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Abstract 
 

This paper describes the first results from a new experimental facility that combines line-imaging 
measurements of Raman scattering, Rayleigh scattering, and laser-induced CO fluorescence.  Simultaneous 
single-shot line measurements of major species, temperature, mixture fraction, and the radial component of 
scalar dissipation are obtained in partially premixed methane/air jet flames (25% CH4, 75% air, by volume).  The 
experimental set up and methods of data analysis are described.  Results from a laminar jet flame and a piloted 
turbulent flame (Sandia flame D) are presented.  The laminar and turbulent flames both show a local minimum in 
the average scalar dissipation near the stoichiometric mixture fraction.  In the turbulent flame the radial 
component of the instantaneous scalar dissipation near the stoichiometric condition displays a log-normal 
distribution at high values and an exponential distribution at low values.  This is attributed to variation in the 
orientation of the three-dimensional mixture fraction gradient relative to the one-dimensional measurement.  The 
effect of scalar dissipation on flame structure is examined, based on average species mass fractions doubly 
conditioned upon mixture fraction and scalar dissipation.  The length scale of fluctuations in mixture fraction in 
the turbulent reaction zone is derived from the measured single-shot radial profiles at each streamwise location.  
This macro length scale in well resolved by the present methods, shows correlation over radial distances of a few 
millimeters, and grows with streamwise distance as the jet flame spreads.  The length scale for fluctuations in 
scalar dissipation is less than one millimeter at each of the measured streamwise locations in the turbulent flame.  
 
Keywords:  Turbulent flames; Scalar dissipation; Raman scattering   
 
 
 
 
 
1. Introduction 
 

Scalar dissipation is a central concept in the 
theory and modeling of turbulent nonpremixed and 
partially premixed flames [1].  There is a need for 
experimental data on scalar dissipation in 
hydrocarbon flames that can support the 
development and validation of improved combustion 
models.  For example, comparisons of measured and 
modeled results for partially premixed methane/air 
jet flames [2,3] have shown that conditional moment 
closure (CMC) and steady flamelet models, each of 
which depend on a submodel for conditional scalar 
dissipation, over predict the progress of reaction in 
fuel-rich conditions.  It is known from studies of 
laminar partially premixed flames that reaction 

progress in fuel-rich conditions is sensitive to the 
applied strain or scalar dissipation rate.  Therefore, 
accurate modeling of scalar dissipation is expected to 
be especially important for partially premixed 
turbulent flames, making them good candidates for 
the present experiments. Pitts et al. [4] provide a 
review of scalar dissipation measurements in 
nonreacting jets.  Measurements in turbulent flames 
are more limited because scalar dissipation, defined 
as )(2 ξξχ ξ ∇•∇= D , where ξ is the mixture 
fraction and Dξ is its diffusivity, is obtained from the 
spatial deriva-tive (in at least one dimension) of the 
mixture fraction, which is difficult to measure 
accurately in flames on a single-shot basis with good 
spatial resolution.  Nandula et al. [5], Chen & 
Mansour [6], and Brockhinke et al. [6] used KrF 



 

excimer lasers and intensified CCD arrays to obtain 
single shot measurements of the radial component of 
scalar dissipation in turbulent H2 jet flames.  
Methane flames present a greater challenge [7-10] 
because laser excited fluorescence of higher 
hydrocarbons interferes with Raman scattering 
measurements.  While line imaging of Raman 
scattering has been applied in turbulent nonpremixed 
hydrocarbon flames [11], we are not aware of any 
published results on scalar dissipation from such 
measurements.  There is ongoing work to develop 
techniques for two-dimensional measurements of 
mixture fraction in methane flames [12-14].  
However, the measurement of all the major species, 
which should yield the best accuracy in mixture 
fraction, is currently practical only in the context of 
line imaging.  This paper presents the first results 
from a facility that combines line imaging of Raman 
scattering, Rayleigh scattering, and laser-induced CO 
fluorescence to obtain measurements of temperature, 
the major species concentrations, mixture fraction, 
and scalar dissipation in turbulent hydrocarbon 
flames.  Temporally resolved measurements were 
obtained along radial segments in a piloted CH4/air 
jet flame (Sandia flame D [2,15]) and in a laminar jet 
flame (flame A [15]) with the same fuel composition 
of 25% CH4 and 75% air, by volume. 

