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INTRODUCTION 
Selected results from experiments conducted over the past several years involving simultaneous multiscalar point 

measurements in turbulent nonpremixed flames are reviewed in this paper. In these experiments, spontaneous Raman 
scattering and Rayleigh scattering measurements of the major species and temperature were combined with laser-induced 
fluorescence measurements of minor species. The most important feature of these experiments is that they provide detailed 
data on the instantaneous relationships among species concentrations, temperature, and derived scalar quantities that reflect the 
state of mixing or the progress of reaction. These data allow quantitative comparisons of the thermochemical states in 
turbulent flames with those in idealized representations, such as steady strained laminar flames, perfectly stirred reactors, or 
adiabatic equilibrium. The data may also be compared with results (measured or calculated) from unsteady laminar flames and 
from direct numerical simulations (DNS) of turbulent reacting flows. Such comparisons. provide insights into the 
fundamental nature of turbulencechemistry interactions, and they allow one to examine the validity of some of the basic 
assumptions that turbulent combustion models are built upon. Furthermore, these data allow quantitative evaluations of the 
predictive accuracy, strengths, and limitations of a wide variety of combustion models. 

Raman/Rayleigh measurements using flashlamppumped dye lasers in turbulent jet flames of H2, CO/H2, and C& were 
pioneered by Drake and coworkers [1-4] and Dibble and coworkers [S-81, and have also been reported by Correa and Gulati 
[9,10]. The fmt simultaneous RamanlRayleighLX experiments in turbulent flames involved measurements of OH radical 
using a second laser system, as described by Barlow et al. [l-l,12J. In this two laser approach, the tern&rature and major 
species data were used to correct linear fluorescence signals for shot-to-shot variations in Boltzmann fraction and collisional 
quenching rate. Pitz and coworkers [13,14] have demonstrated that a single tunable excimer laser (248 nm) can be used to 
measure OH as well as the major species and temperature, and there are now several research groups applying this approach. 
These OH data have provided information on the effects of turbulence on the radical pool in H2 [12] and C& [lS] jet flames. 
Hydroxyl has also proven to be a sensitive indicator of localized extinction in highly strained turbulent flames [16-181. For 
the purposes of understanding turbulence-chemistry interactions and evaluating combustion models, 0-atoms and H-atom 
measurements would probably be of even greater use than OH. However, quantitative LIF techniques for these radicals are 
more difficult than for OH. 

Nitric oxide was the second LIF species to be added to the multiscalar system at Sandia [19], based upon the maturity of 
NO fluorescence as a quantitative diagnostic in laminar flames and the need to learn more about the role of turbulence- 
chemistry interactions in the formation of this important pollutant. An extensive investigation of thermal NO formation in 
H2 jet flames has been completed [20], and experimental results have been compared with predictions of Monte Carlo pdf and 
Conditional Moment Closure (CMC) models 1211. Experiments on NO formation in bluff-body-stabilized flames have also 
been conducted [22]. 

Recently, a third LIF system was added for measurements of CO 1231. The motivations are two-fold. First, the Raman 
scattering measurements of CO in hydrocarbon flames suffer from fluorescence interferences from soot precursors [10,23], and 
better accuracy in the CO measurements is needed to evaluate models for hydrocarbon combustion in nonpremixed flames. 
Interferences have been found to be minimal for the two-photon LIF measurements of CO in these flames. Second, the 
detection limit for the LIF method is lower than for Raman scattering from CO. Simultaneous measurements of NO and CO 
at low concentrations, combined with measurements of major species, temperature, and OH, open the door for investigations 
of the role of turbulencechemistry interactions in NO formation and CO burnout in premixed and partially premixed 
hydrocarbon flames. 

In the limited space available, we will briefly outline the diagnostic system, then use results from experiments at Sandia 
to touch on four topics: 1) the streamwise development of reaction zone structure and radical concentrations in hydrogen jet 
flames; 2) some aspects of turbulencechemistry interactions in methane flames; 3) differential species diffusion; and 4) the 
conditional statistics of species concentrations and temperature, as related to thermal NO formation. These results will be 
discussed in terms of their implications for combustion modeling. 

