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This work reports simultaneous multi-scalar measurements of a high Karlovitz number
lean-premixed methane/air Bunsen flame surrounded by a large vitiated co-flow. Flames in
this burner (the Hi-Pilot burner) have previously been analyzed in the context of perfectly
premixed combustion. Radial profiles of simultaneous Raman/Rayleigh scattering were
recorded at multiple downstream locations throughout the flame brush at a jet exit Karlovitz
number of KaT,P = 4 x 102. The multi-scalar measurements reported here indicate that the
reaction zones cannot be considered perfectly premixed at the equivalence ratio of the jet.
Instead, mixing occurs between the pilot and main reactants prior to burning, such that the
reaction layers are primarily stratified. The local equivalence ratio at the reaction surface
attains an intermediate value between the two streams. The measurements show that the
composition of the reactants at the flame front vary downstream, with heat release near the
jet exit occurring at equivalence ratios similar to that of the pilot, while heat release at
downstream locations occurs at equivalence ratios that are closer to that of the central jet.
Mass fractions of CO, evaluated from the Raman scattering, do not show evidence of
extinction at any locations in the jet. Based on these results, the specific mechanism causing
stratification cannot yet be identified. The implications of these findings for the regime
diagram as well as previous measurements of high KaLp flames are discussed.

I. Nomenclature

u' root-mean-square of velocity fluctuations
integral length scale

v kinematic viscosity
p density
SL unstretched laminar flame speed
D* characteristic diffusivity of the reactants computed at the temperature of the reaction surface
Tr/. = Kolmogorov time scale of turbulence, computed at the temperature of the reaction surface

6F,/, = laminar flame thickness

6 F,L,P laminar flame thickness as defined by Peters [2], D*ISL

2 1r.
K aT turbulent Karlovitz number as defined by Peters [2],

(u )2 (
k 

uF,L,
sd 

12

R eT = turbulent Reynolds number, u'Llv
equivalence ratio

X, = mole fraction of species i
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wi
Yi = mass fraction of species i

= molar mass of species i

II. Introduction

Realistic combustion devices operate with highly turbulent flows, and the effect of this turbulence on the heat
release field is not yet fully understood [1]. It has been predicted that when the time scales of the turbulent flow
become small enough relative to those of the chemical reactions of the inner layer of the flame, reaction layers can be
disrupted or broadened [2]. This criterion has been expressed mathematically by Peters in terms of the turbulent
Karlovitz number (KaTx) as [2-3]:

3

TF 8FP/SL (UT (SF 11/2KaT p, = = 
—to. tn. SL L

(1)

where 8F,L,p is the laminar flame thickness as defined by Peters [2], D* ISL. D* is the diffusivity, SL is the unstretched
laminar flame speed, L is the integral length scale, u' is the root-mean-square of velocity fluctuations, and Tn• is the
Kolmogorov time scale. In Eq. 1, D* and Tn• are evaluated at the reaction layer temperature (typically near 1500 K).

The value of K aTx therefore is explicitly related to the relative time scales of the turbulence and flame chemistry, and
this reasoning has been used to formulate boundaries for regimes of turbulent premixed combustion [2-3].
Conventional regime diagrams assume the reaction layer is approximately ten times thinner than the laminar flame
thickness, resulting in a boundary of KaTx = 100 beyond which broadened, broken, or distributed reactions should
occur.

It has been a goal of the combustion community for some time to validate this proposed boundary and identify
changes in reaction layer structure with increasing KaTx. Evidence of reaction layer broadening has been seen in
several direct numerical simulations (DNS) and some experiments. Aspden et al. [4] simulated a high-Karlovitz
number supernovae flame and observed distributed reactions for the first time. In experiments, Raman and/or Rayleigh
scattering has been used to indicate broadening of the flame brush in piloted premixed jet flames by Chen et al. [5],
Mansour et al. [6], and Dunn et al. [7-9]. However, none of these studies found evidence of distributed reaction zones.