 
2. Experimental Methods 
 
2.1 Line-Imaging Raman/Rayleigh/LIF system 

 
The experimental set up is shown in Fig. 1.  Four 

frequency-doubled Nd:YAG lasers were used in the 
Raman/Rayleigh system.  Dichroic optics 
successively combined each frequency-doubled 
beam (532 nm) with the 1064 nm beam of the next 
laser in the series, before it passed through the 
doubling crystal.  Collimating telescopes in three of 
the lasers allowed for matching of the waists of the 
four beams.  Dielectric breakdown in the probe 
volume was avoided by separating the pulses in time 
by 200 ns and by using a three-leg pulse stretcher, 
which extended each pulse to about 80 ns (FWHM).  
The combined beam was focused into the test section 
using a 500 mm lens.  Alignment of the multiple 
beams was accomplished using seven motor-driven 
mirror mounts, one for each laser and one in each leg 
of the pulse stretcher.  The pulse energy was 
measured using a thermoelectric Joule-meter.  Due 
to hardware problems, the present experiments were 
conducted using roughly 0.9 J/pulse out of the 2.4 
J/pulse that the system can deliver to the probe 
volume.  Excitation of CO followed the methods 
developed for multiscalar point measurements at 
Sandia [e.g. 3].  A seeded Nd:YAG laser pumped a 
tunable dye laser, and the dye laser beam was 
frequency doubled and then mixed with the Nd:YAG 
fundamental to reach 230 nm.  Laser pulse energy 
was measured using a photodiode, and the 
combination of a λ/2 plate and Glan laser prism was 

used to attenuate pulse energy and maintain it in the 
range (~1.5 mJ/pulse) that yielded a nearly linear 
dependence between laser energy and CO 
fluorescence signal along the length of the imaged 
region.  This reduces the influence of collisional 
quenching [3], and corrections for variation in the 
quenching rate were not applied.   

Raman scattered light was collected using a 
custom designed pair of 150-mm diameter achromats 
(Linos Photonics, f/2 and f/4), which were mounted 
face to face, yielding a magnification of 2.  The f/4 
lens matched the entrance aperture of an imaging 
spectrometer, which was fitted with a high-speed 
rotating mechanical shutter [9,16,17].  This shutter 
provided a 9 µs gate, rejecting flame luminosity and 
allowing the use of a non-intensified CCD array 
detector.  The shutter also provided timing signals 
for the lasers and cameras.   

A 16-bit, back-illuminated, cryogenically-cooled 
CCD (Princeton Instruments VersArray 1300B with 
1300x1340 pixels) was used for detection of the 
Raman spectrum.  The performance of such cameras 
is superior to that of intensified cameras, with regard 
to quantum efficiency, noise, and dynamic range, as 
described by Miles [16].  The image of the laser 
beam was rotated by a periscope to align with the 
vertical entrance slit.  A grating of 588 grooves/mm 
dispersed the Stokes Raman spectrum (550–700 nm) 
along the horizontal axis of the CCD detector.  The 
diameter of the probe volume was determined by the 
~250 µm waist of the combined laser beam, the 
image of which (500 µm after magnification) fits 
through the 800 µm rotating slit.  In order to 
minimize readout noise and hence improve the 
overall signal-to-noise ratio (SNR), CCD pixels were 
binned on chip to form superpixels.  For the present 
experiment 23 superpixels were defined along the 
spatial dimension of the CCD, corresponding to a 
spatial resolution of 300 µm along the laser beam, 
and 15 superpixels were defined along the spectral 
dimension.  The CCD detector allowed for arbitrary 
specification of the location and width of superpixel 
columns, and these spectral superpixels collected 
photons corresponding to the rotational-vibrational 
Raman spectrum of the major species (CO2, O2, CO, 
N2, CH4, H2O, H2) and interferences in-between.   

The Rayleigh imaging system used two matched 
achromats (82 mm diameter, 300-mm fl, 1:1 
conjugation), and the collected light was focused 
onto a back-illuminated CCD detector (Roper 
Scientific Spec-10 400B with 400x1340 pixels) 
through a 532-nm band-pass filter.  Gating was 
provided by a mechanical shutter and a ferro-electric 
liquid crystal shutter.  The horizontal image was 
divided into 23 superpixels of 300 µm, matching the 
Raman system.  The vertical image was divided into 
15 pixels of 60 µm, with upper and lower pixel rows 
being used for shot-to-shot subtraction of 
background scattering.   

