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Abstract

To explore the effect of H2 addition (20 percent by volume) on stratified-premixed methane combustion

in a turbulent flow, an experimental investigation on a new flame configuration of the Darmstadt stratified

burner is conducted. Major species concentrations and temperature are measured with high spatial

resolution by 1D Raman-Rayleigh scattering. A conditioning on local equivalence ratio (range from 0=0.45

to 0=1.25) and local stratification is applied to the large dataset and allows to analyze the impact of H2

addition on the flame structure. The local stratification level is determined as AO/AT at the location of

maximum CO mass fraction for every instantaneous flame realization. Due to the H2 addition, preferential

diffusion of H2 is different than in pure methane flames. In addition to diffusing out of the reaction zone

where it is formed, particularly in rich conditions, H2 also diffuses from the cold reactant mixture into the

flame front. For rich conditions (0=1.05 to 0=1.15) H2 mass fractions are significantly elevated within the

intermediate temperature range compared to fully-premixed laminar flame simulations. This elevation is

attributed to preferential transport of H2 into the rich flame front from adjacent richer pockets.

Additionally, when the local stratification across the flame front is taken into account, it is revealed that

the state-space relation of H2 is not only a function of the local stoichiometry but also the local stratification

level. In these flames H2 is the only major species showing sensitivity of the state-space relation to an

equivalence ratio gradient across the flame front.

Keywords:

Turbulent combustion, H2 addition, Stratified flames, Multiple conditioned data analysis, Raman/Rayleigh

scattering
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1 Introduction
Many current combustion devices such as stationary gas turbines, aero-engines and automotive engines

are operated in an inhomogeneously premixed combustion regime [1]. Incomplete mixing can be

intentional, e. g. to assure flame stability in global fuel-lean combustors, or it can result from practical

limits on length of the mixing region. Numerous experimental and numerical studies have been conducted

in stratified flames and are summarized by Lipatnikov [1] and Masri [2].

Experiments and DNS have shown significant effects of stratification on flame speed, flame topology, and

internal flame structure of laminar and mildly turbulent (u7SL-1) flames. When compared to

homogenously premixed flames, lean stratified mixtures generally have higher flame speeds, broader

reaction zones, and extended flammability limits [3,4]. These effects are attributed to enhanced fluxes of

radicals and heat into the flame front. The mode of burning from a stronger lean mixture into a weaker

lean mixture is referred to as 'back-supported' (e.g., Fig. 3 in [1]), while lean stratified flames with the

opposite orientation are 'front supported'. For fuel-rich mixtures deductions appear more complex.

Richardson et al. [5] used DNS in a turbulent slot burner and found that the burning intensity is enhanced

when the flame speed in the products is faster than in the reactants. In turbulent flames the alignment of

the stratification relative to the flame front can be various [6].

Significant progress has been made in recent years to quantify effects of stratification in methane flames

with intermediate levels of turbulence and to test the applicability of current combustion models to

turbulent stratified flames. Fiorina et al. [7] compared multiple LES approaches to simulate the turbulent

stratified methane/air flames and found that flame wrinkling patterns and subgrid turbulence can be

critical aspects to match experimental data. In a series of experiments on a bluff-body stabilized burner

Sweeney et al. [8,9] applied multiple conditioning methods to reveal an increase of the mass fractions of

H2 and CO in a stratified environment. Thermal gradients were also increased at the location of maximum

heat release. However, when a simpler level of conditioning based only on the local equivalence ratio was

applied to the same data, Kamal et al. [10] concluded that the state-space relations were mainly a function

of the local equivalence ratio.
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The addition of H2 generated by electrolysis from resources such as solar and wind electricity to

hydrocarbon fuels offers a promising solution to accommodate for the natural fluctuations in these

renewables. There have been several experimental studies of the effects of hydrogen addition in premixed

turbulent methane flames [11,12]. H2 addition increases flame speed, broadens flammability limits, and

extends extinction limits. H2 addition also adds complexity due to expected greater effects of differential

diffusion. In a bluff-body stabilized premixed flames, differential diffusion of H2 was shown to have

significant effects on scalar structure [13]. To our knowledge, this is the first experimental investigation

of stratified turbulent methane flames with H2 addition based on quantitative measurements of major

species and temperature. The objectives of this study are to examining the flame microstructure in

temperature state-space, using conditional statistics, and determine whether effects of stratification are

more significant with hydrogen addition than in normal methane flames. Differences from the findings of

previous studies [8,9] in premixed and stratified methane flames are discussed.

