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Abstract 

This thesis details the development and application of an experimental apparatus and methodology capable 

of quantifying the effects of partial premixing on the local behaviour of turbulent flames.  A novel 

rectangular slot burner was used to generate controlled, transverse variations in mixture strength along its 

exit plane, such that turbulent, rod-stabilized V-flames could be anchored in reactant mixtures of varying 

mean gradients in equivalence ratio.  A unique windowing approach was devised in which 3-pentanone 

tracer planar laser induced fluorescence (PLIF) of the reactants was used to determine an analysis region of 

interest (ROI) within the flame.  Iso-contours of equivalence ratio (e.g.  = 0.95-1.05 for near-

stoichiometric flame regions) were traced up to the mean position of the flame front to define the width of 

the ROI, which was specific to each mean  gradient flame condition.  This analysis methodology enabled 

fair comparison among gradient settings, and ensured that any observed variation in local flame behaviour 

could be attributed specifically to mean  gradient effects, rather than simple mixture strength effects.  

Instantaneous flame realizations were obtained from near-simultaneously acquired OH and CH2O PLIF 

image pairs.  The reaction zone of the flame was identified from heat release rate (HRR) images that were 

calculated from the pixel-by-pixel product of the spatially registered OH and CH2O fluorescence signals.  

Resulting flame data were analyzed within the previously determined ROI for specific mean  gradient 

effects on the local flame topology and HRR. 

This methodology was subsequently applied to locally rich, near-stoichiometric, and lean flame 

regions in stratified, iso-octane/air turbulent V-flames, resulting in several important insights relevant to the 

fundamental understanding of partially premixed flame behaviour.  First, results demonstrated that mean  

gradients had little influence on local flame surface density (FSD) and curvature probability density 

functions (PDFs) in near stoichiometric flame regions when comparing among consistent ranges of mean  

within the ROI.  Variations were less significant than those reported in the literature, and suggested that 
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mean gradient effects may be less important in near-stoichiometric flame regions at the current turbulence 

levels. 

Second, subtle differences in HRR and instantaneous flame thickness were observed among 

reference-premixed and gradient flame conditions for locally rich, near-stoichiometric, and lean flame 

regions.  Results implied that back-support from the heated products altered the HRR (and hence the local 

reaction zone) along the stratified branches of the V-flame, and further suggested that different mechanisms 

of back-support may occur between locally rich and lean flame regions.   

While the effects of mean ϕ gradients on the local behaviour of flames were generally small, it is 

important to note that variations were observed for flame regions in which the mean local stoichiometry 

was held constant, and were separate from potential effects of differences in local mixture strength.  Results 

consistently provided evidence of the potential interaction between neighbouring flame regions, despite 

being limited to relatively weak spatial gradients in equivalence ratio.  Conversely, the much steeper ϕ 

gradients observed in stratified charge engines and gas turbines are expected to influence flame behaviour 

much more significantly.   

Third, global stratification effects in mixtures with different ranges in equivalence ratio were much 

stronger than those of mean  gradients.  Results highlighted the competing effects of flame surface 

generation and HRR/flame length on the total heat release rate of a flame system, and further stressed the 

importance of clearly defining the question and measurement approach when attempting to discern specific 

effects of partial premixing on combustion.  The influence of equivalence ratio gradient on local flame 

properties may differ significantly from the influence of general stratification on the global flame system in 

the form of different ranges of mixture strengths; distinguishing between these effects is critical to the 

proper interpretation of data, where both may be relevant in different applications. 
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Chapter 1  
 
Introduction 

1.1  Background and Literature Review 

Fossil fuels are and will remain a primary energy source for the foreseeable future, particularly for 

transportation purposes [1].  Although a range of alternative technologies such as fuel cell and electric 

power continue to be developed [2], none has demonstrated the energy density and storage capability of 

fossil fuels.  It is therefore necessary to further develop the practical and fundamental understanding of 

combustion processes as a prerequisite to pollutant mitigation and environmental sustainability. 

Flames can be defined as self-sustaining waves driven by a series of exothermic chemical 

reactions between a fuel and oxidizer.  Traditionally, they are classified into two broad categories 

depending on the mixedness of the reactants prior to ignition.  In non-premixed, or diffusion flames, the 

fuel and oxidizer are initially separated and meet at the reaction front, where reactions occur 

simultaneously with the continuous interdiffusion of species.  In premixed flames, the reactants are fully 

mixed at the molecular level before any significant chemical reactions take place.  If this homogenous 

mixture of fuel and oxidizer is ignited, and if the mixture is flammable (i.e. the fuel to oxidizer ratio lies 

within flammability limits of the reactants for the relevant pressure and temperature), a flame propagates 

through the mixture.  The propagating flame divides the combustion system into two stable states, as it 

consumes unburned reactants and ejects burnt products [3].   

The classical definitions of premixed and non-premixed flames represent extreme cases, and in 

several practical devices, flames operate within an intermediate regime in which reactants are partially 

premixed, or stratified.  In this case, the flame propagates through a reactant mixture where stoichiometry 

varies locally, altering both the global (i.e. on the scale of the entire flame system or overall measurement 

domain) behaviour of the combustion system, and the local (i.e. on the scale of the instantaneous flame 
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thickness) properties of the reaction zone along the flame front.  This is the case is new generation, 

stratified charge, Direct Injection Spark Ignition (DISI) engines, where the fuel is directly injected into the 

combustion chamber, and the reactant mixture is ignited as fuel and oxidizer continue to mix.  This results 

in the presence of severe spatial variations in the A/F ratio, where both large- and small-scale stratification 

occurs simultaneously.  While small-scale variations in A/F also arise due to turbulence and incomplete 

liquid-fuel vaporization, large-scale spatial gradients are utilized as a means of reducing pollutant 

emissions and fuel consumption [4].   

The stratified combustion approach has been shown to result in higher mean effective pressure 

[5,6] and thermal efficiency [6], with lower flammability limits than in the homogeneous case of the same 

equivalence ratio [7,8].  By limiting misfire or slow burning, reductions in fuel consumption and pollutant 

emissions including particulates such as soot, oxides of nitrogen (NOx), and greenhouse gases like carbon 

dioxide (CO2) (via reduced fuel consumption) have been achieved [9–12] and significant gains in engine 

performance obtained [13–15]. 

Among the first detailed examinations on stratified combustion were those of Cho and Santavicca 

[16], and Zhou et al. [17], who specifically considered the effect of reactant heterogeneity (the magnitude 

of spatial and temporal fluctuations in mixture strength) on flame properties.  They concluded that the 

degree and scale of non-homogeneity affects global combustion properties and alters local flame 

characteristics when neighbouring pockets of different reactant concentration interact.  The latter 

observation had significant implications, as it suggested that the expected behaviour of local flame regions, 

or flamelets, could not be predicted solely from reactant properties, contrary to generally accepted flamelet 

theory, on which many numerical models are based. 

Flamelet models rely on the notion that, at high Damkhöler numbers, a turbulent flame can be 

approximated as an amalgamation of asymptotically thin, laminar flamelets [18] that may be stretched 

and/or strained by turbulent structures in a flow field [19,20].  This implies that for a given set of 

turbulence characteristics and scalar reactant properties, the behaviour of premixed flames can be predicted, 

and specifically assumes that interactions between neighbouring flame regions are negligible, an 
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assumption the studies of Cho and Santavicca [16], and Zhou et al. [17], and other recent studies may 

invalidate.   

Despite the importance of partial premixing for practical combustion devices and potential 

advantages of optimizing stratified charge engines, few fundamental works have attempted to quantify the 

effects of stratification on the local properties of turbulent flames.  The difficulty lies in implementing an 

experiment capable of precisely reproducing partial premixing and coupling it with the necessary 

diagnostics to evaluate these complex flames.  Only recently, with the advent of novel optical diagnostics, 

has this been a realistic proposition.  The development of practical high energy lasers, adequate data 

acquisition systems, and the necessary image processing tools have led to the non-intrusive visualization 

techniques necessary to accurately probe the physical and chemical phenomena in turbulent partially 

premixed flames. 

Despite sometimes conflicting results, the three most notable, generally accepted effects of 

stratification on flame behaviour are: (1) variations in local flame speed and flammability limit, (2) the 

change in flame structure and topology, and (3) the variation in both the local and global reaction rate.  A 

broad overview of each subject will be presented here with discussion of how the current work fits into the 

published literature.  Tables summarizing the relevant literature are also included.  Targeted literature 

reviews are also contained in each of the three articles presented in this thesis.   

1.1.1 Variations in Local Flame Speed and Flammability Limit 

To isolate the effects of stratification on the local behaviour of the reaction zone from those of simple 

variations in mixture strength, flame configurations have been devised in which the flame front propagates 

solely in the direction of the gradient vector in equivalence ratio.  By precisely controlling the mixture 

gradient normal to a laminar flame front in freely propagating [21] and channel-flow [22–26] type flames, 

the behaviour of stratified flames can be quantified.  Reactant mixtures can then be adjusted to study 

locally rich, stoichiometric, and lean flames, and this, at various levels of stratification (i.e  gradients of 

varying steepness).  These studies are primarily focused on characterising variations in local flame speed SL 

and flammability limits, and a summary of the major contributions to the literature is provided in Table 1.1. 
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It has been observed that as a flame propagates from rich to lean mixtures, heat and radicals from 

the richer products feed the leaner flame region, and enhance its resistance to extinction.  This is often 

referred to as “back support” or a “memory effect” [21–24,26] in that combustion, and more specifically 

the laminar flame speed, is not determined strictly by the reactant properties as would be suggested by the 

flamelet model, but also by the composition and temperature of the products.   

This implies that both the local SL and the reaction rate are not strictly a function of reactant 

properties, but also of the composition and temperature of the products.  Kang and Kyritsis [22–24] argue 

that the greater heat generated from mixtures of higher mixture strength that are downstream of the flame 

front compensate for the upstream decrease in equivalence ratio, resulting in increased flame speed.  The 

numerical work of Pires Da Cruz [26] supported the experimental findings of Ra and Cheng [21] and Kang 

and Kyritsis [22–24], and concluded that the increase in SL and extension of the lower flammability limit 

were caused by the high temperature of products behind the reacting front. 

Conversely, for cases in which a flame propagates from leaner to richer mixtures, Kang and 

Kyritsis [25] found similar flame behaviour to that discussed above.  They reported that in flames 

propagating from stoichiometric to rich mixtures, SL also increases because of the heat originating from 

higher downstream flame temperature.  They further suggested that the resistance to extinction was 

enhanced by hydrogen generation.  Pires Da Cruz et al. [26] confirmed that the production and 

consumption of molecular hydrogen controlled the propagation of flames in a rich stratified mixture; 

however, their results conflicted with those of Kang and Kyritsis [25] in that stoichiometric to rich flames 

would slow down, as opposed to rich to stoichiometric flames that accelerate.   
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Table 1.1  Summary of literature examining the effects of stratification on the local flame speed and flammability limit. 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

Freely expanding and pipe-flow type flames propagating solely in the direction of the gradient vector in equivalence ratio 

    

Pires Da Cruz et al. (2000) [26], numerical 

 1D adiabatic CH4/air flame propagating at 

300 K and 100 kPa in 0.1 m pipe closed at 

the left end and open at the right with the 
flame moving from left to right 

 flame position fixed at x = 0.05 m, reactants 

from x = 0.00 m to 0.05 m and products 
from x = 0.05 m to x = 0.10 m 

 4 test cases:  ϕ = 1.0-0.35, ϕ = 1.0-2.5, 

ϕ = 1.5-1.0, and ϕ = 1.0-2.5-0.0-1.0 

 initial step functions in equivalence ratio 

attenuated by molecular diffusion 

 once the flame has reached position 

x = 0.05 m, the step function has settled 

into a gradient 

 1D simulation with Lawrence Livermore 

National Laboratory HTC code [27]  

 reduced GRI 2.11 mechanism with 177 
reactions and 32 species 

 stoich to lean mixtures: transient flame 

propagates faster than corresponding 
homogeneous flame 

 stoich to rich mixtures: flame speed 

decreased 

 rich to stoich mixtures: flame speed 
increased 

    