The CO imaging system used the same front 
collection lens as the Rayleigh system.  A dichroic 



 

beam splitter in the collimated region reflected CO 
fluorescence from the B1Σ+(v″=0)→A1+(v′=1) band 
(~484 nm) through another matched achromat.  An 
interference filter centered at 484 nm (10 nm 
FWHM) passed the CO fluorescence signal onto an 
intensified CCD camera (Andor) with 512x512 
pixels.  As for the other systems, the imaged region 
was divided into 23 superpixels along the length of 
the laser beam.  Seven superpixels were used in the 
vertical direction, with the outer pixels again being 
used for background subtraction. 

 
2.2. Data analysis 
 

Processing steps for the Raman, Rayleigh, and 
CO LIF images included: dark frame subtraction, 
correction for non-uniform throughput and response 
of each imaging system, background subtraction, and 
normalization by laser energy.  The signals from 
each superpixel element were then converted to 
scalar quantities using an iterative matrix inversion 
process similar to that developed for point 
measurements [e.g. 3,8].  Diagonal elements of the 
matrix include a calibration factor and a temperature 
dependent bandwidth function for each species.  Off-
diagonal elements account for the temperature-
dependent cross-talk among species and the effects 
of laser-excited interferences.  Here we have used 
the signal from the C2 band near 560 nm, rather than 
the band near 615 nm, to correct for interferences.  
(The 560-nm signal is stronger and less affected by 
cross-talk from CH4.)  The major species mole 
fractions from the Raman/LIF measurements were 
used to determine the species-weighted Rayleigh 
scattering cross section, and the resulting Rayleigh 
temperature was iteratively applied in calculating the 
temperature dependent matrix elements, until 
convergence to <1K was achieved.  The LIF 
technique is superior to Raman scattering for the 
measurement of CO in methane flames [8,18], and 
LIF results for CO are used exclusively in this paper. 

Mixture fraction was calculated from the 
measured species mass fractions, Yi, using the Bilger 
formulation [19] modified as in previous work on 
these partially premixed flames to exclude the 
oxygen terms [3,15].  This reduces sensitivity to 
measurement noise and interferences.  The mixture 
diffusivity was evaluated as: 

Dξ = -0.12013 + 0.74818(T/1000) +     
1.1631(T/1000)2  (cm2/s), (1) 

which is a fit to the mixture-averaged diffusivity 
from a calculation of an opposed-flow, laminar, 
partially premixed CH4/air flame with a strain 
parameter for the Tsuji configuration of a=25 s-1 [3].  
Two methods for determining the radial derivative of 
ξ were investigated, spline smoothing and central 
differencing.  Results presented here are based on 
spline smoothing with the error constraint on mixture 
fraction set at 0.005 + 0.005ξ to account 

approximately for measurement uncertainty.  Scalar 
dissipation  
statistics (pdf shapes and conditional means) were 
relatively insensitive to error constraints between 
zero and the level applied here.  Central differencing 
yielded scalar dissipation statistics very similar to 
those presented below. 
 
3. Results and Discussions 
 
3.1 Laminar flame results and measurement precision 

 
Measurements were obtained in a laminar 

partially premixed jet flame (flame A [15]) in order 
to evaluate the precision of repeated measurements.  
The standard deviation in mixture fraction 
measurements (unsmoothed) in this flame varies 
from about 5% in lean conditions to 0.9% in very 
rich conditions.  Standard deviation in the measured 
scalar dissipation varies from ~17% to ~30%.  
However, this level of precision is still quite useful 
in the turbulent flame, where instantaneous χ values 
(presented below) are distributed over 3-4 orders of 
magnitude.  (For simplicity, χ is used in the 
remainder of this paper to denote the measured radial 
component of scalar dissipation.)  The measured 
profile of χ in this laminar jet flame has two peaks, 
with a local minimum just to the rich side of the 
stoichiometric mixture fraction, ξst=0.35.  
Calculations of laminar opposed-flow flames [3] 
show a similar double-peaked structure.  However, 
the measurements yield a rich-side peak in scalar 
dissipation that is roughly three times that on the 
lean side, while the corresponding ratio in the 
calculation is less than two.  This reflects a 
difference in structure between the axisymmetric jet 
and opposed-flow configurations.  Note that the 
shape of the scalar dissipation profile can depend on 
how mixture fraction is defined.  Therefore, 
consistent definitions should be used in such 
comparisons. 