2 Experimental Setup

2.1 Darmstadt Stratified Burner

The Darmstadt Stratified burner has been used in several experiments as well as numerical studies

[6,14,15]. The geometry is described in detail in [14] and is only briefly repeated here. Three concentric

tubes with inner diameters 14.8 mm (pilot), 37 mm (slot 1), and 60 mm (slot 2) are staged vertically by

5 mm for improved optical accessibility. A flame holder within the central tube stabilizes a pilot flame

40 mm upstream of the outflow. The premixed reactants from slot 1 are ignited by hot pilot flame

products, and a conical turbulent flame burns outward and eventually propagates through the mixing layer

formed between slot 1 and slot 2.

Several different methane hydrogen flame (MHF) configurations were generated by parametric variation

of flow velocity, stoichiometry, and level of H2 addition. In this paper only one configuration will be

discussed, having unreacted bulk flow velocities of 1, 10 and 15 m/s (pilot, slot 1, slot 2) and 20 percent H2

addition by volume of the fuel (80% CH4) in all slots. A lean pilot flame (0 = 0.7) was used. The

equivalence ratio for the mixture of slot 1 (0 = 1.25) and slot 2 (0 = 0.45) was selected in order to
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achieve identical laminar flame speeds in the mixture of slot 1, in the mean mixing layer between slot 1

and slot 2 (4) = 0.5(01 + 02) = 0.85), and in the fully premixed version of the flame (01 = 02 = 0.85),

which is not reported here. Laminar flame speeds of .5/4=1.25 = s1,0=0.85 = 0.344 m/s were derived from

1D simulations (Cantera 2.3 [16], GRI 3.0 mech. [17] including multi-component diffusion and Soret effect)

at these conditions. The maximum laminar flames speed for methane with 20 percent H2 addition is

0.434 m/s and occurs at (/) = 1.067.

2.2 Measurement Techniques

Multi-scalar line measurements of temperature (Rayleigh scattering) and major species (Raman scattering

and CO-LIF) were performed at the Turbulent Combustion Laboratory at Sandia. The setup has been

described in detail in [8,18]. 1D Raman/Rayleigh scattering was combined with two photon CO-LIF to

measure species mass fractions (N2, 02, CH4, H20, CO, CO2, H2) and temperature along a 6-mm segment of

the combined laser beams. Four frequency doubled Nd:YAG lasers with combined 1.4 J/pulse and a beam

diameter (1/e2) of 220 1.1.m were used for Raman and Rayleigh excitation. For two-photon CO LIF a 230.1-

nm laser beam was employed. The scattered light was collected using an achromatic lens system and

focused into a custom detection system. Non-intensified, low noise, CCD cameras were used for Raman

and Rayleigh signal detection. Gating for the Raman and Rayleigh cameras (3.9 [is (FWHM) and 300 [is,

respectively) was provided by custom-built rotating shutters. An intensified CCD camera was used for CO

fluorescence signal detection.

For results presented here, the projected pixel spacing of the Raman/Rayleigh/CO-LIF line data was

0.02 mm along the laser axis. The optical resolution of the line-imaging system was limited to —0.05 mm

by the large-diameter, achromatic collection lens system. Effective spatial resolution can be further

limited by the beam diameter and blurring caused by the flame itself.

