, then the
expansion can be truncated after a few terms. At a given
flame position the correlations tf are unknown constants,
while the coefficients a{ can be calculated provided a good
estimate of the mean temperature is available.

If several number density measurements are made at a
particular flame position using different spectral resolutions,
the error term in the /th measurement can be expressed in
terms of the error in the first measurement as follows:

/ + € ( A X / )
7 + e ( A X 7 ) F-n (9)

AX;

Thus, a series of measurements using different spectral
resolutions can be used to generate a set of equations con-
taining the unknowns e ( A X 7 ) , /;, ?2,.... If the expansion for e
can be truncated after N terms and a good estimate of the
mean temperature is available for coefficient calculations,
then a set of (N+ 1) equations can be generated and solved to
find values for the unknowns e ( A X 7 ) , tlt t2,...,tN.

As a test of this procedure, the Raman nitrogen
measurements shown in Fig. 2 were used to generate solutions
up to t2 at each flame position. Admittedly, the high fluc-
tuation amplitudes in a hydrogen diffusion flame may
represent too severe a flame condition for an accurate
evaluation. The coefficients were calculated using the
assumed temperature profile Ta shown in Fig. 3. The
maximum amplitude of the coefficients was found to be very
near unity. The results of solutions from sets of 3 equations
are presented in Fig. 4a. The concentration error e ( A X 7 ) is
positive throughout the radial profile, with peak values of
approximately 0.35 occurring on the rich side of the flame
relative to where peak temperatures were recorded (Fig. 3).
The first correlation tl is negative throughout the radial
profile, with peak amplitudes of approximately 0.8. The
second correlation t2 is smaller and negative over most of the
profile. The peak values of t2 are sufficiently large to suggest
that additional terms in the expansion for e are necessary at
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Fig. 4a Nitrogen correlations determined directly from Raman
number density signals. The minimum measurement error is also
shown.
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Fig. 4b Nitrogen .correlations and minimum measurement error
determined from number density signals, with a 3°7o error assumed in
one of the signal calibrations.

these flame positions. Solutions to sets of equations truncated
after the tl term were also obtained from the pairs of Raman
measurements available at each flame position. These results
for e ( A X y ) and tl were consistent with the values shown in
Fig. 4a except for the flame region where peak values occur.
In this region the peak amplitudes were reduced by a factor of
approximately 2.

Because of the difficulty in obtaining accurate mean
temperatures from time-averaged Raman signals, the sen-
sitivity of the solutions to temperature errors was evaluated.
The results showed that solutions to t2 are quite insensitive to
uncertainties in T. For example, if the assumed temperatures
are varied ±100K in the flame region where peak values
occur, changes of only a few percent are found in the
solutions. A similar examination of the sensitivity to errors in
measured Raman signals, however, showed that relatively
small errors can have a large effect on the solutions. Figure 4b
shows solutions for the same data that were used for the
results in Fig. 4a, except that a systematic error of 3% was
added to the measurements obtained with a particular spectral
bandpass. An error of this magnitude could have been in-
troduced during calibration procedures. The resulting
solutions for e ( A X y ) and tl are similar to the solutions shown
in Fig. 4a, except that the amplitudes are reduced by 20-40%.
The solutions for t2 have changed significantly, however, with
the entire profile shifted toward positive values.

In summary, this test of a procedure for directly deter-
mining particular correlations demonstrated that useful

results can be obtained in as severe a flame environment as a
turbulent diffusion flame. At a minimum, qualitative values
for second-order correlations between temperature and
number density fluctuations can be found. The procedure also
provides an assessment of the errors introduced in Raman
measurements of mean number density. Information on
higher-order correlations probably can be found, although
this application will require an experimental system capable
of providing very accurate measurements of Raman signals.

IV. Evaluation of Models for
Concentration Fluctuations

A direct approach for examining certain turbulence
properties using time-averaged Raman data was presented in
the preceding section. A more general approach is to use a set
of Raman measurements as a basis for evaluating models for
concentration fluctuations in turbulent flames. Two features
of Raman measurements suggest that this approach could be
quite successful. The first feature, which was utilized in the
last section, is that the spectral resolution of the detection
system can be used to control how strongly the temperature
fluctuations affect the measured signals. The second feature is
that the theoretical dependence of Raman signals on the local
temperature and number density is precisely known for
diatomic molecules. The temperature-dependent factor F in
Eq. (3) can be calculated with excellent accuracy, so a model
that predicts how temperature and concentration fluctuations
occur at a given flame position will also precisely predict time-
averaged Raman signals measured at that position. Com-
parisons between predicted and measured signals should
provide a strong test of the accuracy of the model.