 
3.2 Scalar dissipation statistics in turbulent flame D 

 
Flame D in the series of piloted CH4/air jet 

flames [15] has been a target of numerous model 
calculations [e.g. 2,20-22].  It is an appropriate flame 
for this investigation of scalar dissipation because it 
has a relatively high Reynolds number, Re=22,400, 
but a low probability of localized extinction.  Line 
measurements were obtained at streamwise positions 
of x/d=7.5, 15, and 30.  In each case the flame was 
aligned so that the imaged segment was 
approximately centered on the mean stoichiometric 
contour.  1000 shots, the equivalent of 23,000 point 
measurements, were acquired at each streamwise 
location.   

 Results for the radial component of scalar 
dissipation are presented in Fig. 2 as two-
dimensional density plots.  These plots are 
constructed from one-dimensional probability 



 

density functions (pdf’s) of scalar dissipation 
conditioned upon the mixture fraction, such that each 
represented value of ξ (each vertical slice) has equal 
probability.  As suggested by Chen & Mansour [6], 
scalar dissipation is examined in logarithmic space, 
hence the presentation of pdf(lnχ|ξ).  The darker 
areas correspond to higher probability.  The solid 
line in each density plot represents the average value 
of scalar dissipation conditioned upon the mixture 
fraction, ( 〉〈 ξχ |ln ). 

Scalar dissipation is broadly distributed at all 
measured positions in the flame except on the fuel-
lean side close to the exit (x/d=7.5), where the flow 
field is not fully turbulent.  There is a clear trend 
towards smaller values of χ with increasing 
downstream distance, manifested both in the density 
plots and the average values.  The streamwise decay 
in ξ, manifested in the progressive erosion of very 
rich samples, is also evident.  The double-peak 
structure noted in the laminar jet flame persists in the 
turbulent flame.  A local minimum in χ can be seen 
near the stoichiometric value (marked by a dotted 
line in Fig. 2) at all three streamwise locations.  The 
local maxima in χ are higher on the fuel-rich side of 
the flame, which is consistent with previous 
measurements [5,6] and LES results [20].  The 
values of the conditional average 〉〈 ξχ |  at the rich-
side maxima (ξ ∼ 0.5) are 63, 42, and 16 s-1 for 
x/d=7.5, 15, and 30, respectively.  The corresponding 
local minima (near ξst = 0.35) are 17, 10, and 4 s-1.  
Full three-dimensional results for scalar dissipation 
are expected to be higher by a factor between 2 and 
3. 

The one-dimensional pdf of χ at the 
stoichiometric condition, pdf(lnχ|ξst), has 
significance for both theory and modeling of reacting 
flows.  Experiments in cold flows [4,23] suggest a 
log-normal distribution for this pdf, while some 
experiments in reacting flows have suggested a 
different shape [6].  Here, this pdf was generated 
from measurements at x/d=7.5, 15, and 30.  A large 
bin was selected around the stoichiometric value, as 
shown by the lines and arrows in the density plots in 
Fig. 2, to provide sufficient statistical accuracy.  The 
results are shown in the lower graphs in Fig. 2, 
where the pdf(lnχ|ξst) is plotted in log-arithmic 
ordinate.  For each streamwise location the right side 
of the pdf, corresponding to the high values of χcan 
be approximated by a log-normal distribution 
(appearing as a parabola in such a plot).  The left 
side of the pdf, corresponding to small values of χ  
appears closer to an exponential (and hence a 
straight line in each graph).  As explained in [24] for 
isotropic turbulent flows, the deviation from log-
normality for the smaller values of scalar dissipation 
can be considered an artifact of the 1D measurement.  
As the instantaneous gradient vector, ∇ξdeviates 
from the radial direction, the 1D technique registers 
the projection of the vector along r and consequently 
lower values of χ This can be seen in Fig. 2, where 
the deviations from log-normality become more 

pronounced as distance from the exit increases, and 
the flame orientation varies more from the radial.  
Future experiments will include simultaneous planar 
imaging to determine the instantaneous flame 
orientation and curvature.  

 
3.3 Influence of scalar dissipation on species 

 
The present measurements allow direct 

assessment of the effects of scalar dissipation on 
turbulent flame structure and reaction progress.  
Instantaneous realizations (not shown here) give 
clear illustrations of turbulence-chemistry coupling.  
For example, CO levels on the fuel-rich side of the 
reaction zone are significantly reduced in single-shot 
profiles with high local scalar dissipation.  The joint 
conditional statistics of mixture fraction, scalar 
dissipation, and reactive scalars may be analyzed in 
various ways, which we can only begin to address 
here.  We will approach the issues in the context of 
classic ideas that describe a turbulent flame as a 
collection of strained laminar flamelets [1].  Every 
measurement point (Yi, ξ, χ) may be considered as a 
part of a doubly conditioned flamelet (conditioned 
on ξ and χ).  The previous section dealt with the 
results in the (ξ,χ) plane of the multidimensional 
scalar space that describes the turbulent flame.  In 
what follows, we will consider results in planes of 
(Yi, ξ) and (Yi, χ).  