Experimental data showing distributed reactions using planar laser diagnostics were first observed in a high
Karlovitz number jet flame by Zhou et al. [10]. They achieved Karlovitz numbers exceeding 1,000 at the jet exit by
utilizing a small-diameter, large velocity jet and extremely lean methane-air mixtures (thjet = 0.4). Reaction layers
were visualized using planar laser-induced fluorescence (PLIF) of the HCO and CH radicals, and distributed reactions
were observed, with relatively homogenous CH and HCO-PLIF throughout the downstream regions of the jet.

However, recent DNS simulations of this flame [11] have indicated that the heat release does not occur at the
equivalence ratio of the main reactants. Instead, prior to combustion, some mixing occurs between the central jet and
the richer combustion products from the pilot (6r pilot = 0.9), and the reaction layers are therefore primarily stratified
in this configuration. The mechanism producing this mixing was not explicitly identified. However, it was shown that
the magnitude of heat release rate near the jet exit (where strain rates and K au• were the highest) was reduced,
indicating partial extinction or weakening of the reaction layers. However, the heat release rate was not observed to
drop to zero at any locations in the flame. These results suggest that mixing across the flame zone may be possible,
even in the absence of total extinction of the reaction layer, if the mixing rates are large enough relative to the flame
chemistry.

In the Hi-Pilot burner, a large diameter Bunsen burner, the planar spatial distribution of CH2O, OH, and CH were
recorded using PLIF across a wide range of turbulence conditions [3,12]. The reaction layers, indicated by the spatial
overlap of OH and CH2O-PLIF and by the CH-PLIF signals, remained at or near the laminar thickness even at extreme
levels of turbulence (K aTd, > 500). However, the preheat zone upstream of the reaction layers was significantly
broadened [3,12]. For many run conditions in the Hi-Pilot burner, the preheat zone was broadened to entirely fill the
reactants in the jet core [13]. Thus, although the chemistry of the inner layer of the reaction zone was not visually
disrupted, the turbulence had a significant effect on global flame properties through preheat broadening, possibly due
to enhanced turbulent diffusivity. It is expected that this should lead to an increased chemical reaction rate relative to
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the laminar value. This hypothesis was also supported by measurements of the global consumption speed [13] (a
measure of the total rate at which reactants are consumed), which was greater than could be explained by the measured
increase in flame surface area due to turbulent wrinkling. To reconcile these two observations, it was presumed that
the local consumption rate of reactants per unit flame surface area (and thus the heat release rate) must be enhanced.
This hypothesis was supported by the local flame speed measurements of Osborne et al. [14].

Multi-scalar measurements of flame species and temperature are an important step for improved understanding of
turbulence-chemistry interactions in highly turbulent flames and can provide crucial data to help address the questions
raised above [15-16]. Furthermore, these data are necessary to further develop and validate combustion models, which
are a requirement to accurately simulate realistic combustion devices [17]. The present work applies simultaneous line
Raman and Rayleigh measurements in the Hi-Pilot burner to determine the temperature and seven major species
concentrations (N2, 02, CO, CO2, CH4, H2, and H20). The primary goal of this paper is to apply the multi-scalar laser
diagnostics in a high-KaT,p flame to identify the effect of turbulence on the reactant's chemical composition and the
detailed structure of the flame.

III. Experimental Procedure

Experiments were conducted in the Hi-Pilot burner, which is illustrated in Fig. 1 and has been characterized in
several previous studies [3,12-13]. The Hi-Pilot is a Bunsen burner with a large (108 mm) diameter co-flow
surrounding a 21.6 mm central jet. The jet has a converging-diverging nozzle to prevent flashback, and turbulence is
generated using slotted plates placed upstream of the contraction section. Impinging jets have been used in previous
experiments to increase the turbulence levels but are not used in the present measurements.