Models for concentration fluctuations are used in dif-
fusion-flame theories which incorporate a number of sim-
plifying assumptions.21 Chemical rate constants are assumed
to be effectively infinite, so local reaction rates are controlled
by diffusion. If equal diffusivities of species and thermal
energy are assumed, the resulting equations allow the iden-
tification of certain scalar functions which are conserved
under chemical reaction. Such a conserved scalar was initially
used by Burke and Schumann,22 who assumed a one-step
irreversible reaction to derive an infinitely thin "flame-sheet"
model. This analysis was first applied to turbulent diffusion
flames by Hawthorne et al.3, who used a conserved scalar
defined to be the local concentration of fluid which originated
in the jet nozzle, considering any products present as being
decomposed into reactants. Using the flame-sheet assump-
tion, the instantaneous composition was defined by the in-
stantaneous value of the conserved scalar. Time-averaged
concentrations were found by weighting the concentrations
with a Gaussian probability density function for the con-
served scalar. More recent studies have continued to follow
this basic approach, with variations suggested for the con-
served scalar, for the probability density function of this
scalar, and for the reaction model. The conserved scalar used
is typically the mixture fraction, which is defined as the local
mass fraction of atoms that originated in the jet fluid.
Lockwood and Naguib 17 and Elghobashi and Pun 18 reported
flame models in which the probability density function is
assumed to be a clipped Gaussian bounded by Dirac delta
functions at the physical mixture-fraction limits of 0 and 1.
Bilger and Kent15 and Becker16 replaced the flame-sheet
assumption with a shifting-equilibrium reaction model. In this
approach the mixture is assumed to be in equilibrium
everywhere, with reversible multistep reactions allowed
wherever necessary to preserve equilibrium. The local
composition and temperature are given by the conditions
produced in an adiabatic reaction to equilibrium of premixed
fuel and air, with the proportions of the mixture defined by
the local mixture fraction. Bilger21 noted that this reaction
model is a better approximation for obtaining temperatures,
as well as minor species concentrations.

As an example of how time-averaged Raman measurements
can be used to evaluate models for concentration fluctuations,
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Fig. 5 Predicted values for time-averaged number density signals as
fit to measured values.

a combination of the clipped-Gaussian probability density
function and the shifting-equilibrium reaction model was used
to predict the set of Raman measurements obtained in the
previous study.14 The probability density function P for the
mixture fraction/, as used by Lockwood and Naguib,17 is
given by

P(/)=/>6(0)+5<5(7)+-^rexPr-4(——Yl (10)oV27r L 2 \ o / J

where

B=

The physically unrealistic "tails" of the Gaussian distribution
are put into Dirac delta functions at the physical limits/= 0,1.
The value of the P(f) function at a particular/is determined
by specifying values for the parameters //, and a. In order to
predict time-averaged flame properties, values for these
parameters must be given at each flame position.
Equivalently, values must be_specified for the mean mixture
fraction/and the variance/'2 at each flame position.^ In
theoretical flame models utilizing this approach, the mean
mixture fraction and the variance are two additional
dependent variables whose prediction must be included in the
mathematical analysis.17"18'23 The flame composition and
temperature as functions of mixture fraction were found from
chemical equilibrium calculations for hydrogen/air using the
program of Gordon and McBride.24 The mean values of
flame properties were found by simply integrating the
properties over the mixture fraction range using P(f) as a
weighting function. Predicted mean Raman measurements
were found _in the same_fashion using the appropriate
relations for Sand for Sv. /Sv (Sec. II).

The method of selecting values for the parameters IJL and a
at each flame position was somewhat arbitrary. A total of
seven profiles of Raman measurements were obtained in the

0.05 0.10 0.15 0.20 0.25
( R A D I A L POSIT ION) / ( A X I A L POSITION)

0.30 0.35

^Particular values of /x and a uniquely determine corresponding
values for the mean mixture fraction and the variance.

Fig. 6 Mean mixture fraction and the intensity of concentration
fluctuations as determined by fitting the nitrogen Raman data.

previous study: F-n data for nitrogen using three different
spectral bandpasses, F-n data for oxygen and hydrogen using
a single bandpass, and temperature data from ratios of both
nitrogen and hydrogen spectral signals. The method chosen
was to simply find smooth profiles for /* and o which gave
good overall agreement with the F- n data for nitrogen shown
in Fig. 2. Emphasis was placed on fitting the two data profiles
corresponding to the largest and smallest values of spectral
resolution, as these profiles should provide the greatest
sensitivity for matching the intensity of the temperature
fluctuations. The results of this fitting procedure are shown in
Fig. 5. The sensitivity of the fitting was quite good throughout
the radial profile,_and the resulting values for the mean
mixture fraction /^and_the intensity of concentration fluc-
tuations, defined by (/'2) 1/2 //, are shown in Fig. 6. The value
of the mean mixture fraction at the flame axis, 0.084, agrees
very well with the predictions and measurements reported by
Kent and Bilger,23 and the range of intensity values is quite
close to the constant value of 0.5 they chose for their
calculations.