Ra and Cheng (2001) [21], experimental and numerical 

 freely expanding CH4/air flame at constant 

pressure and ignited with focused laser 
beam 

 flames propagated from richer to leaner 

mixtures, ϕ1 = 0.55:1.00 and ϕ2 = 0.55:1.00 

 soap bubble to evaluate flame propagation 

across step function distribution in 
equivalence ratio 

 initial stratification was achieved by filling 

centrally located bubble of mixture ϕ1 

surrounded by mixture ϕ2 

 ignited centrally located ϕ1 mixture with a 

typical diameter of 15 - 2 5mm and a 

volume ratio of charge ϕ1 to ϕ2 of ~0.1 to 
0.4% 

 flame propagation captured with high speed 
camera for Schlieren imaging 

 multiple mixture combinations attempted 

 1D simulation with reduced chemistry, 24 
species and 57 reactions [28] 

 initially enhanced flame speed in leaner 

region ϕ2 relative to homogeneous flame of 
same equivalence ratio 

 took a non-negligible amount of time for 

flame speed to relax from steady state value 

in ϕ1 to that of ϕ2 

 simulation in good agreement with 

experimental results 
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Table 1.1  Summary of literature examining the effects of stratification on the local flame speed and flammability limit.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Kang and Kyritsis (2005, 2007a, 2007b) [22–24], experimental 

 near planar, spark ignited CH4/air flame 

propagating through a 9 cm section with a 

20 mm x 20 mm cross-section at constant 
pressure 

 flames ignited under near stoich conditions 

and propagated to gradually leaner 
mixtures, ϕ ≈ 1.0 - 0.2 

 quartz windows allowed optical access to 

combustion chamber 

 convective-diffusive balance to establish 
stratification in a combustion chamber 

 mixture ϕ1 introduced over top of chamber, 

allowed to diffuse through two wire screens 

and mix with the second mixture ϕ2 to form 

controllable equivalence ratio gradient zone 
several centimeters thick 

 acetone PLIF used to measure cold flow 
stratification and equivalence ratio 

 propagation velocity measured using a 

Phantom V7.0 high speed camera at 1000 
frames per second 

 theoretical arguments with activation 

energy asymptotics suggested the 
controlling parameter in stratified flames 

 stoich to lean: higher local flame speeds in 

stratified mixtures compared to 

corresponding homogeneous cases, 

particularly in mixtures near lower 
flammability limit for 0.5 < ϕ < 0.7 

 stoich to lean: extension of the lower 

flammability limit, flame can penetrate to 

ϕ ≈ 0.35, whereas in a homogeneous 

mixture, no flame can be ignited for 
ϕ ≈ < 0.58 

    

Kang and Kyritsis (2009) [25], experimental 

 near planar spark ignited CH4/air flame as 

in [22–24] 

 

  flames propagating from stoich ϕ ≈ 1.00 to 

rich mixtures ϕ ≈ 1.52, 2.28, 3.04, 3.8 

 

 near stagnant reactant conditions with 

counterflow speeds ranging from 0.1-

0.7 cm/s 

 mixtures ϕ1 and ϕ2 were introduced at 

opposite ends of the chamber in 

counterflow, based on Stefan flow 

 line-Raman imaging measured the CH4 

concentration in cold mixture 

 

 flame speed measured using same approach 

as [22–24] 

 stoich to rich: increased flame speed in 

most stratified mixtures compared to the 

corresponding homogeneous cases 

 

 stoich to rich: extension of the upper 

flammability limit 
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1.1.2 Change in Flame Structure and Topology 

Academic studies on the effects of stratification in turbulent flames have been conducted on freely 

propagating flames, V-flames, axisymmetric flames, and swirl burners.  Variations in flame structure and 

topology with stratification have been observed in terms of flame thickness and rate of strain [29–38]; 

flame length and wrinkling scales [4,16,17,29,30,39–46]; flame surface density [31,34,45,47,48]; and 

curvature [29–35,41,45–47].  The major contributions to the literature are summarized in Table 1.2 and 

subdivided based on flame configuration.   

Cho and Santaviccia [16] and Zhou et al. [17] were among the first to conduct an experimental 

evaluation of the effects of partial premixing on flame behaviour, studying spark-ignited propane/air 

mixtures in which the flame propagated in a constant volume combustion chamber.  They measured 

variations in mean flame propagation velocity, wrinkling ratio, and pressure at varying levels of reactant 

heterogeneity, turbulence intensity, and global equivalence ratio.  Their results suggested that small-scale 

stratification generally enhances flame wrinkling, resulting in a more corrugated front with increased flame 

surface area relative to the homogeneous case.  Zhou et al. [17] further observed monotonic flame surface 

generation with stratification and a maximum mean flame propagation velocity at what they suggested was 

an optimal level of stratification.  

The experimental results of Renou et al. [41] on freely propagating propane/air flames support the 

trends observed by Cho and Santaviccia [16] and Zhou et al. [17].  They reported a significantly greater 

distribution in curvature, including increased amounts of sharp negative (concave towards the reactants) 

and positive (convex towards the reactants) curvatures with characteristic lengths comparable to those of 

the local fluctuations in mixture strength.  Experimental observations by Samson [49] also showed an 

increase in flame length due to local  inhomogeneities.  They further observed that small-scale variations 

in mixture strength lead to curvatures of comparable length scales with a greater distribution. 

Pasquier et al. [4] reported an increase in wrinkling with stratification, observing local variations 

in burning velocity along the flame front.  They proposed that the distribution of fuel rich and/or fuel lean 

pockets can either increase or decrease the local flame propagation velocity.  Indeed, in the presence of a 

greater concentration of locally stoichiometric pockets, the propagation of lean pockets is enhanced due to 
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higher product temperatures.  Conversely, the local propagation of locally stoichiometric pockets may be 

reduced if surrounded by a majority of lean pockets due to a decrease in temperature.  Evidence of back 

support from large-scale gradients was also reported by Pasquier et al. [4].  Stratified flames propagating 

from near stoichiometric to leaner conditions showed a greater mean propagation speed than the 

homogeneous flame of the same global equivalence ratio.  Results were in agreement with those of Pires da 

Cruz [26], Ra and Cheng [21], and Kang and Kyritsis [22–24]. 

Experiments on rod-stabilized V-flames [29–31,36,38,42–45,47,48,50] have shown a change in 

flame structure and general increase in wrinkling for flames stabilized in transverse gradients in 

equivalence ratio.  Robin et al. [29] concluded that the effect of stratification-induced stretch was non-

negligible and observed a reduction in the normalized thickness of stratified flames relative to that of 

homogeneous flames of the same local equivalence ratio.  In addition, they were in agreement with the 

arguments of Garrido-López and Sarkar [39] and Pasquier et al. [4], in that local differences in SL along a 

stratified flame front (due to regions of different mixture strengths) will effectively cause the front to 

deform and stretch excessively, acting as an additional mechanism for wrinkling along with turbulence.  

We observed variations in wrinkling scales along stratified flame fronts in turbulent iso-octane/air V-flames 

[44], and attributed these variations to local differences in the Lewis number, Le, along the flame front.  

This lead to a gradual progression from stable fronts with larger smooth curvatures to unstable fronts with 

elongated structures as the local equivalence ratio progressed from lean to rich. 

Variations in curvature were reported by Galizzi and Escudié [42,43] and Dégardin [30], while 

Galizzi and Escudié [43] observed a bimodal distribution in curvature for stratified cases.  Galizzi and 

Escudié [43] attributed the presence of a secondary mode in the probability density function (PDF) of 

curvature to separate flame zones, defined at different axial positions in the V-flame, showing that each 

zone interacted with stratification distinctively.  In contrast, Dégardin [30] saw little variation in curvature, 

where stratified flames showed a more symmetrical distribution with slightly wider range in curvatures 

than the homogeneous case, similar to the results of Renou et al. [41] for freely-expanding flames.  

Dégardin [30] also observed that the effects of stratification on curvature were less significant as turbulence 

intensity was increased, further supporting the experimental results of Samson [49] and numerical 

predictions of Garrido-López and Sarkar [39].   
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Anselmo-Filho et al. [45] measured the local flame front curvature and surface density along a 

“stratification surface” of ϕ = 0.77 in turbulent, methane/air V-flames using the Cambridge stratified slot 

burner.  They reported a broader distribution in curvature with a more symmetrical distribution with 

stratification, in partial agreement with the results of Dégardin [30], while flame surface density 

consistently increased with stratification.  The authors further proposed that the increased surface 

generation led to a greater overall reaction rate for stratified flames. 

Barlow et al. [36] introduced a multicomponent diagnostic in which CO LIF and Raman/Rayleigh 

scattering were used for instantaneous line measurements of temperature and species concentration through 

the flame.  Their apparatus also allowed for simultaneous measurements of cross-planar OH PLIF to be 

acquired for 3D topology information.  They applied their system to the Cambridge stratified slot burner 

presented in [45] for locally lean, turbulent, methane/air V-flames and reported instantaneous and mean 

values of local species concentration and temperature in stratified flames.  Their initial results implied that 

stratification may lead to differences in local flame structure, as they observed gradients in equivalence 

ratio within the thermal ramp of the reaction zone. 

Sweeney et al. [31] continued the work of Barlow et al. [36] on turbulent V-flames with the same 

burner and diagnostic system.  Consistent with the 2D results of Anselmo-Filho et al. [45], they observed a 

broader distribution in 3D curvature with stratification; however, they also reported a bias shift towards 

positive curvatures, contrary to Anselmo-Filho et al. [45].  The instantaneous flame thickness, surface 

density function, scalar dissipation, and flame surface density (FSD) all increased with stratification.  They 

also reported on variations in major species concentrations by presenting data conditioned on the local 

equivalence ratio, effectively isolating the specific effects of stratification on the local behaviour of flames 

from the general effects of stratification on the overall behaviour of flame systems.  They concluded that 

the concentrations of major species were reasonably well predicted by laminar flames of the same 

equivalence ratio, even in stratified flames. 

In [47] we proposed a different method of quantifying the specific effects of large-scale, mean 

gradients in equivalence ratio on the local behaviour of stratified flames.  Tracer PLIF of 3-pentanone was 

used to generate conditioned iso-contours of equivalence ratio up to the mean position of the flame front at 
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c = 0.5, where c is the reactant progress variable.  Based on the position of the iso-contours, an analysis 

region of interest (ROI) could then be defined within which the mean range of equivalence ratios was held 

constant among gradient conditions, effectively isolating the effects of equivalence ratio gradient from 

those of simple mixture strength.  Subsequent (     )(       )  images within the ROI were then 

analyzed for variations in local flame surface density and curvature.  While small differences in FSD and 

curvature were observed with gradient, variations were much less significant than those reported in the 

literature for flame data in which the range of equivalence ratios varied among stratified cases. 

Recent experiments on stratified swirl and axisymmetric pilot flame stabilized burners have 

provided data at high turbulence intensities comparable to those found in practical combustion devices.  

Bonaldo et al. [35] developed a co-annular weak-swirl burner and conducted experiments on lean 

methane/air flames.  They characterised the 3D flow field with Stereoscopic Particle Image Velocimetry 

(SPIV).  Separate Rayleigh scattering measurements were used to obtain instantaneous temperature data, 

and tracer PLIF of acetone provided the mean local equivalence ratio.  The authors reported broader flame 

curvature PDFs with stratification, in agreement with [31,41,45], and with a greater probability of positive 

curvatures, in agreement with [31].  The instantaneous thermal flame thickness decreased with 

stratification, contrary to the results of Sweeney et al. [31]. 