2.3 Data Evaluation

Raman/Rayleigh/LIF data evaluation was performed using the hybrid method described in [19]. This

method is based on theoretically simulated Raman spectra, except for methane where a response function

based on calibrations is used. Calibration coefficients for the different species as well as normalization
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curves to correct for the different throughput along the 1D probe volume were obtained by measuring

several different cold flows as well as two different types of calibration flames; nearly adiabatic premixed

methane/air flat flames (0.8< 0 <1.3), and quasi-premixed hydrogen/air flames stabilized on a Hencken

burner (0.2< 0 <1.9). Representative values for precision and repeatability in scalar measurements are

given in [18]. Most relevant for the present work, the precision of the temperature is 0.9% in a

stoichiometric flat flame and the precision of H2 is 6.0% in the richest CH4/air flat flame. A spatial

oversampling and wavelet denoising methodology was applied to the 1D Raman—Rayleigh-LIF data to

simultaneously improve SNR and enable effective spatial resolution close to the optical resolution of the

system. The wavelet denoising algorithm, termed wavelet adaptive thresholding and reconstruction

(WATR), has been described in [9].

2.4 Multiple Conditioning

In order to understand the impact of hydrogen addition on space-state relations in the stratified flame, a

conditioning of the single shot data on the local equivalence ratio is necessary. The local equivalence ratio

was derived for each location within the 1D Raman/Rayleigh probe volume using the major species mole

fractions [8]:

0  X c021-2XcH41-XCO1-0.5(XH201-XH2)

Xc02-1-X02-1-0.5(Xcp-I-XH20) .
(1)

As in [9] the maximum in CO mass fraction was used as a surrogate for the location of maximum heat

release. The distance between maximum heat release and maximum CO mass fraction was calculated

from 1D simulations and varied from 16 µm (0 = 0.85) up to 60 µm (0 = 1.2). In this investigation the

local stratification across the flame front was quantified in terms of AO / AT at the location of maximum

CO mass fraction. This approach has the advantage of using the temperature as a flame coordinate to

normalize 6,0 and of isolating the effects close to maximum heat release. This local stratification metric

was calculated by retrieving the equivalence ratios from each instantaneous flame front measurement at

the locations of Tymma.-200 K and Tymmax+100 K. The range of 300 K assured a robust quantification of

the change in temperature.
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3 Results and Discussion
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Fig. 1. Density weighted profiles of the scalar field derived from radial scans at the axial planes indicated by dots, with
spline interpolation applied in between planes. The gray bar indicates the location of the probe volume for highly
resolved data at intersection of flame brush (T"rms,max) and mixing layer (43, = 0.85).

Based on the findings of previous studies [8], the largest influence of stratification was expected to occur

at the intersection of the mean flame brush and the mixing layer between the slots 1 and 2. The location

of the mean flame brush was assessed by the density weighted maximum temperature fluctuations

T';.ms,max in each radial profile, and the center of the mixing layer by 43n, = 0.5(01 + 02) = 0.85. As

illustrated in Fig. 1, the position of this intersection at z = 75 mm and r = 29 mm was derived by

interpolating the radial scans through the flame. Here the 6 mm probe volume was centered (grey bar in

Fig. 1), and 40,000 samples were acquired to ensure sufficient data to apply multi-conditioning.

3.1 Conditioning on equivalence ratio

Fig. 2 gives the mass fractions of the measured species (CO2, 02, CH4 and H20) in temperature space. Data

are conditioned on the local equivalence ratio. Only data where (/) = 0.85 ± 2.5 % (left column) and =

1.10 ± 2.5 % (right column) are shown, while data in all conditioning intervals centered at =

0.65, 0.70, ..., 1.25 had similar behavior. Results of unstrained and strained (1000 s-1) laminar flame

calculations at the corresponding equivalence ratios are included for comparison, with the effects of strain

being small for shown species. CO2, 02, CH4 and H20 mass fractions agree well with laminar flame

calculations for corresponding equivalence ratios. This result is consistent with the findings of Kamal et al.
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[10] and indicates that local equivalence ratio is the major driver of these state-space relations, regardless

of the H2 addition in the current study.
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Fig. 2. Mass faction of main species (CO2, 02, CH4 and H20) in temperature state space conditioned on the local

equivalence ratio (0 = 0.85 ± 2.5%, left; and 0 = 1.10 ± 2.5%, right). Joint probability density p(T,Y,) is color

coded and represents the incidence of data at this location in the scatter plot. Mean values in each 100 K bin are

plotted in blue, with vertical blue bars denoting ± one standard deviation. The laminar flame calculations are

represented by black solid lines (unstrained) and white dotted lines (1000 s-1).