There are at least two possibilities for calculating 
doubly conditioned averages of state variables: one 
is to condition upon the local scalar dissipation, χ; 
another is to condition upon the scalar dissipation at 
the closest stoichiometric condition, χst, , along the 
instantaneous radial segment.  The latter is presented 
here because it is more consistent with the 
theoretical treatment of flamelets, which are 
typically described according to the stoichiometric 
value of scalar dissipation [1].  Fig. 3 presents results 
in the form 〉〈 stiY χξ ,|  for H2O, CH4, CO, and H2.  
Data from all three streamwise measurement 
locations were combined, and conditioning on χst 
was performed using the five logarithmic intervals 
listed in the figure caption.  Arrows indicate in the 
direction of increasing χst.  Changes in the flamelet 
structure appear for the highest values of χst, and 
they are confined around the stoichiometric value, as 
anticipated by the conditioning method (upon χst).  
The water mass fraction is representative of 
temperature, CO2 and overall reaction progress and 
is shown first. As χst increases, the local mixing time 
(1/χst) decreases.  This translates to a decrease of 
local Damköler number and leads to the observed 
reduction of 〉〈 stOHY χξ ,|2 in Fig. 3.  A 
corresponding effect is seen in the results for 

〉〈 stCHY χξ ,|4
.  Higher values of χst result in 

increased leakage of CH4 across the stoichiometric 
condition and into the lean side of the flame.  The 
intermediates, CO and H2, show a more pronounced 
effect of scalar dissipation, which is most apparent 
on the fuel-rich side, where peak levels of CO and 



 

H2 are reduced as χst increases.  The behavior of 
species mass fractions shown in Fig. 3 is the 
expected response of flame structure to decreasing 
Damköler number [1,25], and it is qualitatively 
consistent with results from steady laminar flame 
calculations performed over a range of scalar 
dissipation rates.  The novel contribution of the 
present work is that these doubly conditioned species 
mass fractions are quantified for the first time in a 
turbulent CH4/air flame. 

The present measurements also provide 
information on the approach to extinction.  As an 
illustration, we consider the mass fraction of water 
conditioned upon the stoichiometric mixture 
fraction, ξst, and the instantaneous stoichiometric 
scalar dissipation, χst.  By con-ditioning on stξ  we 
ensure that only the local stoichiometric flamelets 
are included in the ensemble.  These correspond to 
the most vigorous burning condition and the largest 
values of local and instantaneous YH2O.  In Fig. 4 the 
doubly conditioned average ststOHY χξ ,|2  is 
plotted against 

stχlog .  The result corresponds to the 
upper burning branch of an S-shaped curve 
(mirrored, since we use the abscissa 

stχlog  rather 
than stχ1log  that corresponds to time).  The 
approach to extinction is clearly seen by the dip in 

ststOHY χξ ,|2
 for values approaching 400≈stχ  s-1.  

The curve drawn through the data is a quasi-analytic 
prediction of the S-shaped curve for single-step 
kinetics and for judicious choice of parameters [26].  
It is plotted as a visual aid to indicate the expected 
shape of the curve and not for reasons of 
comparison, because of the many adjustable 
parameters that the model requires.  The presence or 
absence of localized re-ignition can be judged from 
the structure of the instantaneous results at a constant 
scalar dissipation, oχ , below the extinction limit.  In 
regions having significant extinction and re-ignition 
a bi-modal distribution of values 

ostOHY χξ ,|2
 would 

be expected, cor-responding to both the upper and 
the lower stable branches of the S-shaped curve.  
Samples corresponding to the lower (re-ignition) 
branch were not observed in the present experiment.  