The Darmstadt axisymmetric stratified burner was introduced by Seffrin et al. [51] who conducted 

Laser Doppler Velocimetry (LDV) and high-speed 2D PIV measurements to fully characterize its turbulent 

flow field.  Böhm et al. [46] subsequently characterized the scalar field of the burner with Rayleigh 

scattering and simultaneous OH and acetone PLIF.  Instantaneous temperature profiles were compared to 

those of laminar flamelet calculations, with the authors suggesting that local, simultaneous equivalence 

ratio measurements were required to build statistically viable data conditioned on  to quantify the effects 

of stratification on the local behaviour of flames.  Negligible variations in flame front curvature and length 

were observed with stratification.  One dimensional Raman/Rayleigh scattering measurements of local 

temperature and species concentrations were then performed by Kuenne et al. [52] to validate Large Eddy 

Simulations (LES). 
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Sweeney et al. [32–34] extended their work on turbulent V-flames to the Cambridge turbulent 

swirl-burner for locally lean methane/air flames using the multicomponent diagnostic system of [36].  They 

reported results conditioned on the local, instantaneous equivalence ratio for non-swirling [32] and swirling 

[33] flow conditions.  In both cases, stratification had a negligible effect on key combustion species, except 

for H2 and CO, which increased with stratification when compared to results from laminar premixed flame 

calculations of the same equivalence ratio.  The authors attributed this difference to the direct effect of 

equivalence ratio gradients.  The surface density function and thermal scalar dissipation rate showed 

negligible effects of stratification.  The PDFs of curvature were dominated by turbulence for both non-

swirling and swirling cases with little sensitivity to stratification, consistent with [47]. 

Sweeney et al. [34] further expanded on their previous results on the Cambridge turbulent swirl-

burner with improved spatial resolution and significantly larger data sets.  They reported data conditioned 

with respect to both the local equivalence ratio and local equivalence ratio gradient.  Significant variations 

in CO and H2 mass fractions were observed with  gradient for lean back-supported stratified flames.  

Furthermore, both temperature and progress variable gradients were enhanced with stratification, despite 

negligible changes in flame surface density.  Finally, curvature PDFs broadened and shifted towards more 

negative values with stratification. 

Despite the relatively large number of studies on turbulent, stratified flames presented above, most 

have reported data on the general effects of stratification on the overall behaviour of flame systems.  While 

these studies remain instrumental to characterizing these flames, focus must also be placed on quantifying 

differences in local flame properties, which are critical to the optimization of numerical models.  

Conversely, relatively few recent works have attempted to quantify the specific effect of equivalence ratio 

gradient on local flame properties [34,47] in the context of turbulent flames, and this significant lack of 

experimental data further confirms the need to extend the currently available database. 
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Table 1.2  Summary of literature examining the effects of stratification on flame structure and topology. 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

Freely expanding flames   

    

Cho and Santavicca (1993) [16], experimental 

 spark ignited stoichiometric C3H8/air flame 

within optically accessible slot plate burner 

at constant pressure (1 atm) and 300 K 

 mean velocity  ̅ = 1.16 m/s 

turbulence intensity 22% (u’ = 0.25 m/s) 

integral length scale  ≈ 4 mm 

 5 test cases: 100% premixed (0% relative 

RMS fluctuation), 75% (6%), 50% (13%), 
25% (24%), 0% (33%) 

 incomplete mixing achieved by introducing 

propane at two different locations, primary 

fuel-air mixture introduced upstream, 

secondary fuel introduced 1 cm upstream of 
test section 

 e.g.: 75% premixed implies 75% of fuel 

added at primary location and 25% at 
secondary location 

 NO2 based LIF characterized mean and 

fluctuating (RMS)  values 

 LDV measured flow properties 

 high speed laser shadowgraphy was used to 

record flame kernel growth 

 fluctuations in  caused wrinkling and 
distortion of flame kernel surface 

 increasing air/fuel RMS resulted in more 

wrinkles on flame kernel surface 

 “cyclic“ variations in flame kernel growth 

increase as RMS fluctuations in  increase 

    

Zhou et al. (1998) [17], experimental 

 spark plug ignited C3H8/air flame 

propagating in cylindrical constant volume 

combustion chamber with a 80 mm 
diameter and 190 mm length 

 turbulence intensity: u’ = 0.185 m/s, 

0.130 m/s, 0.100 m/s, 0.0 m/s 

 mean ϕ ranging from 0.7 to 1.6 

 manual injection of C3H8 into combustion 

chamber, degree of fuel-air mixing 
controlled by moving perforated plates 

 Rayleigh scattering for mixture 

concentration distribution, LDV for 
turbulence intensity  

 Schlieren photography to visualize flame 

propagation 

 topography of flame front was evaluated 

from wrinkling factor, defined as the ratio 

of perimeter/projected area of flame front 

 flame propagation velocity derived from 
projected area of flame front 

 increased heterogeneity leads to more 

corrugated flame front compared to 

homogeneous case of same mean 

equivalence ratio for both globally lean and 

rich cases 

 flame propagation speed initially increases 

with degree of heterogeneity before 

decreasing; observed for globally rich and 
lean mixtures 

 consistent with premixed cases, strong 

correlation between propagation speed and 

turbulence intensity in heterogeneous 
mixture 
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Table 1.2  Summary of literature examining the effects of stratification on flame structure and topology.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Samson (2002) [49], experimental 

 freely propagating C3H8/air flame spark-

ignited in center of 80 x 80 mm
2
 section, 

90 mm behind 6 interchangeable turbulence 
grids with  

  ̅ ≈ 3.14 to 4.00 m/s, u’ ≈ 0.05 to 0.37 m/s, 

 ≈ 5.0 to 6.1 mm; isotropic turbulence 

 7 gradient cases 

 two-level fuel injection, primary 

homogeneous mixture upstream of mixing 

chamber, secondary stratification at base of 

mixing camber; both upstream of 6 
interchangeable turbulence grids 

 secondary fuel from nine parallel vertical 

sections, each with 13 fuel injection ports, 

generates symmetrical distribution in  

centered at transverse position x ≈ 0 mm 

 LDV and PIV characterized non reacting 
flow conditions 

 gas analyzer for mixture strength 

measurement 

 simultaneous PIV and acetone tracer PLIF 

characterized the flame-front structure and 
local mixture fraction 

 OH* and CH* chemiluminescence 

 optimum level of heterogeneity resulted in 
greater propagation efficiency 

 small-scale variations in mixture strength 

lead to greater distribution in curvature with 

length scales on the order of scalar length 

scales 

 large-scale stratification had limited effect 
on curvature distribution 

    

Renou et al. (2004) [41], experimental 

 spark ignited freely propagating C3H8/air 
flame as in [49]  

  ̅≈ 3.14 m/s, u’ ≈ 0.37 m/s,  ≈ 6.1 mm, 

 = 2.4 mm; isotropic turbulence  

 3 gradient cases: 

Δϕ ≈ 1.0-0.0 (mixture fraction gradient 

0.0600) 

Δϕ ≈ 1.0-0.2 (mixture fraction gradient 

0.0474) 

Δϕ ≈ 1.0-0.5 (mixture fraction gradient 
0.0291) 

 3 homogeneous reference cases: 

ϕ ≈ 1.1 (mixture fraction 0.0656) 

ϕ ≈ 1 (mixture fraction 0.0600) 

ϕ ≈ 0.9 (mixture fraction 0.0543) 

 see [49]  LDV characterized non reacting flow 
conditions 

 simultaneous laser tomography and acetone 

tracer PLIF characterized the flame-front 
structure and local mixture fraction 

 global flame structure (flame radii, 

wrinkling ratio, flame speed), local flame 

structure (2D curvature) 

 at early stages of flame propagation, flame 

structure weakly affected by local 

heterogeneities 

 at higher propagation times, fuel 

heterogeneities smooth flame front 

wrinkling  

 significant increase in curvature 

distribution, characteristic length scales of 

curvature closer to scalar length scales of 

mixtures strength than integral length scales 

of turbulence 
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Table 1.2  Summary of literature examining the effects of stratification on flame structure and topology.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Pasquier et al. (2007) [4], experimental 

 freely propagating spark-ignited C3H8/air 

flame propagating from near stoichiometric 

to lean mixtures 

  ̅≈ 1.0 m/s, u’ ≈ 0.3 m/s 

 60 x 60 x 160 mm constant volume 

chamber at pressure 1.1 bar 

 3 premixed cases ϕ = 1, 0.9, 0.8 

 1 stratified case with mean gradient of 

ϕ = 1.0 to 0.6 

 combustion chamber initially filled with 

ϕ = 0.6 mixture, pure propane injected into 

mixture at rest  

 injection controlled by 2 staggered, 

solenoid valves which define the degree of 

stratification  

 large and small-scale stratification 

 simultaneous PIV and tracer PLIF 

(methoxybenzene or anisole) for 

instantaneous velocity and  

 variation of mean flame radius, from mean 

cross-sectional area obtained from 50 
images 

 local burning velocity determined from the 

local propagation speed of the flame front 

and the normal component of reactant 

velocity relative to the flame front 

 large-scale stratification lead to an increase 
in flame propagation  

 stratification lead to a greater dispersion in 

local flame speed as a function of local 
flame radius 

 local distribution in  can increase or 

decrease the local burning velocity 

Rod stabilized V-flames   

    

Dégardin et al. (2006) [38]; Dégardin (2006) [30], experimental  

 rod stabilized (heated rod 0.6 mm diameter) 

turbulent CH4/air V-flame 

  ̅ = 4.0 m/s, u’ = 0.06 m/s 

 6 reference premixed cases from ϕ = 1.0 to 

0.5 

 4 stratified cases ϕrod = 1.2 to 0.9 with 

ϕmin = 0 

 see [49]  LDV characterized non reacting flow 

conditions 

 simultaneous Rayleigh scattering and 

acetone PLIF for temperature and fuel mole 
fraction fields in flame preheat zone 

 stratification lead to a decrease in flame 

thickness and with a broader near bi-modal 
distribution 

 stratification broadened the distribution in 

curvature, effects more significant at lower 
turbulence levels 
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Table 1.2  Summary of literature examining the effects of stratification on flame structure and topology.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Robin et al. (2008) [29], experimental  

 rod stabilized (heated rod), globally lean, 
turbulent CH4/air V-flame 

 two turbulence grids B and E;  ̅ = 3.75 and 

3.14 m/s, u’/ ̅ = 3.7 and 7.5%,  = 5.5 and 

6.1 mm, λ = 2.9 and 2.4 mm 

 4 reference premixed flame cases: 

grid B: ϕ = 0.60, 0.70 
grid E: ϕ = 0.55, 0.60 

 5 stratified flame cases: 

grid B: ϕ = 0.80-0.00, 1.20-0.00 
grid E: ϕ = 0.80-0.00, 1.00-0.00, 1.20-0.00 

 see [49]  LDV and PIV (solid particulate ZrO2 seed) 
for turbulent flow properties 

 simultaneous acetone tracer PLIF and 

Rayleigh scattering for fuel mole fraction 
and temperature 

 characterized local flame structure 

(curvature, flame thickness, and fuel mole 
fraction) 

 LW-P numerical model for partially 

premixed flames [53] based on simplified 
stoichiometry [54] 

 small-scale equivalence ratio fluctuations 

affect the local flame front causing 

additional non-negligible stretch, which 

lead to greater distribution in flame 

thickness and an overall thinning of the 

normalized flame thickness  

 normalized flame thickness of stratified 

flame is 10% thinner than premixed flame 

at corresponding  

 LW-P model showed very good agreement 

with the experimental results 

    

Galizzi and Escudié (2006, 2010) [42,43], experimental 

 rod stabilized (2 mm diameter) globally 

lean, laminar (2006) and turbulent (2010) 
CH4/air V-flame 

  ̅ = 5 m/s 

laminar case: u’/ ̅ = 0.4% 

turbulent case: u’/ ̅ = 4%,  = 5 mm 

 two-level fuel injection as in [49]  

 primary lean premixed mixture ϕ = 0.58, 

secondary injection of pure methane 2 mm 
upstream of stabilizing rod 

 normal distribution in  centered at 

transverse position y = 0 = mm 

 solid particulate LDA and PIV for in-flame 

velocity measurements 

 laser tomography from incense particle seed 

 temperature from thermocouple,  from gas 

analyzer associated to CH* 
chemiluminescence 

 local increase in laminar flame speed along 

oblique flame front near stoichiometric 
region (2006) 

 variation in front topology with appearance 

of “peninsula” along laminar front on the 
order of stratification zone thickness (2006) 

 observed increase in temperature and CH* 

fields in the vicinity of “peninsula”  (2006) 

 stratification caused an expansion of fan 

angle, increase in flame brush thickness, 

modification of flow field with product 
acceleration and deflection (2010) 
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Table 1.2  Summary of literature examining the effects of stratification on flame structure and topology.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Anselmo-Filho et al. (2009) [45], experimental 