Mass fractions of H2 and CO are given in Fig. 3. When conditioned on lean mixtures (0 = 0.85 ± 2.5%)

the state-space relations of H2and CO follow the laminar flame calculations well for intermediate and high

temperatures. In the low temperature region preferential diffusion of H2 from cold mixture leads to

slightly increased H2 mass fractions. However, starting from 0 = 1.0 the H2 mass fraction levels are

successively elevated compared to 1D calculations in the temperature range 700 K < T < 2000 K. The

greatest elevation occurs near 1650 K for 0 = 1.1, exhibiting an increase of the mean H2 mass fraction by

15 %. This elevation is significant since statistical uncertainty at this location can be quantified and is much

smaller than the observed elevation effect; one standard deviation of the mean estimation for YH2 is 4.6 •
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10-6 (1600 K < T < 1700 K, = 1.1 ± 2.5%, 7900 samples), while the distance of the mean to the

strained 1D calculation reaches AYH2 = 4.0 • 10-4. Note that the elevation of YH2 decreases in richer

mixtures (0 > 1.1) and ceases to exist at 4) = 1.2. For 0 = 1.25 the number of available data are too

small to generate meaningful figures.
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Fig. 3. Mass fraction of H2 (left) and CO (right) conditioned on the indicated equivalence ratio intervals. Color coding
of PDF and laminar flame calculations as in Fig. 2. Red and blue rectangles indicate sample regions of high and low of
H2 mass fraction, respectively.

In both experimental and computational studies of lean stratified methane flames, elevated levels of H2

have been attributed to diffusion of H2 from products at richer conditions (back supported flames).

However, in contrast to stratified flames of just methane, H2 addition leads to the situation where, for lean

conditions, the H2 mass fraction in the products is much lower than in the cold reactants. For results

conditioned on lean values of the local equivalence ratio (0 = 0.85 ± 2.5% in Fig. 3 as well as leaner

conditions not shown), this appears to negate the tendency for H2 levels to be elevated by diffusion from

richer mixture in lean back-supported flames. For fuel-rich laminar flames with H2 addition the maximum

YH2 levels exceed those in the reactants, and these maximum levels increase rapidly with equivalence
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ratio. Therefore, the most elevated Ki2 values seen in the results conditioned on 0 = 1.0 ± 2.5% up to

= 1.15 ± 2.5% are believed to result from locally high gradients in equivalence ratio (high stratification

levels) as well as from the steeper increase in H2 levels with equivalence ratio in the rich mixtures. Both

drive diffusion of H2 from adjacent richer product mixtures.

To test these hypotheses the most elevated data (YH2 > YH2 + 0.5 • CryH2 ) and least elevated data (YH2 <

YH2 — 0.5 • 61/H2 ) within the temperature range 1600 K < T < 1700 K for each of the two intervals in

equivalence ratio (0 = 0.85 ± 2.5%, = 1.10 ± 2.5%), were selected for comparative analysis, as

illustrated by the corresponding red and blue rectangles in Fig. 3. For each data point within these four

subsets the values of equivalence ratio measured within ± 200 I.J.m along the instantaneous 1D probe

volume were sampled. Resulting populations are plotted as histograms in Fig. 4. Mean values of the

equivalence ratios for these distributions are given as vertical red (blue) lines for the data from the red

(blue) rectangle regions marked in Fig. 4.

5

a.