One run condition is studied in this work, the parameters of which are listed in Table 1 below. The air mass
flow rates selected for this study correspond to Case 4B from previous measurements in the Hi-Pilot [3,12-13]. The
equivalence ratio of the main reactants issuing from the central jet was ebr jet = 0.65. A richer co-flow pilot of thpilot =
0.9 was used in this work. Previous Hi-Pilot cases with a lean central jet have also used a richer co-flow [3]. The pilot
was run at a larger equivalence ratio so that any potential entrainment of pilot combustion products could be identified
with the multi-scalar diagnostics. The turbulent Karlovitz number at this run condition was KaT,P = 4 x 102, which
is above the theoretical broken/distributed reaction zones boundary predicted by Peters [2]. Previous PLIF
measurements in the Hi-Pilot showed that flames in these turbulence conditions possess broadened preheat zones, but
that the spatial extent of the inner reaction layer is not significantly perturbed [3,12].

Co-flow, 108 mm

Jet Exit,
21.6 mm

A

.119K.111bMra.

igN112.•

Tu rbulence riza i wpg, v4049.
Generator

Plate ffA 127 mm
mirdwar..-7.m..mArAwAraimi

Impinging
-4--Jets

A
mama'

93 mm

Figure 1: The Hi-Pilot burner.
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Table 1: Run conditions for the combined Raman/Ra lei h/LIF measurements

Case Ojet Opilot Main jet reactants (g/s) Pilot reactants (g/s) u7SL KaT,p

4B-0.65 0.65 0.9 13.67 9.47 139 4 x 102

Data were collected at multiple downstream locations, and in this paper, we present results from x = 10, 20, 40
and 60 mm. Radial profiles were measured throughout the flame zone, extending into the co-flow until no more
reaction layers were observed. Similarly, downstream profiles were continued until reactants were no longer observed
in the OH-PLIF and Raman data.

The experimental configuration is illustrated in Fig. 2 below. The Raman/Rayleigh probe volume was provided by
four frequency doubled Nd:YAG lasers that were optically stretched and combined in sequence to produce a 1.4
J/pulse beam with a duration of approximately 400 ns and beam diameter of approximately 220 gm. Measurements
of CO-LIF and crossed-plane OH-PLIF were also performed and will be presented in a future publication.

CO-LIF
camera

Polarizer

Holographic
grating

Raman
camera

Figure 2: Experimental Setup of the Raman/Rayleigh/PLIF diagnostics. The second detection system was not used in
this study. The LIF/PLIF measurements are not reported in this paper but will be included in a future publication.

Slow
wheel

Rayleigh
camera

Second Detection
System

Two 150 mm Linos Photonics lenses (set to f/2 and f/4, respectively) were used to focus the Raman/Rayleigh
signal onto the detection system. The exposure time of the cameras was controlled via a pair of rotating wheels with
narrow slits designed to pass light once per revolution (see Fig. 2). The slower rotating wheel was placed in front of
both the Raman and Rayleigh cameras, producing a 300 its gate time. This was the gate time for the Rayleigh camera.
The second, faster rotating wheel was placed in front of the Raman camera producing a gate time of 3.9 its.

A custom transmission grating (1200 lines/mm) and mirrors/filters were used to separate the Rayleigh scattering
at 532 nm from the Raman signal (-550 — 700 nm) and CO fluorescence (-480 — 488 nm). The Rayleigh signal was
measured with a Princeton Instruments 1340/400 EMB CCD camera. Raman scattering was detected using a non-
intensified, low-noise, cryogenically cooled CCD camera (Princeton Instruments VersArray 1300 B with CryoTiger
cooling unit, operating at -100 C).

Combined Raman/Rayleigh measurements were acquired with a data spacing of 20 um along the 6-mm probe
volume, and a method of wavelet adaptive thresholding and reconstruction (WATR) [18] was applied to each 1D
channel to reduce noise. The Raman/Rayleigh data were then processed using the hybrid approach described by Fuest
et al. [15]. The hybrid approach mitigates the detrimental effects of beam steering that occurs in turbulent flames as
well as optical distortion ("bowing') of the image as it passes through the entrance slit to the spectrometer.