 Cambridge stratified slot burner, rod-

stabilized, globally lean ϕ = 0.77, turbulent 

CH4/air V-flame 

  ̅ = 3.1 m/s, u’ = 0.3 m/s,  = 1.9 mm, 

 = 0.09 mm 

 1 reference premixed case ϕ = 0.77 

 5 stratified cases with stratification ratio 

ϕ1/ϕ2 = 1.0, 1.2, 1.5, 1.8, 2.3, 3.0 

ϕ1 = 0.77, 0.85, 0.92, 1.00, 1.08, 1.16 
ϕ2 = 0.77, 0.69, 0.62, 0.54, 0.46, 0.39 

 slot burner with six 5 x 10 mm slots 

 two pairs of inner channels (ϕ1 and ϕ2) 

controlled independently, two outer slots 
shielded the flow with air 

 single probe hot wire anemometry for flow 
filed properties 

 simultaneous acetone and OH PLIF for fuel 

concentration and flame front 

 quantified variations in turbulent flame 

brush thickness and incident angle, FSD, 
and curvature 

 stratification increases incident flame angle, 

flame brush thickness is lowest between 

ϕ1/ϕ2 = 1.5-2.0 

 FSD increased with stratification with max 

at ϕ1/ϕ2 = 3.0, FSD profiles skewed towards 

the products with stratification 

 curvature distribution was broader and 

more symmetrical with stratification 

compared to premixed flames of same 
global equivalence ratio 

    

Barlow et al. (2009) [36], experimental 

 Cambridge stratified slot burner as in [45], 

globally lean ϕ = 0.73 

 1 reference premixed case ϕ = 0.73 

 3 stratified cases with stratification ratio 

ϕ1/ϕ2 = 1.0, 1.86, 3.0 

ϕ1 = 0.73, 0.95, 1.10 
ϕ2 = 0.73, 0.51, 0.37 

 see [45]  single probe hot wire anemometry for flow 
field properties 

 simultaneous measurements of spatial 

distribution of temperature, CO2,O2, CO, 

N2, CH4, H2O, H2, for  obtained from line 

imaging of Raman-Rayleigh scattering and 
two-photon CO-LIF 

 simultaneous cross-planar OH-PLIF for 

instantaneous 3D temperature gradients and 

geometric information such as turbulent 

flame brush thickness, flame surface 
density, and curvature 

 introduced diagnostic system capable of 

simultaneous temperature, major species 
concentrations, and equivalence ratio 

 stratified flames showed significant 

gradients in equivalence ratio within the 
instantaneous thermal flame thickness 
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Table 1.2  Summary of literature examining the effects of stratification on flame structure and topology.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Vena et al. (2009) [44], experimental 

 NRC stratified slot burner, globally 

stoichiometric ϕ = 1.00, rod-stabilized, 

turbulent C8H18/air V-flame 

  ̅ = 4.6 m/s, u’ = 0.19-0.33 m/s 

 1 reference premixed flame setting: 

∂ϕ/∂y = 0.000 mm
-1

 

 3 gradient flame settings: 

∂ϕ/∂y = 0.006, 0.019, 0.032 mm
-1

 

 65 mm x 15 mm rectangular exit slot burner 

 two fully premixed inlet lines of (ϕ1 and ϕ2) 

controlled independently, annular air co-
flow 

 lower base mixing section of burner 

subdivide into two triangular sections, 

proportionate amounts of ϕ1 and ϕ2 
distributed along transverse axis 

 reactants allowed to mix to generate smooth 

gradients in equivalence ratio at exit of 
burner 

 single probe hot wire anemometry for cold-
flow turbulence properties 

 Chemiluminescence imaging of OH* and 

CH* 

 Spectrometry from 200 nm to 750 nm 

 3-pentanone and OH PLIF 

 triple-flame structure with formation of 

trailing reaction zone between globally rich 

and lean stratified branches for severely 
stratified condition 

 variations in incident turbulent flame brush 

angle with stratification 

 flames showed differences in wrinkling 

scales along globally rich and lean stratified 

flame fronts 

    

Vena et al. (2011) [47], experimental 

NRC stratified slot burner as in [44],  

globally stoichiometric ϕ = 1.00 

 1 reference premixed flame case 
Lt∂ϕ/∂y = -0.01 

 4 gradient flame cases 

Lt∂ϕ/∂y = 0.08, 0.16, 0.22, 0.30 

 see [44]  3-pentanone tracer PLIF conditioned on 

reactants to determine iso-contours of 

equivalence ratio up mean position of flame 

front c = 0.5 

 defined instantaneous position of the flame 

front from simultaneous OH and CH2O 
fluorescence images 

 proposed new methodology isolating the 

effects of mean ϕ gradient from general 
effects of stratification  

 enhanced corrugation of the fane front with 

increasing mean ϕ gradient 

 modest increase in flame surface density 
with mean ϕ gradient 

 negligible changes in curvature distribution 

with mean ϕ gradient 
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Table 1.2  Summary of literature examining the effects of stratification on flame structure and topology.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

 

Sweeney et al. (2011), experimental 

 Cambridge stratified slot burner as in [45], 
globally lean ϕ = 0.73 

 1 reference premixed case ϕ = 0.73 

 3 stratified cases with stratification ratio 

ϕ1/ϕ2 = 1.0, 1.86, 3.0  

ϕ1 = 0.73, 0.95, 1.10 

ϕ2 = 0.73, 0.51, 0.37 

 see [45]  multiscalar diagnostic system from [36]  

 presented data conditioned on the local 
equivalence ratio 

 increases in flame thickness, surface 

density function, scalar dissipation, and 

FSD in turbulent flames for both premixed 

and stratified conditions 

 major local species concentrations in 

agreement with laminar flames of same 

equivalence ratio, even in stratified flames 

Axisymmetric flames    

    

Bonaldo et al. (2009) [35], experimental 

 weakly swirling, globally lean ϕ = 0.70, 

0.725, turbulent CH4/air flames 

 turbulence parameters in mixing layer: 

 ̅ = 1.51, 1.88, 2.11 m/s, u’/U = 70, 70, 

80%,  = 15 mm, S = 0.09: 

 3 bulk flow cases (velocities of 6, 7, 9 m/s) 

 6 stratified cases per bulk flow 

 exit nozzle with inner (diameter = 35 mm) 

and annular (diameter  = 65 mm) sections 
surrounded by an outer swirling air flow 

 equivalence ratios of inner (flow 1) and 

annular (flow 2) independently controlled 

 stereoscopic planar image velocimetry 

(SPIV) at location of flame stabilization, 3 
components of turbulence 

 instantaneous temperature fields 

characterized from Rayleigh scattering 

 average equivalence ratio distributions from 

acetone tracer PLIF 

 instantaneous burning velocities determined 

from SPIV data, flame curvature and 

thermal thickness determined from 
Rayleigh data 

 increased turbulent burning velocity for 

steeper  gradients 

 reported broader flame curvature PDFs with 

stratification with greater probability of 
positive curvatures 

 instantaneous thermal flame thickness 

decreased with stratification 
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Table 1.2  Summary of literature examining the effects of stratification on flame structure and topology.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Seffrin et al. (2010) [51], experimental 

 Darmstadt stratified burner, annular exit 
nozzle, CH4/air and C2H4 turbulent flames 

 inner slot 1 velocity:  ̅  = 10.0, 15.0 m/s 

inner slot 2 velocity:  ̅  = 5.0, 10.0, 15.0, 

20.0 m/s 

 Re1 = 13700, 13800, 14000, 20700 

Re2 = 6600, 6700, 13300, 13500, 20000, 
26600 

 inner slot 1: ϕ1 = 0.60, 0.90 

inner slot 2: ϕ2 = 0.60, 0.75, 0.90 

 8 reference iso-thermal cases 

 4 reference premixed flame cases 

ϕ1 = ϕ2 = 0.60, 0.90 

 7 stratified flame cases 

ϕ1 = 0.60, 0.90 
ϕ2 = 0.60, 0.75, 0.90 

 axisymmetric nozzle with two concentric 
annular sections (1 and 2) with air co-flow 

 inner flows 1 and 2 independently 

controlled 

 no recirculation, stratified flame stabilized 

by inner pilot flame 

 Laser Doppler Velocimetry (LDV) and 
high-speed 2D PIV 

 fully characterized turbulent flow field  

 significant differences in overall flame 

topology among settings, differences more 
evident between methane and ethylene fuels 

    

Böhm et al. (2011) [46], experimental 

 Darmstadt stratified burner as in [51],  
CH4/air turbulent flames 

 2 reference premixed flame cases: 

ϕ1 = 0.90, Re1 = 13800, 13800 
ϕ2 = 0.90, Re2 = 13300, 6700 

 2 stratified flame cases: 

ϕ1 = 0.90, Re1 = 13800, 13800 
ϕ2 = 0.60, Re2 = 13300, 6700 

 see [51]  Rayleigh scattering (temperature) and 
simultaneous OH and acetone PLIF 

 characterized the scalar field of the burner 

 comparisons of instantaneous temperature 

profiles with laminar flame calculations 

confirmed the need for simultaneous 

measurements of local, instantaneous  to 

quantify stratification effects 

 negligible variations in flame front 

curvature and length with stratification 
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Table 1.2  Summary of literature examining the effects of stratification on flame structure and topology.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Kuenne et al. (2012) [52], experimental and numerical 

 Darmstadt stratified burner as in [51],  
CH4/air turbulent flames 

 1 reference iso-thermal case: 

ϕ1 = ϕ2 = 0, Re1 = 13800, Re2 = 13300 

 1 stratified flame case: 

ϕ1 = 0.90, Re1 = 13800 
ϕ2 = 0.60, Re2 = 13300 

 see [51]  1D Raman/Rayleigh scattering 

measurements of local temperature and 

species concentrations of CO2, O2, N2, H2O, 
and CH4 

 3D LES using 2D tabulated detailed 

chemistry (CHEM1D and GRI3.0) and 
thickened flame approach 

 computational domain reproduced the 

geometry of the burner 

 provided database of species and 
temperature distribution at 8 axial positions 

    

Sweeney et al. (2012a and 2012b) [32,33], experimental 

 Cambridge stratified swirl burner, annular 

exit nozzle, globally lean ϕ = 0.75, CH4/air 
turbulent flame 

 inner annular velocity  ̅  = 8.31 m/s 

outer annular velocity  ̅  = 18.7 m/s 

co-flow air velocity  ̅        = 0.4 m/s 

 Rei = 5960, Reo = 11500 

S = 0, 0.45, 0.79 

 1 reference premixed case (ϕ1/ϕ2 = 1) 

ϕ1 = ϕ2 = 0.75 

 2 stratified cases (ϕ1/ϕ2 = 2, 3) 

ϕ1 = 1.00, 1.125 
ϕ2 = 0.50, 0.375 

 annular burner formed of three concentric 

tubes (radius = 6.35, 12.7, 19.05 mm) 

surrounded by a circular co-flow 

(radius = 191 mm) 

 inner tubed caped with a ceramic plug, acts 
as central bluff body 

 inner flow annular flow ϕ1 in axial direction 

surrounded by outer annular swirl flow ϕ2 

 burner can be run with or without swirl in 

outer annular flow ϕ2 

 multiscalar diagnostic system from [36] 

 presented data conditioned on the local 
equivalence ratio 

 stratification had negligible effect on key 

combustion species, except for H2 and CO, 

which increased with stratification 

compared to laminar premixed flame 
calculations of same equivalence ratio 

 negligible effect of stratification on surface 

density function and thermal scalar 
dissipation rate 

 little sensitivity of curvature on 

stratification, PDFs dominated by 

turbulence for both non-swirling and 
swirling cases 
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Table 1.2  Summary of literature examining the effects of stratification on flame structure and topology.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Sweeney et al. (2013) [34], experimental    

 Cambridge stratified swirl burner as in 

[32,33],  

CH4/air turbulent flames 

 highly swirling flow, S = 0.79 

 1 reference premixed case (ϕ1/ϕ2 = 1) 