EXPERIMENTAL APPROACH AND DIAGNOSTICS 
The primary objectives of the experiments reviewed here have been to investigate fundamental aspects of turbulence- 

chemistry interactions in nonpremixed flames and to provide data that will be useful for the evaluation and further 
development of turbulent combustion models. Geometries have included axisymmetric jet flames [12,20] and piloted jet 
flames [13-151 that can be modeled using parabolic marching methods, as well as bluff-body-stabilized flames [14,25], which 
include recirculation zones. Fuels and fuel combinations have included H2, H2/CO, H2/C&, C Q ,  CHsOH, CzHsOH, and 



C3H8. In many experiments partial premixing with air or dilution with an inert gas (N2, At, or He) has been used to alter 
aspects of the flame, such as the width of the reaction zone, the blow-off limit, the initial jet density, the radiative fraction, or 
the propensity to form soot or its precursors. All experiments have been performed at atmospheric pressure. 

The diagnostic system for multiscalar measurements at Sandia has evolved considerably since LE  capability was first 
combined with the RamaniRayleigh system [ll]. The present configuration is illustrated in Fig. 1. Two NdYAG lasers 
(532 nm, -1 joule combined, 10 Hz) are used for the Raman/Rayleigh measurements. The two lasers pulses are separated in 
time by about 150 ns, and they are temporally stretched using optical delay loops to avoid breakdown at the focus of a 1.5-m 
focal-length lens. A lens and folding prism (not shown) are used to double-pass the beams through the probe volume. Three 
NdYAG-pumped dye laser systems generate tunable ultraviolet light for LIF measurements of OH, NO, and CO. The 
multiple beams and the collection optics are aligned by placing a kinematically mounted aperture in the test section. Spatial 
resolution for the measurements is -0.75 mm, based on the length of the probe volume imaged onto each detector. The lasers 
are fired separately but are timed so that a l l  of the measurements are completed within less than one micro-second. 

The Raman/Rayleigh scattered light is collected through multielement achromats. Raman scattered light is dispersed 
onto an array of photomultiplier tubes at the exit of a 314-meter spectrometer (1800 lindmm grating). A holographic edge 
filter splits off the Rayleigh scattered light before it enters the spectrometer, eliminating the need for filters inside the 
spectrometer. Fluorescence is collected through a Cassegrian (reflective) lens, and selective mirrors and filters pass the NO, 
OH, and CO fluorescence onto their respective detectors. Detailed descriptions of the optical systems, LIF strategies, 
fluorescence corrections, calibrations procedures, and methods of data analysis may be found elsewhere [11,12,19,20,23]. 
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Fig. 1. Apparatus for simultaneous multiscalar point measurements, including the systems for Ramdayleigh scattering 
measurements and three Nd:YAG-pumped dye laser systems for LJF measurements of OH, NO, and CO. 

SELECTED RESULTS FROM NONPREMMED FLAMES 
We will consider four areas where multiscalar measurements have provided new perspectives on fundamental aspects of 

turbulent combustion. In reviewing this progress we emphasize that improved understanding of turbulent combustion is 
achieved through the combination of research tools, including the multiscalar point measurements, scalar imaging, and direct 
numerical simulations. 



Streamwise Evolution of Flame Structure and Radical Concentrations 
OH PLIF images in hydrogen jet flames [26] have revealed a streamwise evolution of the spatial structure of the regions 

of high OH concentrations from thin layers near the nozzle to broad zones near the flame tip. Multiscalar measurements by 
Barlow et al. [12,20] and Cheng et al. E181 have shown that there is a corresponding evolution in chemical structure that has 
some important implications, particularly with regard to thermal NO formation and the modeling of that process. Figure 2 
shows scatter plots of temperature, and the mole fractions of 02, H2, H20, and OH at two streamwise stations relative to the 
visible flame length, L, in a jet flame of H2 into air [20]. Also plotted on each graph are the adiabatic equilibrium curves and 
calculated results for steady strained laminar flames with strain parameters of a = lW/s and lOOO/s, which are far from 
extinction. 
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Fig. 2. Scatter plots of temperature, the mole fractions of 02, H2, H20, and OH at two axial locations in a hydrogen jet 
flame [20]. The lower graphs are for x=U8 and the upper graphs are for x=3U4, where L is the visible flame length. Also 
shown in each graph are the adiabatic equilibrium curves and results from two laminar flame calculations. 

Near the base of the flame (x=U8), where reaction zones are thin, the measurements show features that are similar to the 
strained laminar flames. The measured OH mole fractions are signiiicantly above equilibrium and are comparable to those in 
the laminar flames. The scatter plot of temperature has a broad peak that falls below the peak in the equilibrium curve. For 
fuel-lean conditions the measured temperatures tend to lie above the equilibrium curve and follow a bowed trajectory similar to 
the laminar flame curves. These trends can be attributed to the combined effects of turbulent strain and differential diffusion in 
the thin reaction layers near the flame base. 