The local equivalence ratio, (/), was defined following Sweeney et al. [19] as:

= XCO2+2XCH4+XCO+0.5(XH2O+XH2)

XCO2+X02+0.5(XH2O+XCO)
(2)

4
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where Xi is the mole fraction of the ith species. Thus, 0 represents the local equivalence ratio defined using the
instantaneous, local fuel/oxygen atom balance obtained from the measured Raman species concentrations. It is similar
to the normalized Bilger mixture fraction [19-20], and is equal to the equivalence ratio of either the main reactants or
co-flow combustion products when far from the flame surface. In a one dimensional, laminar premixed flame 0 will
be approximately constant at all locations (although differential diffusion affects will slightly perturb 0 near the areas
of heat release, particularly for rich flames [21]).

The local progress variable of the flame was also evaluated. A new definition of the progress variable was recently
proposed by Barlow et al. [22], which is computed from the measured species mass fractions as:

  +Ycowcop-YH20(w020)
(wO\ 0 YCO2("2wCO2)

; <1Co (
2w02 wO2 (02 WO WO _LI,

)+YCO wc0)+YH20(wH20)+YH2(wH2)..CH4(wcH4))

(3)

In Eq. 3, y and wi correspond to the mass fraction and molar mass of the ith species, respectively. The definition of
co given in Eq. 3 is essentially the mass of oxygen bound in the products CO2, CO and H20 divided by the mass of
oxygen that would be bound if the gas mixture were in the fully-burnt state. This formulation was shown in Ref. [22]
to have some advantages over other definitions of the progress variable. It can be easily computed from the multi-
scalar measurements conducted here and can also be easily extracted from a simulation dataset.

IV. Results

Scatter plots of the local equivalence ratio 0 versus temperature at nine locations in the Hi-Pilot are presented in
Fig. 3. Near the jet exit (x = 10, 20 mm), a strong positive correlation exists between 0 and temperature at all radial
locations. At these upstream locations, no high temperature 0 = 0.65 samples are observed, indicating that reactants
do not burn at the equivalence ratio of the fluid issuing from the central jet. High temperature samples at equivalence
ratios approximately corresponding to the jet are only observed at downstream locations, e.g. x = 60 mm.

The results in Fig. 3 indicate significant turbulent mixing of the jet and co-flow fluid at upstream locations.
Therefore, it is important to consider whether this mixing occurs through regions of completely extinguished reactions
or whether burning is occurring simultaneously to the mixing of co-flow and jet fluids. Figure 4 presents scatter plots
of the mass fraction of CO (Yco , derived from the Raman scattering measurements) versus temperature colored by
equivalence ratio. CO is produced and rapidly consumed near the primary reaction zone of a premixed flame, and
therefore the peak Yco indicates the location of heat release [18,23-24]. Due to its proximity to the reaction layer, Yco
reaches a maximum at intermediate temperatures in a premixed flame (around 1500 K for the present run conditions)
[25]. Non-reacting mixing between the reactants and products (i.e. extinction) would correspond to a straight line
between the low- and high-temperature states. Figure 4 shows that local maxima in Yco occur near 1500 K for all
locations in Hi-Pilot, indicating the presence of reaction zones. Extinction is observed rarely in the present data.
Therefore, the multi-scalar measurements do not show evidence of non-reacting mixing between the co-flow products
and main reactants at any locations in the jet. However, the measurements reported here were not made below x = 10
mm, and thus the possibility of extinction upstream of this location cannot be assessed from the present data set.

Regardless, the equivalence ratio at the location of maximum Yco does not correspond to that of the reactants
issuing from the central jet. The present Hi-Pilot run condition is therefore classified as a stratified flame. This is an
important result, as interpretation of results from previous Hi-Pilot cases has been done in the context of perfectly
premixed flames. Some potential implications of this finding are discussed in Section V.