ϕ1 = 0.75, ϕ2 = 0.75 

 2 stratified cases (ϕ1/ϕ2 = 2, 3) 

ϕ1 = 1.00, 1.125 

ϕ2 = 0.50, 0.375 

 see [32,33]  multiscalar diagnostic system from [36] 

 presented data doubly conditioned on the 

local equivalence ratio and the local 
equivalence ratio gradient 

 increases in CO and H2 in temperature 

space with lean back-supported 

stratification 

 significant increases in temperature and 

progress variable gradient within thermal 

ramp with stratification 

 3D flame surface density insensitive to 
stratification 

 broader curvature PDFs with peak shifting 

towards negative curvatures with 
stratification 
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1.1.3 Variation in Local and Global Reaction Rate 

Direct experimental measurement of the local combustion intensity along a reacting front has only recently 

become feasible.  While the heat release rate (HRR) may be inferred by indirect flame properties that are 

physical (flow dilation rate) or chemical (chemiluminscence) in nature, these approaches are not valid in 

regions of high strain or where local extinctions may occur.  Conversely, the approach developed by Paul 

and Najm [55] in which the product of OH and CH2O concentrations (obtained from Planar Laser Induced 

Fluorescence, PLIF) are correlated to the local heat release rate provides direct, spatially and temporally 

resolved HRR data.  This approach has been applied to premixed and diffusion flames in configurations 

such as laminar counterflow flames [56], turbulent counterflow [57],  turbulent bluff body stabilized flames 

[57,58], turbulent swirl flames [59–61], cone-shaped flames [62], laminar V-flames  [63], and lifted jet 

flames [64,65].  Although several experimental studies have inferred differences in reaction rate based on 

other experimental observables such as flame propagation velocity, flammability limits, or flame surface 

generation/wrinkling, they did not provide a direct measure of combustion intensity, such that to our 

knowledge, no experimental HRR data are currently available for turbulent flames in which the  gradient 

is explicitly controlled. 

To date, the effects of stratification on HRR have been studied numerically.  Direct numerical 

simulations (DNS) of flame configurations in which an unstrained planar flame is propagated into a 

stratified mixture have shed light on variations in both the local and global reaction rate in 1D [66,67], 2D 

[39,66–68], and 3D [66,69].  These studies are detailed in Table 1.3 and further discussed below.   

Poinsot et al. [66] conducted 3D DNS of the effect of partial premixing on globally lean ( = 0.6) 

propane/air flames at turbulence intensities of     
 ⁄  = 7.5 and 2.5, where    is the fluctuating component of 

velocity in the axial x direction, and   
  is the unstrained laminar flame speed.  They reported that local 

variations in burning rate along the flame front tend to cancel in the mean, resulting in a mass burning rate 

within 10% of the reference premixed case.  They concluded that differences in global reaction rate are 

attributable to flame surface generation, for which there was negligible variation between the two 

turbulence settings.  Their results were further supported in 2D DNS of turbulent globally stoichiometric 

propane/air flames by Haworth et al. [67], who reported small differences in flame length (less than 10%) 
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and global heat release between stratified and premixed flame conditions under comparable turbulence 

levels of     
 ⁄  = 4.67. 

Building on the work of Poinsot et al. [66], Hélie and Trouvé [69] evaluated the effect of the 

length scale     and scalar distribution    of the fluctuations in mixture strength for     
 ⁄  = 7.5 in a 

globally stoichiometric propane/air flame with the same 3D domain as [66].  They observed a decrease in 

mass burning rate per flame length, in agreement with [66], and concluded that larger fluctuation length 

scales     decreased the mass burning rate per flame length more significantly, as did larger scalar 

distributions   .  Contrary to [66], they reported that changes in flame structure did not average out, leading 

to a decrease in overall mean reaction rate of up to 20%.  They also reported negligible stratification 

induced wrinkling under the turbulent conditions of the study. 

Jiménez et al. [68], extended the results of [66,67,69], with 2D DNS of lean propane/air flames, 

 = 0.6 by evaluating the effect of the length scale     and both the spatial and scalar distribution    of the 

fluctuations in mixture strength at a high turbulence intensity (    
 ⁄  = 11.6).  They reported an increase in 

total heat release up to 60% as the range of    broadened within the reactant mixture for length scales     

significantly larger than the flame thickness, despite negligible change in total flame length.  They also 

reported an increase in total heat release of up to 50% with larger stratification length scales    , while 

smaller stratification length scales lead to a reduction in total heat release.  The decrease in heat release is 

consistent with the findings of Hélie and Trouvé [69], who also observed a reduction in total heat release 

for smaller fluctuation length scales    , which Jimenez et al. argued did not sufficiently wrinkle the flame 

front to increase total heat release. 

The 2D DNS of Garrido-López [39] considered the effects of turbulence for globally lean,  = 0.8 

propane/air mixtures, for     
 ⁄  ranging from 0 to 2.65.  They observed an increase in global burning rate 

for     
   ⁄ , consistent with the findings of Jiménez et al. [68], and a decrease in global burning rate for 

    
 ⁄   , as surface generation was not significant enough to counter the decrease in burning rate per unit 

length, consistent with the findings of [66–69].  The authors also reported that stratification induced surface 

generation became negligible compared to that induced by turbulence as     
 ⁄  increased.  They proposed 

that as turbulence intensity increases, the change in local propagation velocity caused by u’ becomes 
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significantly larger than the induced change in local flame speed ΔSL caused by fluctuations in mixture 

strength. 

DNS of counterflow flames in which the flame front is normal to the gradient vector in 

equivalence ratio has also been conducted.  Marzouk et al. [70] studied the effects of temporal gradients in 

equivalence ratio in CH4/air flames.  They showed that for timescales lower than 10 msec, variations in 

equivalence ratio broadened the reaction zone, enhanced the burning rate, and extended the lower 

flammability limit, similar to the effects of larger-scale gradients reported by Ra and Cheng [71], Kang and 

Kyritsis [22–25], and Pires Da Cruz [26] for freely expanding and pipe-flow type flames.  They concluded 

that gradients in equivalence ratio with time/length scales on the same order as those of the flame provide 

back support for a flame due to higher temperature and radical concentrations in the flame’s wake, which 

serve as a “heat (and chemical) reservoir” for upstream reactants. 

Richardson et al. (2010) studied the effects of stratification on both steady ( gradient remained 

constant) and un-steady ( gradient varied in time) lean CH4/air flames in a counterflow configuration.  

They observed significant differences in H, H2, and OH concentration with  gradient, with greater 

upstream fluxes of these species in back supported flames, and concluded that the modification of HRR in 

lean flames is dominated by species fluxes, contrary to the observations of Kang and Kyritsis [23].  An 

increase in peak HRR and propagation velocity, as well as a decrease in HRR profile thickness were also 

observed in back supported flames, while the opposite behaviour was observed in front supported flames.  

Temporal variations in  lead to a small time delay between  and flame speed.  Reported trends were 

consistent with those observed in steady flames as the propagation velocity of unsteady flames increased 

with back-support and decreased with front-support.  The authors concluded that, in addition to the local 

equivalence ratio, the local propagation speed of stratified flames also depends on the  gradient as well as 

unsteady terms caused by the strain rate and  fluctuations. 

Zhou and Hochgreb (2013) conducted DNS of CH4/air flames in a counterflow configuration in 

which a reactant stream of equivalence ratio R is opposed to a hot equilibrium stream P.  They studied the 

effects of front and back support on the HRR at different local stoichiometries and  gradients, and 

observed a monotonic increase in HRR relative to premixed reference flames for all back supported flames, 
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and a decrease in HRR for all front supported flames.  Extensions of upper and lower flammability limits 

were also observed.  Results indicated that different mechanisms of back support occurred for lean (heat) 

and rich (species, H2) flames, contrary to the findings of Richardson et al [72], yet consistent with Kang 

and Kyritsis [22–25], and Pires Da Cruz [26].   
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Table 1.3  Summary of literature examining the effects of stratification on both the local and global reaction rate. 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

Unstrained premixed flame propagating into stratified mixture 

    

Poinsot et al. (1996) [66], numerical    

 1D, 2D, and 3D DNS of globally 

stoichiometric ϕ = 1.0, laminar and 

turbulent C3H8/air flames  

 planar premixed flame propagating into 

mixture of spatially varying equivalence 

ratio (small-scale perturbations) 

 reactants on left side of domain (x1 < 0), 
products on right (x1 > 0) 

     ⁄  = 7.5 and 2.5 

 case 1: 1D unsteady laminar, stratification 

in x, direction of flame propagation 

 case 2: 2D steady, stratification in y, 
transverse to flame front 

 case 3: 2D unsteady, stratification in x and 

y 

 case 4: 3D turbulent flame, random mixture 

distribution, single step C3H8 reaction 
mechanism 

 reactant mixture defined in terms of 

probability density function, integral length 

scale, and spatial distribution of 

inhomogeneity (can be in x, y, xy, and xyz 
directions) 

 local mixture fraction defined in terms of 

mean and varying components (gradients 

for laminar cases, fluctuations (RMS) for 

turbulent cases) 

 spatial differentiation accurate to the six-

order [73], temporal differentiation from 3
rd

 

order Runge-Kutta, Navier Stokes 

characteristic boundary condition procedure 
[74] 

 effects on local flame structure evaluated 

from mass burning rates 

 effects on global flame behaviour evaluated 

from total reaction rate ratios of partially 
premixed and premixed cases 

 significant variations in flame structure 

were observed in terms of mass burning 

rate per unit flame surface area 

 if no quenching is observed, variations on 

flamelet structure average out, resulting in 

limited partial premixing effects on flame 
structure 

 strong variations in mixture composition 

(large amplitudes and length scales) lead to 
quenching 

 increase in flame stretch was observed in 

the absence of quenching with enhanced 
wrinkling and a faster burning rate 

 in highly turbulent cases, turbulence 

induced wrinkling is dominant over partial 

premixing induced wrinkling (which has a 
negligible affect) 
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Table 1.3  Summary of literature examining the effects of stratification on both the local and global reaction rate.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Hélie and Trouvé (1998) [69], numerical    

 3D DNS of globally stoichiometric ϕ = 1.0, 
planar laminar C3H8/air flames 

 decaying isotropic turbulent flow, 

    ⁄  = 7.5 

 reactants on left side of domain (x1 < 0), 

products on right (x1 > 0) 

 see [66] 

 RMS fluctuations ϕ’ = 0.3, 0.6 

 Length-scales of fluctuations on order of 

integral length scale lt, such that lz/ = 1,2 

 see [66] 

 single-step chemistry and unity Lewis 

number 

 evaluated variations in flame topology and 
turbulent reaction rate 

 negligible variations in flame stretch and 
surface production with partial premixing 

 significant differences in flamelet structure 

and mass burning rate per unit flame-
surface area 

 20% reduction in global reaction rate with 

partial premixing 

    

Haworth et al. (2000) [67], numerical    

 1D laminar and 2D DNS of globally 

stoichiometric ϕ = 1.0, turbulent C3H8/air 

flames  

 reactant conditions similar to those found in 
an automotive engines 

     ⁄  = 4.67 

 pressure = 4 atm, temperature = 700 K 

 1 reference premixed case ϕ = 1.0 

 1 stratified case, ϕmin/ϕmax = 0.5/2.7 

 1D: step change in ϕ from ϕ = 1.0 - 0.5 and 
step change in ϕ from ϕ = 1.0 - 2.0 

 Sinusoidal variation in ϕ 

 see [66,69] 

 detailed chemical kinetics, 29 species, 73 

reaction mechanism [75] 

 2 mm x 2 mm computational domain 

 negligible variations in in flame surface 

area and heat release between premixed and 

partially premixed cases 

 observed two-stage combustion with 

secondary reaction zone behind primary 

premixed flame 
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Table 1.3  Summary of literature examining the effects of stratification on both the local and global reaction rate.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Jiménez et al. (2002) [68], numerical    