0

= 0.85 ± 2.5% v= 110 ±

07)5N, low = 0.84
(T5y;.6. high = 0.86
Tb„, = 0.85

0.6 0.8
0 (-)

1 0.8 1 1.2
(1) (-)

Fig. 4. Histograms of distribution of equivalence ratio in the vicinity (± 200 um) of the data points represented by

the red and blue rectangles in Fig. 3. Means of the distributions are given as solid vertical lines (red/blue). Respective

set points of 0 (0.85 and 1.10) are marked as dotted gray line.

For the highly elevated YH2(Fig. 4, right, red histogram) the mean of the distribution is shifted in the rich

direction to (T) = 1.12. This emphasizes that at the location of a high YH2(red rectangle) the probability of

the appearance of an even richer pocket in the spatial vicinity of this data point is elevated. Thus the high

values of YH2 in the data conditioned on 0 = 1.10 can be attributed to preferential diffusion of H2 from

adjacent richer regions of the flame. The richest conditioning interval in Fig. 3 (0 = 1.2 ± 2.5%) cannot

be affected by diffusion of H2 from significantly richer mixtures because the slot 2 flow is at 0 = 1.25 in

this flame. Therefore no H2elevation is found here.
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In fuel lean mixtures, represented in Fig. 4 (left) by data conditioned on 0 = 0.85 ± 2.5%, the 0

distributions corresponding to low (blue) and high (red) ni2 are only slightly shifted from the set point of

0.85 and from each other. There is a slight tendency for high YH2 levels to be correlated with the presence

of adjacent pockets at higher 4), but the effect is smaller than in the rich example, and there is negligible

probability of finding pockets with 0 > 1 within the considered range of ± 200 [tm. As discussed above,

the levels of H2 at low temperatures at the available adjacent mixtures exceed those at high temperatures,

and this apparently reduces or eliminates the potential for differential diffusion from richer mixtures to

cause H2 elevation.

This new finding reveals that mass factions of H2 that are higher than expected from 1D calculations appear

more likely when there is a richer mixture adjacent to the flame. In locally rich mixtures state-space

relations of H2are not only a function of the local equivalence ratio but also a function of the stoichiometry

of the gas mixture in the vicinity of the flame.

In lean mixtures the CO mass fraction (Fig. 3, right) follows the 1D simulation. In rich mixtures, starting

from 0 = 1.0 there is a slight elevation of Yco compared to laminar flame results that is similar to the

observation made in pure methane flames [10]. This may be attributed to turbulence because

stratification is shown in the next section to have no significant influence on Yco.

3.2 Conditioning on equivalence ratio and stratification

To further reveal the influence of stratification on the micro structure of the flame, additional conditioning

is applied to the data. As outlined in Section 2.4, a measure of local stratification is calculated for each

instantaneous flame front measurements as (AO/AT) based on the two locations corresponding to
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TYco,..-200 K and Tycco.+100 K. PDFs of the measured stratification conditional on local equivalence

ratio are plotted in Fig. 5.

CD=0.60 CI)=0.70

0.3

-u=1.0ti CI)=1.10

-8 -6 -4 -2 0 2 4 6
A, AT K)

8 10

x104

Fig. 5. Probability distribution of stratification conditioned on different local equivalence ratios (0 = 0„t ± 2.5%,
color coded). Blue (0 = 0.6), green (0 = 0.85) and red (0 = 1.1) vertical dashed lines indicate the stratification
value with the used definition for a 1D strained (1000 s-1) flame, respectively. Gray vertical dotted lines separate four
levels of stratification as discussed in the text.

The values of stratification determined in the above manner for strained (1000 s-1) 1D premixed flames

are non-zero due to effects of differential diffusion on the local equivalence ratio calculated from the major

species mole fractions. Calculated values for premixed flames at ill = 0.60, 0.85, 1.10 are 4.840-5 K-1,

7.140-5 K-1, 9.8.10-5 Kt, respectively. These values are marked as vertical dashed lines in Fig. 5 as a

comparison to the measured distributions. Number of measured samples available for the evaluation of

the stratification levels in Fig. 5 are: 523 (4) = 0.6), 1817 (4) = 0.7), 1586 (4) = 0.85), 1428 (ip = 1.0) and

1180 (0 = 1.1).