It is interesting to note that the gradient of 0 in temperature space is smaller as the flow evolves downstream. At
x = 10 or 20 mm, particularly near the jet centerline, there is a nearly linear correlation between the two variables.
However, the local equivalence ratio changes much more gradually at x = 60 mm, indicating a more uniform reactant
composition throughout the preheat zone. Nonetheless, the reaction zones at these downstream locations are still
primarily stratified and there are few samples of high-temperature 0 = 0.65 products.

5
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Figure 3. Scatter plots of versus temperature for 12 locations in the Hi-Pilot burner. The figure indicates stratified
combustion, as almost no high temperature samples of = 0.65 are observed.
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Figure 4. Scatter plots of CO mass fraction (Yco) versus temperature for 12 locations in the Hi-Pilot burner. Color
map corresponds to 0. The figure indicates reaction zones are present at all locations, as a peak at intermediate
temperatures is always present.
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Figure 5 shows probability density functions of 0 conditioned on the region of peak heat release (defined here as
0.7 < co < 0.8) for the Hi-Pilot flame. The figure reports ensemble statistics computed from all radial locations
measured for a given downstream value of x. The dashed lines indicate the composition of the main reactants, 461jet =
0.65. Figure 5 shows that the most probable 0 in the vicinity of the reaction zone is always greater than Ojet, which
is further evidence of the stratified reaction zones present for this run condition. It is interesting to observe that there
is a shift in the composition of the reactants near the reaction layer as the flow evolves downstream. Near the jet exit,
heat release occurs at 0 ••••• 0.78, which is closer to the composition of the co-flow combustion products (Opilot = 0.9).
However, at downstream locations, the heat release occurs at values of 0 closer to the main reactants, with a maximum
near 0 •••• 0.72. A similar trend was observed in recent DNS by Wang et al. in a high-Kar jet flame [9]. This may be
due to decreased mixing rates with decreasing turbulence intensity at farther downstream locations.

15

0

x=40mm

0.65 0.75 0.85 0.95 0.65 0.75 0.85 0.95 0.65 0.75 0.85 0.95 0.65 0.75 0.85 0.95

0 0 0 0

Figure 5. Probability density functions of 0 conditional on progress variable 0.7 < co < 0.8 for the Hi-Pilot
flame.

V. Discussion

The results of Figs. 3-5 indicate that the present Hi-Pilot run condition is not a perfectly premixed flame. Instead,
it is a stratified flame with a significant gradient in 0 in temperature-space, particularly at upstream positions. It is
important that the mechanism producing stratification be identified. The Raman scattering measurements alone cannot
reveal the means by which mixing occurs in the Hi-Pilot burner. However, we can hypothesize several possibilities.

The variation of 0 conditioned on the location of maximum heat release rate (Fig. 5) displays many simlarities to
the DNS results of Wang et al. in a high-KaT,P jet flame [9]. Their simulations showed reduced heat release rates for
x/D < 10, allowing co-flow combustion products to mix with the main reactants in this region. Total extinction of
the reaction layers was not observed. However, the species gradients induced by turbulent advection were sufficient
to produce mixing across the flame zone. It may be that a similar mechanism is occurring in the Hi-Pilot burner due
to the very large K aTx near the exit plane (with rn• « rf, from Eq. 1).

Another plausible explanation is complete extinction of the reaction layers in these upstream regions, leading to
non-reacting mixing between the two streams. It is noted that no previous planar flame structure measurements in the
Hi-Pilot burner have reported any significant degree of extinction [3,10], nor do the CO mass fraction profiles shown
in Fig. 4. Instead, reaction layers of approximately the laminar thickness have been measured at all positions in the
flame, in agreement with the present multi-scalar diagnostics. However, all of these data have been restricted to x > 5
mm downstream of the exit plane. It is possible that extinction is occurring upstream of this location, and requires
further experimental investigation.