 2D DNS of globally lean C3H8/air flame  

     ⁄  = 11.6 

 1 reference premixed case ϕ = 0.6 

 3 stratified cases, globally lean ϕ = 0.6 

ϕmin/ϕmax = 0.06/1.14, ϕ’
2
 = 0.15, lϕ/Ly = 1 

ϕmin/ϕmax = 0.03/2.06, ϕ’
2
 = 0.45, lϕ/Ly = 1 

ϕmin/ϕmax = 0.03/2.06, ϕ’
2
 = 0.45, lϕ/Ly = 1/4 

 initially lean (ϕ = 0.6) laminar flame 

propagating into turbulent stratified 

mixtures with ϕmin = 0.03-0.06 and 
ϕmax = 1.14-2.06 

  distribution varies transversely relative to 

initially planar flame front 

 see [66,67,69] 

 detailed chemical kinetics, 30 species, 76 

reaction mechanism 

 significant difference in heat release 

between premixed and partially premixed 

flames 

 higher mean heat release rate per unit flame 

length resulted in efficiency increase up to 

60% given the appropriate PDF of mixture 
distribution 

 spatial distribution of heterogeneities 

affects wrinkling of flame front 

 variations in length scales, the size of the 

rich/lean pockets, resulted in variations in 

efficiency of approx. 50% 

 reported secondary reaction zone in post-

flame region 

    

Garrido-López and Sarkar (2005) [39], numerical 

 2D DNS of globally lean ϕ = 0.8 fuel-

oxidizer mixture with reactant properties 
based on those of C3H8/air mixtures  

 velocity and compositional fluctuations 

larger than characteristic flame thickness 

     
 ⁄  = 0 - 2.65 

 4 reference premixed cases 

 12 stratified cases 

 reference planar lean laminar flame 

propagating towards reactants of varying 
mixture composition 

 one-step chemical model, unity Lewis 

number for all species 

 time advancement performed with 3
rd

 order 
Runge-Kutta scheme 

 mixture inhomogeneity resulted in 

significant increase in flame length for 

small velocity fluctuations (u’/SL < 1) and 

weaker increase for greater velocity 

fluctuations 

 reduced burning rate per unit length of 

flame front observed with increased levels 

of inhomogeneity and globally leaner 
mixtures 

 increase in rms of mixture fraction 

fluctuations caused an increase in overall 

burning rate for u’/SL < 1 and a decrease for 

more intense velocity fluctuations 
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Table 1.3  Summary of literature examining the effects of stratification on both the local and global reaction rate.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

Stagnation type flames    

    

Marzouk et al. (2000) [70], numerical 

 unsteady strained premixed lean CH4/air 

flame with an axisymmetric stagnation-

point flow 

 reactants at 300 K with products under 
adiabatic and constant pressure 

 small-scale temporal  gradients from 
stoichiometric to lean mixtures 

 equivalence ratio length and timescales 

comparable to those of the flame 

 1D unsteady strained code based on 

globalized Newton iterative method and 

preconditioned Krylov subspace linear 
solver 

 C(1) kinetic model for CH4/air combustion 

[76], 46 reactions, 16 species 

 timescales lower than 10 ms broadened the 

reaction zone, enhanced the burning rate, 

and extended the lower flammability limit 

 back support due to higher temperature and 

radical concentrations in the flame’s wake, 

which serve as a “heat (and chemical) 
reservoir” for upstream reactants 

    

Richardson et al. (2010) [72], numerical 

 1D laminar axisymmetric counterflow 
CH4/air flames 

 5 steady flame configurations: 

1 reference premixed case:  = 0.75 

 ̅ = 0.6 m/s 

2 front supported cases:  = 0.9-0.6 

 ̅ = 0.6, 1.8 m/s 

2 back supported cases:  = 0.6-0.9 

 ̅ = 0.6, 1.8 m/s 

 4 unsteady flame configurations: 


o
 = 

m
 + Asin(2ft) 


m
 = 0.75 

A = 0.28, 0.34, 0.48, 0.90 

f = 10, 50, 100, 200 Hz 

strain rate = 300 s
-1

 

 ̅ = 0.6 m/s 

 reactant-to-product configuration with 

steady flame stabilized in mixing layer for 

spatial  gradients  

 reactant-to-reactant configuration with 

twin-flames exposed to time-varying  

oscillations 

 1D detailed CH4/air chemistry and transport 
model 

 steady simulations: OPPDIFTM [77] 

 unsteady simulations: OPUS [78] 

 reaction rates and thermodynamic and 

transport properties: CHEMKINTM [79] 

 CH4/air chemistry: 53 species GRI 3.0 
natural gas mechanism 

 significant differences in H, H2, and OH 

concentration with  gradient, with greater 

upstream fluxes of these species in back 
supported flames, leading to enhanced HRR 

 increase in peak HRR and propagation 

velocity, decrease HRR profile thickness in 

back supported flames, opposite behaviour 

observed in front supported flames 

 temporal variations in  lead to a small time 

delay between  and flame speed 

 local propagation speed of stratified flames 

depends on  gradient and unsteady terms 

caused by strain rate and  fluctuations 
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Table 1.3  Summary of literature examining the effects of stratification on both the local and global reaction rate.  (continued) 

flame configuration and flow settings approach to stratification analysis methodology observations and results 

    

Zhou and Hochgreb (2013) [80], numerical    

 1D laminar axisymmetric counterflow 
CH4/air flames 

 4 steady flame configurations: 

2 reference premixed cases:  = 0.6, 0.9 

1 back supported case:  = 0.6-0.9 

1 front supported case:  = 0.9-0.6 

strain rate = 50 s
-1

 

 4 steady flame configurations for 

flammability limit: 

2 back supported cases: 

 = 0.10-0.50,  = 1.90-2.15   

2 front supported cases: 

 = 0.50-0.35,  = 2.10-1.90 

strain rate = 50 s
-1

 

 unsteady flame configuration: 

R = o + Aosin(2ft) 

o = 0.50, Ao = 0.50, f = 50 Hz 

 ̅ = 0.2 m/s 

strain rate = 50 s
-1

 

 reactant to product configuration with 

steady flame stabilized in spatial  gradient  

 unsteady flame in sinusoidal evolution of 

temporal  fluctuations 

 1D detailed CH4/air chemistry and transport 
model 

 steady and unsteady simulations done in 

CORSILAB  

 CH4/air chemistry: 53 species GRI 3.0 

natural gas mechanism 

 monotonic increase in HRR relative to 

premixed reference flames for back 

supported flames, decrease in HRR for 
front supported flames 

 extensions of upper and lower flammability 

limits were observed with stratification 

 unsteady and steady flames showed similar 

variations with  

 HRR primarily a function of local  and 

, unsteady effects unnecessary to explain 

effect of stratification 

 different mechanisms of back support 

occurred for lean (heat) and rich (species) 

flames 
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1.2  Thesis Motivation and Problem Definition 

Evidence of the interaction between neighbouring flame regions, or flamelets, has shown that 

diffusive fluxes of heat/mass from downstream heated products may back support the leading reaction zone 

and alter combustion, such that the local behaviour of flames cannot be predicted solely based on initial 

reactant properties.  For laminar flame configurations in which the flame front propagates solely in the 

direction of the gradient vector in equivalence ratio, differences in flammability limits and local flame 

propagation velocity have been observed experimentally in freely propagating and pipe-flow type flames, 

while DNS of 1D counterflow flames have reported differences in local heat release rate.  Quantifying 

these flamelet interactions within turbulent flames is inherently more complex, as the general effects of 

stratification on the global behaviour of a flame system must be decoupled from those of specific  gradient 

on local flame properties.  This complexity necessitates the development of a well-defined experimental 

methodology, combined with a non-intrusive multicomponent diagnostic system, such that little 

experimental data are currently available.   

The primary motivation of this thesis was to address this lack of experimental data and develop a 

novel analysis approach to clearly define the experimental question when attempting to discern the specific 

effects of  gradient on combustion.  The main objectives of this work were to: 1) commission and 

characterize a burner capable of accurately and precisely reproducing mean gradients in equivalence ratio 

in a turbulent flow field, 2) set up a laser based diagnostic system and develop a novel experimental 

methodology to evaluate the local dynamic properties along a stratified flame front, and 3) quantify the 

effects of mean gradients in equivalence ratio on local flame behaviour in terms of flame topology and heat 

release rate. 

1.3  Overview of Thesis 

The thesis follows the research chronologically.  Preliminary work was done to characterize the 

general structure of the turbulent, stratified V-flame as it was stabilized in reactant mixtures with different 

mean gradients in equivalence ratio.  Measurements of chemiluminescence imaging, spectroscopy, and OH 
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PLIF were done and these initial results published as a Society of Automotive Engineers (SAE) conference 

paper [44].  This article is not included in the thesis. 

Focus was then placed on devising a methodology to evaluate the specific effects of mean 

gradients in equivalence ratio on local flame properties, separate from those attributable to simple 

variations in mixture strength.  This was accomplished with a unique, windowing technique, in which the 

width of the analysis region of interest (ROI) was adjusted based on the imposed equivalence ratio gradient 

at the exit of the burner.  This ensured fair comparison among gradient conditions as the mean range of 

equivalence ratios being analysed was kept constant among flame settings.  Specifics on the windowing 

approach are presented in a first article (Chapter 2), “Equivalence ratio gradient effects on flame front 

topology in a stratified iso-octane/air turbulent V-flame” (published in the Proceedings of the Combustion 

Institute), where details of the image processing routines are outlined.  The experimental apparatus is 

introduced and the Planar Laser Induced Fluorescence (PLIF) diagnostic is presented.  At the time of 

publication, the data presented were the first reported specific effects of mean equivalence ratio gradients in 

turbulent flames.  Results showed that mean  gradients for near-stoichiometric flames led to smaller 

variations in flame topology (in the context of local FSD and curvature PDFs) than those attributed to the 

general effects of stratification. 

The second article, “Heat release rate variations in a globally stoichiometric, stratified iso-

octane/air turbulent V-flame” (submitted to Combustion and Flame) is presented in Chapter 3, and builds 

on the flame topology results of the first article.  The ROI approach was utilized to investigate comparative 

heat release rates (determined from the product of (OHLIF)(CH2OLIF)) at different mean equivalence ratio 

gradients.  These are the first such measurements in turbulent iso-octane/air flames.  Detailed numerical 

simulations of 1D laminar iso-octane/air premixed flames were conducted to validate the (OHLIF)(CH2OLIF) 

approach for HRR measurements in iso-octane/air flames over a broad range of equivalence ratios.  Based 

on the results of the laminar flame simulations, potential temperature effects on the OH and CH2O 

fluorescence signals within each ROI were determined (calculated from Boltzmann population fractions 

and collisional quenching rates of both species over the range of equivalence ratios specific to each ROI).  

A Monte Carlo (MC) analysis was presented that further enables direct interpretation of mean  gradient 

effects on the mean HRR of near-stoichiometric flame regions.  Variations in mixture strength within each 
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ROI were calculated (independent of shot noise), which could be attributed to turbulent mixing of the 

imposed  gradient at the exit of the burner.  This enabled assessment of the resulting temperature effects 

on the OH and CH2O fluorescence signals.  Results demonstrated that the combined effect of temperature 

variations and the broader range of  within the ROI, would lead to an overall net decrease in mean HRR 

within the ROI less than 1.0%, 1.6%, 2.7%, and 4.3% for the weakest to steepest gradient cases 

respectively.  By contrast, measured decreases in HRR directly attributable to mean  gradient effects 

exceeded this range by a factor of ~2 to 3.  These results were in line with 1D DNS of counterflow flames, 

such that the HRR data showed evidence of thermal back support from the heated products within the V-

flame.  General stratification effects were separately investigated by comparing gradient cases with 

relatively constant mean global equivalence ratios and broader ranges of mixture strengths.  Results 

highlighted the competing mechanisms of increased flame surface generation and decreased HRR per unit 

flame length as they defined the overall HRR of the flame system.  This analysis further confirmed that the 

effects of mean  gradient on local flame properties, and the general stratification effects on global flame 

behaviour differ, further emphasizing the importance of proper interpretation of data. 

The third article, “A comparative analysis on the effects of stratification on locally lean, near-

stoichiometric, and rich iso-octane/air turbulent V-flames” (to be submitted to Combustion and Flame), 

extends the analysis conducted in the first two papers and compares the effects of large-scale mean 

gradients in equivalence ratio in locally rich, near-stoichiometric, and lean flame regions.  Instantaneous 

(OHLIF)(CH2OLIF) HRR images were analysed for variations in local peak HRR and instantaneous flame 

thickness δt among  gradient conditions within each ROI. 