. .  



Further downstream at x=3G4, where the mean value of the mixture fraction on the jet centerline is roughly 
stoichiometric, the measured OH mole fractions have decayed toward equilibrium, and measured temperatures are within an 
envelope that has a narrow peak and a relatively straight trajectory on the fuel-lean side. This temperature envelope is more 
consistent with the equilibrium curve than the laminar flame curves. Temperatures at x=3U4 are below the equilibrium curve 
due mainly to radiative losses. 

These data show that the degree to which the thermochemical states in turbulent nonpremixed flames deviate from simple 
representations, such as adiabatic equilibrium or strained laminar flamelets, depends on the local structure of the turbulent 
reaction zone, which is different at the flame base than at the flame tip. We expect that it will be a significant challenge for 
combustion models to predict the effects of this streamwise evolution of reaction zone structure, particularly with regard to 
radical concentrations and pollutant levels. For example, predictions based on libraries of steady laminar flame calculations 
are likely to over predict radical concentrations near the flame tip, where measurements show a decay toward equilibrium. 
Sanders and G6kalp [27] have found that experimentally observed scaling laws €or the NO emission index cannot be 
reproduced by a flamelet-based method. CMC and Monte Carlo pdf models have been shown to under predicted NO levels 
near the flame base [21], where reaction zones are thiri, differential diffusion effects may be important, and NO levels are 
stmngly affected by local influences of turbulent motions on the flame. 

Some Aspects of Turbulence-Chemistry Interactions in Methane Flames 
Multiscalar measurements in methane jet flames have provided some interesting insights and have raised several questions 

regarding the physical mechanisms of turbulence-chemistry intekctions that have yet to be fully answered. In a series of 
experiments on piloted jet flames near extinction, Masri et al. [16] reported CO concentrations that were higher than those 
predicted for steady laminar flames. In similar experiments on piloted flames of airdiluted and N2diluted methane, S h e r  et 
al. [17] and Barlow [14] et al. measured OH and H2 concentrations that were above flamelet predictions. Ma& et al. [28] used 
unsteady flamelet calculations to show that elevated concentrations of CO could result from a transient extinction and 
reignition phenomenon. However, subsequent experiments by Barlow et al. [29] in airdiluted methane flames demonstrated 
that high OH concentrations appeared at a Reynolds number for which the probability of local extinction was negligibly low. 
Figure 3 summarizes the results of that study in the form of conditional pdfs of the measured OH mass fractions, YOH, in 
four flames: laminar, transitional, turbulent, and turbulent with local extinction. Here the pdfs are conditional on the mixture 
fraction Wig within the fuel-lean interval (0.75~fstoi~<0.95;fstoi~.353) where the maximum OH mass fractions occur. 
Measurements in the laminar flame are consistent with OH levels calculated for steady laminar flames over a broad range of 
strain rates. However, both turbulent flames have OH mass hctions significantly higher than the range predicted by steady 
strained laminar flame calculations. These two turbulent flames differ in Reynolds number by more than a factor of two, and 
the lower Re flame has a negligible probability of local ‘extinction, whereas the higher Re flame displays a significant 
probability of local extinction. In spite of these differences, the shapes of the conditional pdfs of OH mass fraction are 
essentially the same. The only significant difference occurs near zero OH mass fractions, where the pdf  for the higher Re 
flame has a spike due to local extinction. The similarity of the two pdfs throughout the range of YOH that corresponds to 
reacted samples shows that the high measured OH mass fractions in turbulent flames cannot be attributed to the extinction and 
reignition process. 

Barlow and Chen [30] used unsteady flamelet calculations to investigate possible physical mechanisms for the overshoot 
of reactive intermediates in turbulent methane flames. Results suggested that differential diffusion and unsteadiness are 
important factors. When species Lewis numbers were set to unity, the predicted OH, H2, and CO levels increased relative to 
the case where differential molecular diffusion was included. This result is consistent with measured trends because differential 
diffusion effects are expected to decrease with increasing Reynolds number. 