The average orientation of the outward-burning turbulent flame and the stratified mixing layer (Fig. 1)

dictate that positive stratification (6,4)/AT > 0) should be more probable. As noted earlier, the maximum

laminar flames speed occurs at = 1.067, so positive stratification corresponds to back supported

combustion for lean and stoichiometric conditions. Figure 5 shows that positive stratification is dominant

for lean mixtures. However, there is a progressive shift and broadening of the pdfs with increasing O.

Locations of the maxima of the distributions are weakly dependent on the local equivalence ratio and

located at small positive values (0 < AO/AT < 2 • 10-4 1/K). From lean to rich mixtures the appearance of

negative stratification becomes increasingly likely. This can be explained from the dependence of flame

speed on equivalence ratio. Because the highest laminar flame speed occurs at = 1.067, the lean

mixtures are much weaker than the rich mixtures in the present conditional analysis. The viability of front
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supported flames at the leanest condition would be very low, limiting the number of measured realization.

The viability of flames with negative stratification improves with increasing 0, leading to the broadening

of pdfs in Fig. 5 toward negative values. Note that pdfs for 0 = 1.0 and 0 = 1.1 are very similar, and these

two conditions are on either side of the condition of maximum laminar flame speed.
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Fig. 6. Mass factions of CO and H2 in temperature state-space conditioned on two different local equivalence ratios
and four different levels of stratification (color coded). Variation of the data within a 100-K bin are given exemplary
for 0 < .6d/VAT < 2 • 10-4 1/K as vertical bars representing one standard deviation. Laminar flame calculations are
represented by black solid lines (unstrained) and grey dotted lines (1000 s 1).

Figure 6 shows state space relations for H2 and CO mass fractions conditioned on equivalence ratio and

stratification level. Results reveal the insensitivity of CO levels to stratification. The main reactive species

(02, CH4, CO2, H20) are also insensitive to the stratification level (not shown). Only the mass fraction of H2

shows strong dependence on the level of stratification. This is true independent of the local equivalence

ratio. In the temperature range 400 K < T < 1700 K YH2 is elevated due to the higher equivalence ratio of

the adjacent mixture. Only highly diffusive H2 is being transported preferentially to the preheat zone of

the flame [9]. This results in higher concentrations of H2 than expected from 1D calculations. The initial

addition of H2 to the fuel and the existence of pockets with rich mixtures make this effect much stronger

than found in pure methane flames [15]. Conditioning on 0 = 0.85 ± 2.5%, (Fig. 6, left) reveals that the

elevation of H2 only occurs at positive values of stratification (00/ÁT > 2 • 10-4 1/K). The state-space

relation in weakly stratified mixtures (0 < 6,0/ÁT < 2 • 10-4 1/K) appears close to the 1D calculations.
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Here, no large gradient of equivalence ratio is apparent. Thus, no source region for H2 diffusion towards

the flame front exists. In rich conditions (4) = 1.1 ± 2.5%, Fig. 6, right) the lack of 02 prevents the

immediate reaction of H2 and allows an elevation of YH2. This is true also when no local stratification is

present at the instant of the measurement, possibly due to history effects involving earlier diffusion of H2

from richer mixtures. These findings reveal that in these flame conditions the state-space relation of H2 is

a function of not only the local equivalence and the stoichiometry of the gas mixture in the close vicinity

(± 200 iim) but also of the local stratification.

4 Conclusion
A turbulent stratified methane flame with 20 percent hydrogen addition, stabilized on the Darmstadt

Stratified burner, has been investigated. Major species concentrations and temperature were measured

at the intersection of the mean mixing layer and the flame brush to maximize the impact of stratification.