A Monte Carlo analysis was used to estimate total experimental uncertainties in the measurement 

of local curvature, and relative uncertainties in the measurement of peak HRR and flame thickness.  

Differences among flames conditions were first quantified by plotting normalized distributions of local 

peak HRR and δt with local curvature .  Results for the three fully premixed reference cases showed 

general variation of peak HRR with curvature that reflected the influence of competing effects of mass and 

thermal diffusion, in line with that expected based on thermodiffusive theory [19,81].  The normalized 
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distributions of δt with local curvature for the premixed cases were also consistent with the literature [29], 

and were insensitive to mixture stoichiometry.   

When comparing the distributions of peak HRR with curvature among gradient conditions, subtle 

variations were observed.  The data provided evidence of the potential interaction between neighbouring 

flame regions, and further suggested that stratification may influence the local thermodiffusive stability of 

the wrinkled structures along the turbulence flame front.  

The effects of mean  gradients on the ensemble average of peak HRR and δt were separately 

evaluated following the same MC approach described in Chapter 3, for article 2.  Small but repeatable 

differences were observed among gradient flame configurations, as results showed evidence of interaction 

between the heated products and the leading stratified branches, as front- and back-supported flames 

showed opposite trends.  Locally rich, back-supported flame regions showed a gradual increase in peak 

HRR of 9.9-10.2% (depending on the CH2O quenching model employed) which was accompanied by a 

decrease in instantaneous flame thickness δt of 7.1-7.2% as the gradient steepened.  Front-supported rich 

flames showed the opposite behaviour, as the peak HRR decreased by 5.1-5.3%, and δt increased by 2.3-

2.4%.  Similar but weaker trends were observed in near-stoichiometric flame regions, as the steepest 

gradient case led to a decrease of 3.3-3.5% in peak HRR and an increase of 2.7-2.8% in δt.  Locally lean 

flame regions showed a small increase in peak HRR with back-support of 3.8%, and a decrease in δt of 2.0-

2.1%.  While trends for back-supported lean flames were generally analogous to those of back-supported 

rich flames, they were consistently less pronounced for equivalent gradient levels.  These results suggest 

that back-support may be less important for flames nearer to stoichiometric, and further imply that the 

dominant mechanisms of back-support may differ for rich and lean flames. 

These three articles demonstrate the achievement of the goals of this thesis: to develop an 

experimental apparatus and methodology that quantifies the effects of mean gradients in equivalence ratio 

on the local topology and heat release rate of stratified iso-octane/air turbulent flames; to provide evidence 

of the potential interaction between neighbouring flame regions; and to gain insight into the physical 

mechanisms that alter the local behaviour of partially premixed flames. 
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Chapter 2  
 
Equivalence Ratio Gradient Effects on Flame Front 
Topology in a Stratified Iso-Octane/Air Turbulent V-
Flame 

This chapter has been peer-reviewed and was published in the Proceedings of the Combustion Institute 

in January 2011 (first available online on August 6, 2010).  It should be cited as: 

 
Vena, P.C., Deschamps B., Smallwood, G.J., Johnson, M.R. (2011) “Equivalence ratio 

gradient effects on flame front topology in a stratified iso-octane/air turbulent V-flame”, 

Proceedings of the Combustion Institute, 33:1551:1558.  DOI: 10.1016/j.proci.2010.06.041. 

 
This paper was co-authored by the thesis author, Patrizio Vena, Dr. Béatrice Deschamps, Dr. Greg 

Smallwood, and Prof. Matthew Johnson.  Mr. Vena set up, tested, and characterized the measurement 

equipment; performed the measurements, uncertainty analysis, and initial data analysis; and wrote a first 

draft of the manuscript.  Dr. Smallwood participated in the initial design of the burner, provided access to 

laboratory facilities, and shared in funding the project.  The theory development, final data analysis, and 

editing and revision of the manuscript were conducted jointly by Mr. Vena, Dr. Deschamps, and Prof. 

Johnson.   

 

2.1  Abstract 

The effect of partial premixing on the local topology of globally stoichiometric flames was considered 

using a novel burner that permits controlled transverse variation of equivalence ratio along a continuous 

stratified flame front.  Five iso-octane/air V-flames with different levels of stratification were studied in 

experiments designed to quantify differences in flame surface density and curvature between a reference 

homogeneous case and four different gradient cases.  The mean equivalence ratio along the stratified flame 

front was characterized for each flame condition using 3-pentanone planar laser induced fluorescence 

(PLIF) conditioned to the reactants.  PLIF of OH and CH2O were subsequently used to obtain progress 

variable, flame surface density, and curvature measurements for locally stoichiometric flamelets subjected 

to varying equivalence ratio gradients.  To ensure fair comparison among conditions and to eliminate 

potential effects due to variable mixture strengths, a unique variable interrogation window approach was 
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used to fix the range of equivalence ratios considered in the analysis of flames under different gradients.  

Results showed a significant increase in flame wrinkling with increased gradients in equivalence ratio, as 

well as increased variability in the local intensities of OH PLIF images.  The effect of increased flame 

surface density was more modest, balanced in part by an increase in flame brush thickness and ultimately 

by a decrease in flame length.  Observed variations in curvature distribution were not nearly as prominent 

as those reported in the literature for globally lean methane/air V-flames, which suggests that although 

gradients in mixture strength may alter the overall structure and instantaneous behaviour of globally 

stoichiometric combustion systems, their effect on the topology of locally stoichiometric flames may be 

limited. 
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2.2  Introduction 

Partial premixing is an indispensable tool in the optimization of practical combustion devices such as 

stratified charge engines and gas turbines.  Studies have confirmed potential gains in overall 

thermodynamic efficiency via reductions in fuel consumption [8,11,12] and pollutant emissions [8,10,11], 

highlighting the need for greater understanding of the physical mechanisms responsible.  However, because 

of the inherent complexity of turbulent, partially premixed flames, the development of a well defined 

methodology to quantify the effects of stratification is a significant experimental challenge.  If accurate 

physical models are to be developed, an experimental database is necessary to validate the results obtained 

through numerical predictions [45]. 

Several researchers have considered the effects of stratification on flames including the effects of 

small-scale variations in mixture strength defined in terms of local inhomogeneities [16,17], or of larger-

scale variations associated with gradients in equivalence ratio [4,21,22,24–26,45,70].  In addition, works by 

Renou et al. [41], Robin et al. [29], and Garido-López and Sarkar [39] have attempted to define how these 

effects may be coupled to those of turbulence.  Despite differing results in some of these studies, there is 

cause to suggest that adjacent flamelets of different mixture strengths can interact, potentially altering their 

expected behaviour predicted solely from reactant properties.  Robin et al. [29] suggest that the three most 

notable effects of stratification are (1) the extension of the lower flammability limit, (2) the change in flame 

structure and topology, and (3) the variation in reaction rate. 

Several recent studies have been performed on freely propagating flames, where the flame 

propagates solely in the direction of the gradient vector in mixture fraction, through large-scale variations 

in equivalence ratio [21,22,24–26,70].  Under these conditions, a flux of heat and radicals from the burnt 

richer region feeds the leaner region, and enhances its resistance to extinction.  This is often referred to as 

“back support” or a “memory effect” in that the laminar flame speed (SL) and reaction rate are not 

determined strictly by the reactant properties, but also by the composition and temperature of the burnt gas.  

Variations in flame topology with partial premixing have also been observed in terms of flame 

thickness and rate of strain [29,30], flame length and wrinkling scales [16,17,29,30,39,41,44,45,50], flame 

surface density [45], and curvature [30,39,41,45,50].  Experiments on freely propagating flames by Zhou et 
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al. [17] and Cho and Santaviccia [16] suggested that small-scale stratification generally enhances flame 

wrinkling, resulting in a more corrugated front with increased flame surface area relative to the 

homogeneous case.  Local differences in SL along a stratified flame front, due to regions of different 

mixture strengths, will cause the front to deform and stretch excessively, acting as an additional mechanism 

for wrinkling along with turbulence [29].   

Experiments on rod-stabilized V-flames [29,30,44,50] have shown a general increase in wrinkling 

for flames stabilized in stronger transverse gradients in equivalence ratio.  Variations in curvature were 

reported by Galizzi [50] and Dégardin [30], while Galizzi [50] observed a bimodal distribution in curvature 

for stratified cases.  Galizzi [50] attributed the presence of a secondary mode in the probability density 

function (PDF) of curvature to separate flame zones, defined at different axial positions in the V-flame, 

showing that each interacted with stratification distinctively.  Vena et al. [44] also identified flame zones 

within partially-premixed iso-octane/air V-flames and argued that the local variation in the Lewis number 

along the flame front leads to a progression from stable fronts with larger smooth curvatures to unstable 

fronts with elongated structures.  

Anselmo-Filho et al. [45] measured the local flame front curvature and surface density along a 

“stratification surface” of  = 0.73 for a turbulent methane/air V-flame, reporting variations in both 

curvature and flame surface density as stratification increased.  They proposed that the increased surface 

generation was a contributing mechanism to the greater levels of heat release often reported for stratified 

mixtures.  Although some DNS simulations have predicted either a negligible variation [66,67] or even a 

reduction [69] in heat release, it is generally agreed that partial premixing leads to increases in overall 

reaction rate.  Experimental results of Zhou et al. [17] have shown that the degree of heterogeneity 

significantly increases flame propagation speed up to an “optimal” level of stratification and suggest that 

greater levels of heat release may result with small-scale stratification.  The 2D DNS of Jiménez et al. [68] 

on iso-octane/air flames supported the results of Zhou et al. [17] and further concluded that both the length 

scales and spatial distribution of heterogeneities may lead to increases in heat release of up to 60%. 

Much of the difficulty in understanding the effects of partial premixing arises because it is 

generally quite challenging experimentally to separate potential effects of stratification from simple 
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mixture strength effects.  In the present work, a unique approach is used to investigate topology of turbulent 

iso-octane/air V-flames over a range in equivalence ratios that is constant among flame conditions, 

allowing specific effects of large-scale equivalence ratio gradients to be evaluated.  A novel, variable 

stratification burner was employed that enables transverse variation of equivalence ratio along a flame 

front.  Coupled with dual-wavelength PLIF to simultaneously image of OH and CH2O, experiments were 

performed to characterize gradient effects on flame front topology in terms of flame brush thickness and 

incident angle, and to quantify the effects on flame surface density and curvature.  Through careful analysis 

of the results using an equivalent windowing technique to control and fix the range of mixture strengths for 

different gradient conditions, the effects of large-scale equivalence ratio gradients on local front behaviour 

are described. 

2.3  Experimental Setup 

A 63 mm x 15 mm rectangular exit burner was designed that permits controlled variation of the local 

equivalence ratio along the y-axis (transverse axis) as shown in Figure 2.1.  Two fully premixed iso-octane 

(i.e. 2,2,4-trimethylpentane)/air reactant streams of different mixture strengths 1 and 2 enter separate 

compartments within the 16 mm high lower section of the burner (section 1).  The two streams pass 

through a 15 mm wide by 65 mm long by 12.7 mm thick section of expanded metal foam (shown as the 

orange block in Figure 2.1) which ensures the flow is uniformly distributed as it enters the lateral mixing 

section (2a,b) of the burner.  A sealed barrier cuts diagonally across the metal foam and partitions the flow 

into two equal sized triangular sections.  Proportionate amounts streams 1 and 2 are thus distributed along 

the transverse axis of the burner, creating a linear variation in equivalence ratio.  The flows then enter the 

first lateral mixing section (2a) consisting of a set of six, equally spaced, 10 mm wide, 152.4 mm long 

channels filled with 3 mm diameter glass beads.  In this section of the burner, the two different streams mix 

laterally along the short axis (z-axis) of the burner.  Each of the six channels thus has a different global 

mixture strength, which is linearly proportional to 1 and 2.  To ensure a smooth gradient at the exit plane, 

the channels in the second lateral mixing section (2b) are offset by 5 mm (half their width) relative to the 

first mixing section.  Finally, at the exit section of the burner (3), the flow is allowed to mix freely in the 

transverse and lateral directions to produce a smoothly varying gradient in equivalence ratio. 
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Figure 2.1  Reactant mixture progression through (1) lower, (2a,b) lateral, and (3) transverse mixing 

sections of the stratified burner. 