A rapid decrease in scalar dissipation also caused overshoot of the concentrations of these intermediate species. Figure 4 
shows that it is possible for unsteadiness of the imposed scalar dissipation history to produce OH mass fractions that are 
greater than the maximum predicted for steady laminar flames. In this particular case, we have modeled a situation were the 
flame spends 90% of the time at a low scalar dissipation rate (10% of the extinction limit) and is exposed to brief intervals of 
high scalar dissipation (90% of the extinction l i t ) .  This was intended as a qualitative representation of the intermittent 
scalar dissipation history that a Lagrangian flame element might be experience in a laboratory-scale turbulent flame. The 
resulting increase in OH levels above the maximum steady value is similar to that measured in the turbulent flames. 
Furthermore, the time average OH mass fraction is greater than the maximum steady value. 

These numerical results point to unsteadiness and a decrease in the degree of differential diffusion as probable contributors 
to the measured elevation of OH, H2, and CO concentrations above the levels predicted for steady strained laminar flames. 
Flame curvature may also be a factor. Further insights into the relative importance of these mechanisms may come through 
comparison of multiscalar measurements in turbulent and unsteady laminar flames with results from DNS calculations, which 
have advanced to the point of using complex chemical mechanisms in calculations of low-Reynolds-number turbulent reacting 
flows [31]. 
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Fig. 3. Conditional pdfs of OH mass fraction measured at Fig. 4. Unsteady laminar flame calculations show that an 
x/d=20 in four jet flames of air-diluted methane [28] show overshoot of OH mass fraction can be caused by rapid 
OH levels above the maximum for steady flame calculations. changes in the imposed scalar dissipation. 

Differential Diffusion: Qualitative Trends 
It is common for turbulent combustion models to include the assumption that differential diffusion effects may be 

neglected, based on the argument that turbulent transport becomes dominant over molecular transport as the Reynolds number 
increases. Kerstein 1321 has presented arguments that differential diffusion effects should scale as l/Re. If so, differential 
diffusion may well be negligible in many practical combustion devices. However, there is ample evidence from multiscalar 
experiments that differential diffusion plays an important role in laboratory scale flames were H2 is the fuel or a component 
of the fuel mixture [1,18,20,33]. The modeling results discussed above suggest that differential diffusion influences the 
concentrations of combustion intermediates in methane flames. 

Differential diffusion effects appear most clearly when alternative definitions of the mixture fraction are compared. Figure 
5 compares elemental mixture fractions based on hydrogen and carbon measured in jet flames of H2/CO2 into air 1321. Data 
have been averaged conditional on the carbon mixture fraction, and results are plotted for jet Reynolds numbers of lo00 
(laminar) to 30,000 (turbulent) at two streamwise locations. If there were no differential diffusion the data would fall on the 
45degree lines in Fig. 5. 
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Fig. 5. Conditional means of the H-element and C-element mixture fraction at two streamwise locations in jet flames of 
H2/C02 into air show strong effects of differential diffusion for Reynolds numbers up to 30,000. (Adapted from Smith et al. 

Results show that H2 diffuses rapidly away from C02, causing the H2/C02 ratio on the centerline to drop substantially 
below its initial value. H2 diffuses to the reaction zone more rapidly than H20 can be transported away, producing local 
maxima in the H-element mixture fraction. The observed effects of differential diffusion are greatest for fuel-rich conditions 

1321.) 



(C mixture fraction 2 OS), they decrease with increasing Reynolds number, and they decrease with increasing streamwise 
distance. The temperature scatter plots in Fig. 2 suggest that the differential species diffusion which occurs near the flame 
base tends to be washed out due to turbulent mixing by the time fluid reaches the flame tip. Thus, there appears to be a 
streamwise evolution (decrease) in the importance of differential diffusion in jet flames. 

The potential effects of differential diffusion should be considered when designing experiments that use H2 as a fuel 
component and when interpretin'g data from such experiments. The role of differential diffusion should also be considered 
when model predictions are compared with measurements. 

Conditional Statistics of Thermal NO Formation in H2 Jet Flames 
For nonpremixed flames that are far from extinction, scatter plots such as Fig. 2 have shown close correlation between 

measured scalars (major species and temperature) and the mixture fraction. That is, the fluctuations in the measurements at a 
given value of the mixture fraction are small relative to the overall fluctuations at a given spatial location in the flame. This 
observation has contributed to the development of the Conditional Moment Closure (CMC) model by Bilger [34] and 
Klimenko [35]. CMC predictions of jet flames [36] have made the assumption that the conditional means of all scalars are 
independent of radial location in the flame: As a further example of the utility of multiscalar measurements in examining the 
underlying assumptions of combustion models, we will consider results on the radial dependence of conditional means of 
measured scalars in a turbulent hydrogen jet flame. 