 
3.4 Spatial structure of turbulent flame D 

 
Two-point and multi-point spatial correlations of 

scalar quantities can be calculated from line 
measurements [6], leading to the calculation of 
length scales pertinent to turbulent combustion.  The 
normalized auto-correlation, 
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may be calculated for any scalar α.  The quantity Rαα 
may then be integrated over r∆  to produce a length-
scale lα: 

rdrrxRrxl ∆∆≡ ∫ ),,(),( ααα  (3) 

The length-scales for fluctuations in mixture 
fraction ( ξα ≡ ) and fluctuations in scalar dissipation 
( χα ≡ ) have been calculated and are plotted in Fig. 
5 as a function of axial distance, x/d.  The former, lξ, 
corresponds to a macro-scale of turbulence, while 
the latter, lχ, is characteristic of the length scale 
where most scalar dissipation occurs.  It should be 
noted that the dependence on the radius has been 
tacitly suppressed, and the length-scales are 
considered representative of the reacting region at 
each axial position.  The scale lξ is well resolved in 
this experiment and increases with axial distance as 
the flame spreads.  However, lχ is greatest at x/d=7.5 
and decreases with axial distance.  This trend may 
result from the transitional character of the flame in 
the near field, where combustion suppresses 
turbulence.  Better spatial resolution, which will be 
achieved in future experients, will be needed to 
confirm the quantitative behavior of lχ, but it is clear 
that fluctuations in scalar dissipation are only 
correlated over distances of less than 1 mm at these 
turbulent flame conditions.   
 
4. Conclusions 
 

Measurements of the major species mass 
fractions, mixture fraction, and the radial component 
of scalar dissipation were obtained in laminar and 
turbulent methane/air jet flames (flames A and D), 
using simultaneous line imaging of Raman 
scattering, Rayleigh scattering, and laser-induced CO 
fluorescence.  Local minima in the conditional scalar 
dissipation near the stoichiometric condition are 
exhibited by both types of flames.  Pdfs of scalar 
dissipation conditional upon mixture fraction are 
broadly distributed about the conditional mean.  
One-dimensional pdfs of the radial component of the 
conditional scalar dissipation around the 
stoichiometric mixture fraction exhibit log-normal 
behavior for high scalar dissipation values but appear 
to follow an exponential distribution for low scalar 
dissipation values, and this is attributed to variation 
in the orientation of the instantaneous three-
dimensional gradient in mixture fraction.  Average 
species mass fractions, doubly conditioned upon 
mixture fraction and scalar dissipation, clearly show 
the effects of high scalar dissipation and finite rate 
chemistry on flame structure, including the approach 
to extinction in the turbulent flame.  The length scale 
of turbulent fluctuations in mixture fraction across 
the reaction zone shows the effect of jet spreading 
and shows positive correlation over distances of a 
few millimeters.  The length scale of fluctuations in 
scalar dissipation is less than 1 mm at the three 
measured locations in flame D. 
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Fig. 1.  Experimental system for simultaneous line imaging of Raman scattering, Rayleigh scattering, and CO LIF. 
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Fig. 2. Top row: density plots of scalar dissipation for the three axial positions ( x/d = 7.5, 15, and 30) in flame D.  Darker 
areas correspond to higher density in the )|(ln ξχpdf .  The average conditional scalar dissipation ( 〉〈 ξχ |ln ) is plotted as a 
solid line.  Bottom row: 1D pdf of scalar dissipation conditioned upon the mixture fraction around the stoichiometric value 
( )|(ln stpdf ξχ ).  Data within the range 4.03.0 ≤≤ ξ were used to form the 1D pdfs.  Solid lines represent exponential and 
log-normal fits to the left and right tails of the pdf, respectively. 
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Fig. 3. Average species mass fractions doubly 
conditioned on the local value of ξ and on the value of 
scalar dissipation at the nearest stoichiometric location, χst, 
in each instantaneous profile.  The five plotted lines 
correspond to five logarithmic intervals used for binning χst: 
0.01-0.1, 0.1-1, 1-10, 10-100, and 100-1000 (all values in s-

1).  The arrows indicate increasing χst, and the dashed line 
shows the stoichiometric condition. 
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Fig. 4.  Average water mass fraction doubly conditioned on 
stoichiometry (ξst) and on the local value of scalar 
dissipation χst.  Line: S-shaped curve (mirrored) for 
extinction of single-step reaction (from [26]).  Dashed 
portion corresponds to the unstable branch of the curve. 
 

0

1

2

3

l ξ
  

, 
 l

χ
  
 (m

m
)

10 15 20 25 30
x / D

l
lχ
ξ

 
 
Fig. 5. Length scales of turbulent fluctuations in the 
mixture fraction (lξ) and scalar dissipation (lχ) measured in 
flame D.  The dashed line corresponds to the experimental 
resolution limit. 
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