This fit to the nitrogen data can now be used to predict
profiles corresponding to the remaining Raman data.
Comparisons between these predictions and measurements
will provide the test for the accuracy of the model under
evaluation. Figure 7 shows a comparison of predicted and
measured F-n values for hydrogen and oxygen. The
agreement is quite good for oxygen, but the predicted values
for hydrogen are somewhat lower than the measurements.
Figure 8 shows a comparison of predicted and measured
temperatures, as well as predictions for the actual mean
temperature and the intensity of temperature fluctuations.
The comparison between measured and predicted tem-
peratures from ratios of nitrogen spectral signals is quite
good, with predicted values somewhat higher near the flame
axis. However, the predicted values for the actual mean
temperature are substantially higher throughout the profile.
The problem in obtaining accurate mean temperatures from
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Fig. 7 Predicted and measured number density signals for hydrogen
and oxygen.
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Fig. 8 Predicted and measured temperatures from ratios of time-
averaged Raman signals. Predictions for the actual mean temperature
and the intensity of temperature fluctuations (dimensionless) are also
shown.

ratios of time-averaged Raman signals was identified in Sec.
II, but the results shown in Fig. 8 clearly indicate the severity
of this problem. The predicted temperatures from ratios of
hydrogen spectral signals are higher than the nitrogen tem-
peratures, but show poor agreement with the measured
hydrogen temperatures. The measurements show a
pronounced, repeatable oscillation in the profile, unlike the
smooth predicted profile. The intensity of temperature
fluctuations reaches a maximum at a radial position beyond
where mean temperatures peak, as observed in a methane

0.05 0.10 0.15 0.20 0.25 0.30
( R A D I A L POSITION ) / ( AXIAL P O S I T I O N )

Fig. 9 Predictions of the concentration error e(AX7> and the
correlations tt and t2 for nitrogen.

MODEL PREDICTIONS
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0.30

Fig. 10 Predictions of the concentration error c(AX7> and the
correlation tf for hydrogen and oxygen.

The peak value of
is predicted to be

diffusion flame by Lockwood and Odidi.*
the rms temperature fluctuation, [ T' 2 ] 1/2,
close to 190K.

As a final exercise in evaluating this particular model for
concentration fluctuations, predictions were made of the
concentration error e ( A X 7 ) and the correlations tl and t2 as
defined in Sec. III. The results for nitrogen are shown in Fig.
9. The predictions for e ( A X 7 ) and t} are qualitatively similar
to the experimental results in Figs. 4a and 4b, although the
amplitudes are considerably lower and the peak values occur
at larger radial positions. The t2 correlation is predicted to be
positive throughout the radial profile, with an amplitude close
to that of tl. Similar predictions for oxygen and hydrogen are
shown in Fig. 10. The concentration errors for hydrogen are
predicted to be quite small. In the experiments and
calculations the spectral bandpass was centered on the J=3
Q-branch line of hydrogen, which results in a factor Fthat is
relatively insensitive to temperature changes. The large
concentration errors predicted for oxygen are somewhat
misleading. The time-averaged signals F-n are found to be
very close to the predicted mean number density n for oxygen
(Fig. 7). The spectral bandpass resulted inja_ factor Fjhat
varied rapidly with temperature, so dividing F- n by F( T) in
Eq. (5) produced large values for e. The tl correlation for
oxygen is predicted to be negative and quite large throughout
the profile.

The comparisons shown in Figs. 7 and 8 are presented to
illustrate this use of Raman data and not to provide a
thorough evaluation of the particular model used. In fact, the
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model predicted profiles for temperatures from nitrogen and
number densities of oxygen quite well, hydrogen number
densities fairly well, and hydrogen temperatures poorly.
Other fitting procedures could have been chosen which might
have resulted in different comparisons. A 3-parameter model
to provide a better representation for intermittency15 might
have been a better choice for this initial evaluation, but the
fitting procedure would have been more arduous. The
comparisons as presented are felt to provide sufficient
evidence for the usefulness of this method.

V. Conclusions
The results of the present study show that time-averaged

Raman measurements in turbulent flames can provide useful
information on local fluctuations in temperature and com-
position. In one approach, a simple procedure was identified
for determining particular correlations from concentration
measurements that are made using different spectral
resolutions. This approach appears capable of providing
estimates, if not measurements, of some of the correlation
terms introduced in finite-rate chemistry models when
reaction rates are time-averaged. A more general approach
was demonstrated in which a set of time-averaged Raman
measurements can be used to evaluate particular models for
concentration fluctuations. This method for utilizing Raman
data appears to be quite promising. A variety of Raman
measurements can be made to provide a large data base for
comparisons with model predictions. The different
measurements are influenced to different degrees by the
fluctuations in temperature and composition, indicating that
comparisons will be sensitive to the details of particular
models. An appropriate set of careful Raman measurements,
obtained over a range of axial and radial positions in a well-
defined turbulent diffusion flame, should prove a useful
contribution towards improved understanding of these
flames.
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