In Fig. 6 conditional means of temperature and species mole fractions, including NO, are plotted vs. mixture fraction for 
each of four streamwise stations in a hydrogen jet flame (Re=lO,OoO) [20]. (Conditional means are determine by sorting the 
data into bins of mixture fraction and calculating averages for each bin.) The five line types in each plot correspond to five 
different radial positions relative to the mean stoichiometric contour. We find that the radial variation of the conditional 
means of the major species 02, H2, and H20 are very small at all streamwise location. However, there are distinct radial 
dependencies for temperature and NO. Near the flame base, at x=U8, the conditional mean temperature shifts downward by as 
much as 200 K as the probe volume moves radially outward. For fuel-rich samples the conditional mean NO mole fraction, 
( X N O ) ~ ,  aIso decreases with increasing radius. However, the opposite trend appears for fuel-lean samples, where the highest 
( X N O } ~  curve corresponds to the location farthest from the centerline. The results for temperature suggest that there may be a 
radial dependence of the conditional scalar dissipation and that the convective history effects associated with radical 
recombination are tied to radial location. As the probe volume moves downstream, the separate curves of conditional mean 
temperature and NO in Fig. 6 move closer together. For the upper half of the jet flame, where most of the NO is produced, 
the CMC model assumption of radial independence of all conditional means seems reasonable. 

SUMMARY AND DIRECTIONS FOR FUTURE WORK 
This paper has briefly reviewed the progress of multiscalar point measurements in turbulent nonpremixed flames. We 

have used data from experiments conducted at Sandia to highlight specific areas were multiscalar measurements have 
contributed to an improved understanding of fundamental aspects of turbulence-chemistry interactions in nonpremixed jet 
flames. The data have shown a clear streamwise evolution of chemical structure. As the probe volume moves from the flame 
base to the flame tip, radical concentrations decay toward equilibrium, the effects of differential diffusion become less distinct, 
and the radial dependence of conditional means of all measured scalars, including NO, becomes negligible. The measured 
evolution of the chemical structure is associated with an evolution in spatial structure, as revealed by OH PLIF images, from 
thin layers at the flame base to broad regions near the flame tip. The multiscalar data have also shown that concentrations of 
reactive intermediates for methane combustion are different in turbulent flames than in steady laminar flames. These results 
have important implications for turbulent combustion modeling, and some of these implications have been outlined here. 

Evaluation and further improvement of turbulent combustion models must rely on quantitative comparisons with detailed 
measurements in turbulent flames. Multiscalar point measurements in flames that have well specified boundary conditions 
can be very useful in this regard. The combination of scalar data and velocity data in the same flame will be even more 
useful. The compilation of complete data set for several well defined flames that can serve as test cases for various 
combustion models is a high priority that we are actively pursuing. 

With regard to the effects of unsteadiness, differential diffusion, and curvature on thermochemical states in turbulent 
methane flames, experiments and d i n t  numerical simulations on unsteady laminar flames, as well as turbulent flames can be 
expected to yield some useful insights. Measurements of CO concentrations in methane jet flames, based upon the new LIF 
capability, are in progress and should be particularly interesting. 

Many coworkers and collaborators have Contributed to this work, including R. W. Bilger, C.D. Carter, J.-Y. Chen, R. W. 
Dibble, G.J. Fiechtner, R.P. Lucht, A.R. Masri, T.L. Prast, L.L. Smith, N.S.A. Smith, and S.H. Stdmer. This research 
was supported by the United States Department of Energy, Ofice of Basic Energy Sciences, Division of Chemical Sciences. 
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United States Government Neithcr.the United States Government noi any agency 
themf,.nor any of their cmpIoyees, makes any warranty, express or implied, or 
assomes any I@ liability or nsponsibility far the akwracy, complcteneu, or w- 
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that its use would not infringe privately owned rights Reference' hmin.to any spe- 
cific commerciai product, ptocess, or Smricc by.trade name, trademark manufac-. 
turer, or other+ does not necessady constitute or impiy its endorsement, recan- 
mendation, or favoring by the United States'Government or any agency thereof. 
'Lhe views and opinions of authors upmied'henin do not n d y  state or 
reflect those of the United States Government or any agency thereof. 
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