These data were conditioned first on local equivalence ratio and then also on the local stratification level.

The stratification level was calculated as A4) / AT using two points bracketing the location of maximum

CO mass fraction (Tym..-200 K and Tymma.+100 K). The location of maximum CO mass fraction was used

as a surrogate for the location of maximum heat release. Thereby, the effect of equivalence ratio gradients

onto the flame structure were isolated. The main findings are summarized below.

• H2 addition leads to different preferential diffusion of H2 than in pure methane flames.

o In fuel lean condition H2 diffuses from cold mixture into the flame front.

o In rich condition H2 diffuses out of the reaction zone where it is formed in higher

concentrations than in the cold mixture.

• The state-space relations of all major species (excluding H2 and CO) are mainly a function of local

equivalence ratio thus insensitive to turbulence and stratification

• Levels of stratification are moderate. PDFs of distribution of stratification peak in mildly positively

stratified flames (A4) / AT >0)

• CO levels are slightly elevated in rich flame regions. However, CO levels were insensitive to

conditioning on the local stratification level.

14



• H2 mass fractions are significantly elevated in the intermediate temperature range compared to

laminar flame simulations. This is attributed to preferential transport of H2 into the rich flame

front from adjacent richer pockets and occurs if two requirements are fulfilled:

o There is a rich mixture that lacks of 02 for immediate reaction of H2.

o There is a richer mixture apparent in the close vicinity (± 200 p.m) of the probed flame

front that acts as source region for diffusive H2.

• H2 state-space relations shows exclusive sensitivity to stratification. Higher positive stratification

levels (AO / AT >0) lead to increasing elevation of H2 compared to laminar flame simulations.
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Figure Captions
Figure 1:

Fig. 1. Density weighted profiles of the scalar field derived from radial scans at the axial planes indicated

by dots, with spline interpolation applied in between planes. The gray bar indicates the location of the

probe volume for highly resolved data at intersection of flame brush (T"rms,max) and mixing layer ((bin =

0.85).

Figure 2:

Fig. 2. Mass faction of main species (CO2, 02, CH4 and H20) in temperature state space conditioned on

the local equivalence ratio (cp=0.85 ±2.5%, left; and cp=1.10±2.5%, right). Joint probability density p(T,Yi) is

color coded and represents the incidence of data at this location in the scatter plot. Mean values in each

100 K bin are plotted in blue, with vertical blue bars denoting ± one standard deviation. The laminar flame

calculations are represented by black solid lines (unstrained) and white dotted lines (1000 s-1).

Figure 3:

Fig. 5. Mass fraction of H2 (left) and CO (right) conditioned on the indicated equivalence ratio intervals.

Color coding of PDF and laminar flame calculations as in Fig. 2. Red and blue rectangles indicate sample

regions of high and low of H2 mass fraction, respectively.

Figure 4:

Fig. 4. Histograms of distribution of equivalence ratio in the vicinity (± 200 p.m) of the data points

represented by the red and blue rectangles in Fig. 3. Means of the distributions are given as solid vertical

lines (red/blue). Respective set points of cp (0.85 and 1.10) are marked as dotted gray line.

Figure 5:

Fig. 5. Probability distribution of stratification conditioned on different local equivalence ratios (01 =

0 set+ 2.5%, color coded). Blue (0 = 0.6), green (0 = 0.85) and red (0 = 1.1) vertical dashed lines

indicate the stratification value with the used definition for a 1D strained (1000 s-1) flame, respectively.

Gray vertical dotted lines separate four levels of stratification as discussed in the text.
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Figure 6:

Fig. 6. Mass factions of CO and H2 in temperature state-space conditioned on two different local

equivalence ratios and four different levels of stratification (color coded). Variation of the data within a

100-K bin are given exemplary for 0 < AO/AT < 2 • 10-4 1/K as vertical bars representing one standard

deviation. Laminar flame calculations are represented by black solid lines (unstrained) and grey dotted

lines (1000 s-1).
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