Finally, a third possible mechanism producing stratification is intermittent separation of the central jet from the
diverging portion of the nozzle. Such separation could reconcile the observation of stratified reaction zones with the
lack of visible extinction in these as well as previous data. A separating flow might allow the flame to propagate
briefly over the centerline, pulling combustion products from the pilot into the core of the jet. This would allow mixing
between the two streams before the flame returns to its anchored position on the burner nozzle.

The multi-scalar measurements suggest that it is problematic to place the present Hi-Pilot run condition on a
premixed combustion regime diagram. All Hi-Pilot run conditions that have previously been placed on a regime
diagram have used a co-flow of different composition from the main reactants. Therefore, it is important to identify

8
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which of these run conditions possess stratified reaction layers. For those cases, they may need to be removed from
the regime diagram, as they do not pertain to perfectly premixed combustion.

Depending on the particular mechanism producing stratification in the Hi-Pilot, there may be different implications
for a regime diagram. If it is due simply to extinction or significant reaction layer weakening near the jet exit (where
the strain rates are the largest), then the conclusion may be that these flames exceed a critical. KaT,P at these locations.
In jet and Bunsen configurations, high Ka" are typically achieved by a combination of high jet velocities and small
laminar flame speeds; it therefore may not be surprising that these conditions can disrupt the flame chemistry near the
jet exit. However, if extinction is occurring, then these regions of the flame may be appropriately placed in the broken
reaction layers regime, as they meet the criteria established by Peters [2]. This would be contrary to the findings of
previous studies [3,10] that observed thin reaction layers at all turbulence conditions. However, they did not measure
upstream regions near the exit plane (x < 5 mm), and were not using multi-scalar diagnostics that would be capable
of detecting mixing.

It is also possible that mixing of co-flow combustion products with the main reactants can explain why thin reaction
zones were observed at such large Ka" in downstream locations in previous studies [3]. As shown in [3], thin and
continuous reaction layers have been observed in the Hi-Pilot for KaT,P > 500. However, the present results suggest
that the laminar thermo-chemical properties that were used to compute KaTx in downstream locations may be
incorrect, as SL, 8F,L, etc. will differ substantially after mixing occurrs. If the true thermochemical properties of the
reactants at the region of heat release could be used to estimate KaTx at the flame front, it may be found that the
reaction layers obey the predictions of [2] more closely than was found in [3].

VI. Conclusion
Combined Raman/Rayleigh diagnostics have been applied in the Hi-Pilot burner for the first time. The multi-scalar

measurements of the lean-premixed methane/air flames were made in the range of extreme turbulence with centerline
jet-exit conditions of KaT,P = 422 and u'ISL = 139. The main reactants were run at lean conditions, jet = 0.6,
while the surrounding co-flow pilot was run at a richer equivalence ratio of thr Piot = 0.9. These flames were known
to lie in the broadened preheat — thin reaction zones regime based on previous flame structure measurements. The
conclusions are as follows:

1) The multi-scalar measurements show that the present run conditions depart from perfectly premixed
combustion. Instead, mixing occurs between the pilot gases and the main reactants prior to burning, and the
local equivalence ratio at the reaction surface attains an intermediate value between that of the two streams.
Therefore, the reaction layers in this Hi-Pilot run condition are primarily stratified rather than premixed.

2) The measurements show that the composition of the reactants at the flame front vary as the flow evolves
downstream. Near the exit plane, heat release occurs at equivalence ratios nearer to that of the pilot. In
downstream locations, the composition near the heat release layers trends towards that of the main reactants,

Ojet •

3) CO mass fractions do not show evidence of extinction, and reaction zones are measured at all locations
throughout the jet. The mechanism causing stratification cannot be identified from the multi-scalar
diagnostics, but it is possible that mixing is occurring across the flame brush due to finite-rate chemistry.

4) The measurements have potential implications for the regime diagram predicted by Peters [2], and it is
possible that run conditions previously thought to have a broadened preheat — thin reaction zone structure are
in fact located in the broken reaction zones regime. These observations are preliminary and require further
experimental investigation.
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