The mixture strength and mean flow velocity are independently controlled using two pairs of 

digitally controlled Horiba LV-F liquid (iso-octane) and Brooks Smart-Series gas (air) mass-flow 

controllers.  The mean flow velocity along y = ± 16 mm from the centerline of the burner was 4.6 m/s.  

Turbulence intensities were between 4.2-7.2% within the same transverse range.  Although integral length 

scales were not directly measured, they were projected to be in the range of 2 to 5 mm based on burners 

with a similar configuration and comparable flow settings [39,45,50]. 

A 1.5 mm diameter rod was placed perpendicular to the flow direction 5 mm downstream of the 

exit plane at y = 16 mm from the center of the exit nozzle to stabilize the flame in a V-configuration.  A 

continuous stratified flame front thus intersected the stoichiometric surface.  Five flame conditions were 

considered by increasing the equivalence ratio in mixture 1 from 1 to 1.8 on the rich end of the burner, 

while decreasing mixture 2 from 1 to 0.2 on the lean end, in equivalence ratio steps of 0.2. 

Planar laser induced fluorescence (PLIF) was used for flow visualization of OH (hydroxyl) 

radicals and CH2O (formaldehyde) to obtain effectively instantaneous flame front topology measurements.  

Tracer PLIF of 3-pentanone (C2H5COC2H5) was used for qualitative equivalence ratio measurements, and 
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making laser profile corrections via imaging of a homogeneous reactant field.  The laser diagnostic setup 

for simultaneous OH and CH2O PLIF shown in Figure 2.2 consists of an unseeded dual head Nd:YAG laser 

(Quanta Ray PIV-400) with independent crystals for doubling or tripling the fundamental frequency. 

 

Figure 2.2  PLIF setup for simultaneous OH and CH2O acquisition. 

The lower IR beam of the Nd:YAG laser, frequency tripled from its 1064 nm fundamental 

wavelength to the third harmonic at 355 nm (+/- 3 nm, 300 mJ per 7 nsec pulse), was used for CH2O.  The 

upper IR beam was frequency doubled to 532 nm and subsequently used as the pump source for a 

Rhodamine-B dye-laser (Sirah Precision Scan).  The tuneable output from the dye laser (282.88 nm +/- 

0.005 nm, 11 mJ per 6 ns pulse) was used to excite 3-pentanone as well as OH at the Q1(6) line of the (1,0) 

vibrational band of the OH A-X system.  This produced 88.2 mm high x 500 µm thick, 355 nm and 

140.0 mm high x 500 µm thick, 283 nm coincident laser sheets that intersected the central plane in the z-

direction of the burner exit nozzle.  A micro-lens array (beam homogenizer) was used for 3-pentanone 

images to ensure uniform laser intensity in the axial direction of the fluorescence images.  The resulting 

laser sheet was 47.4 mm high x 500 µm thick. 

Fluorescence images were acquired using a pair of PIMAX 1340 x 1300 pixel intensified cameras 

positioned to provide a projected spatial resolution in the flame of 67 m/pixel.  This equated to an 

effective field of view within the flame of 27.0 mm by 89.8 mm for 3-pentanone and 48.1 mm by 89.8 mm 

for OH and CH2O.  Precise timing of lasers and cameras was achieved using a DG-535 Stanford pulse 

generator.  Flashlamp/Q-switch pulses for both lasers were phase shifted so that the 283 nm (OH/3-

pentanone) and 355 nm (CH2O) beams were delayed by 210 nsec.  This phase delay was necessary to avoid 
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overlap of the fluorescence signals induced by two laser sheets, and since OH has a shorter fluorescence 

lifetime than CH2O, OH was excited first.  Given the mean flow velocity of 4.6 m/s and spatial resolution 

of 67 m/pixel, the reactants would propagate 0.01 pixels within this timeframe, and thus the OH and 

CH2O images can be treated as simultaneous realizations of the flow. Since flame topology is inherently 

three dimensional, two dimensional images may not fully capture the flow behaviour.  However, planar 

measurements have been shown to provide an accurate depiction of curvature statistics [82].  Moreover, 

uncertainties are reduced when comparing among flame settings at a fixed region of interest in which the 

turbulent flow properties are held constant.  Appendix B provides additional details and photographs of the 

experimental apparatus, dimensioned manufacturing drawings of the burner, and a full schematic of the iso-

octane/air delivery system feeding the burner. 

2.3.1 Reactant Characterization 

The equivalence ratio gradients were characterized for all flow settings under non-reacting conditions using 

tracer PLIF by seeding the iso-octane with 3-pentanone at 7% by volume, often used for quantitative 

air/fuel ratio measurements [e.g. [83]] because its vapor properties match those of iso-octane and because 

its fluorescence signal is linearly dependant on concentration and laser intensity [84].  Calculations showed 

that the stoichiometric air to fuel ratios and lower heating values of the iso-octane/air reaction without and 

with added 3-pentanone at 7% by volume were 59.5 (15.03 on a mass basis) vs. 57.7 (14.8 on a mass basis) 

and 44.7 MJ/kg vs. 43.3 MJ/kg respectively.  The doping at 7% by volume ensured an adequate signal to 

noise ratio in the 3-pentanone PLIF images and limited the influence of the tracer on combustion.  Ten 

images were acquired, each with 100 gates per exposure, equivalent to 1000 individual images per flow 

condition.  The mean images were background corrected and subjected to a 3x3 median filter (equivalent to 

0.20 x 0.20 mm), and the profiles in Figure 2.3 obtained by summing the rows of the corrected images 

corresponding to axial positions x = 0.20-0.85 mm along the exit plane of the burner.  The five different 

gradient profiles are all very smooth and intersect neatly at the stoichiometric surface where   1.  Thus, 

by designing the experiments to track the location of this stoichiometric surface, it was possible to isolate 

and observe any effects on flame behaviour due to the presence of a mixture gradient about the 

stoichiometric contour.  Since the mean exit velocity of the burner was fixed for all cases, the mean flow 
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field and turbulence characteristics were also consistent within the region of interest (ROI) of the flame.  

The technique used to precisely define the region of interest is further explained below.   

 

Figure 2.3  Transverse variation in equivalence ratio for five flame conditions with the gradient 

expressed in terms of turbulent flame brush thickness Lt. 

Variations in the global equivalence ratio were within  5% of the mean for all flame settings and 

showed a maximum standard deviation of 0.07 between individual images.  The mean profiles were in 

good agreement with expected gradient values with a standard deviation from 0.03 to 0.08 between 

individual profiles, measured transversely for y = ±15 mm. 

2.3.2 Determination of the Location of the Stoichiometric Surface 

The position of the stoichiometric surface was identified under reacting conditions for each of the four 

stratified settings with single wavelength 3-pentanone tracer PLIF.  One thousand individual images were 

acquired at each of four different axial positions x = 0.4-27.3 mm, x = 27.3-54.2 mm, x = 54.2-81.1 mm, 

and x = 81.1-108.1 mm.  Laser energy was adjusted to ensure fluorescence linearity throughout the entire 

laser sheet while simultaneously accounting for pulse-to-pulse variations in laser intensity, permitting semi-

quantitative measurements of average mixture strength in the unburnt gases. Individual 3-pentanone PLIF 

images were corrected for background intensity and laser profile variations before ensemble averaging.  A 

3x3 pixel median filter was applied to the ensemble average image to eliminate any residual shot noise.  

Configuration and calibration procedures, as well as a flow chart outlining each step of the 3-pentanone 

PLIF image processing routine (including sample images) are presented in Appendix C.  The resultant 

image was then conditioned on reactants using a map of the reactant progress variable derived from an 
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ensemble average of a binarized version of the same 3-pentanone images.  Image sets from the four 

different heights were combined to generate continuous maps of reactant 3-pentanone concentrations that 

were used to evaluate the local mixture strength within the reactants up to approximately 11 cm above the 

burner exit nozzle.  Figure 2.4 shows a sample final reactant concentration image for Ltδϕ/δy = 0.22. 

 

Figure 2.4  Mixture strength distribution and corresponding interrogation window for stratified 

flame Ltδϕ/δy = 0.22. 

Similar concentration images were derived for each stratified flame condition and were used to 

identify the location of the stoichiometric surface as well as the average mixture strength at the mean 

position of the flame front, c = 0.5, within the turbulent flame brush.  To permit fair comparison among 

different conditions and specifically to isolate the effects of equivalence ratio gradient from effects of local 

mixture strength, it was necessary to maintain a constant range of equivalence ratios within the analysis 

region of the flame.  This was accomplished by varying the width of the region of flame being analyzed, 
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indicated by the superimposed dashed white box in Figure 2.4.  The width of this box was precisely 

adjusted for different flame conditions to ensure that the range of equivalence ratios it contained was held 

constant between 0.95    1.05 for all flames.  Figure 2.4 also shows the corresponding  = 0.95 and 

 = 1.05 surfaces used to define the interrogation region for the Ltδϕ/δy = 0.22 flame condition.  By 

carefully specifying the widths of these analysis regions, it was possible to assume the flames within were 

propagating under essentially identical mean flow and equivalence ratio conditions, while being subjected 

to widely differing gradients.  The length scales of the large-scale gradients (defined as the width of the 

analysis region, 0.95    1.05) varied from 3.5 to 12.5 mm. 

2.4  Results and Discussion  

One thousand individual OH and CH2O PLIF images were acquired for each of the five flame 

configurations.  The CH2O images were registered to the OH images using a 90 point target to spatially 

match the corresponding pixels of each camera to ensure they imaged identical positions within the flame.  

As was the case for 3-pentanone, images were corrected for background as well as laser profile, and 

subjected to a 3x3 median filter to reduce shot noise.  Configuration and calibration procedures, as well as 

flow charts showing sample instantaneous OH and CH2O PLIF images corresponding to each image 

processing operation are provided in Appendix C.  Images were evaluated to quantify the effect of gradient 

on turbulent brush thickness and orientation, flame surface density, and curvature. 

Through analysis of the instantaneous 3-pentanone PLIF data, variation in scale in intensity of the 

local fluctuations in equivalence ratio could be quantified as the large-scale gradient was varied.  The local 

fluctuations occurred on length scales associated with those expected for turbulent eddies (i.e. 0.5-3 mm), 

and did not vary as the global gradient was changed. 

2.4.1 Progress Variable 

Figure 2.5 shows a flood plot of the ensemble averaged reaction progress variable c, obtained from 

binarized OH images, in the vicinity of the stoichiometric contour for gradient setting Ltδϕ/δy = 0.16.  The 

image represents a 48.1 mm x 39.6 mm area within the flame, where dark blue corresponds to fresh 

reactants (c = 0) and dark red to pure products (c = 1).  As the mean flame front in Figure 2.5 crosses the 
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stoichiometric surface, it recedes downstream, an effect also observable in Figure 2.4.  Because the mixture 

strength diminishes away from stoichiometric, the local flame speed decreases and causes iso-contours of 

c to deviate from their initial incident angle in the vicinity of the stabilizing bar.  This behaviour was not 

observed for the homogeneous case, in which the orientation of the flame brush did not change relative to 

the mean flow direction.  These observations further validate the numerical predictions of Robin et al. [29] 

for methane/air V-flames. 

 

Figure 2.5  Progress variable c map and corresponding interrogation window for stratified flame 

Ltδϕ/δy = 0.16. 

2.4.2 Flame Surface Density 

The two dimensional flame surface density (FSD) data were calculated with the approach outlined in 

Deschamps et al. [85] where   is derived from the definition of Pope [86],   〈  〉  〈|  |   (    )〉, for 

which   denotes the ensemble average of the enclosed quantity, |  | is the absolute value of the spatial 

flame front gradient,  (    )  the instantaneous flame position, and  the Kronecker delta.  The 

instantaneous FSD,   , was obtained from flame contours derived from individual OH PLIF images where 

the position of the flame front was determined by thresholding.  The instantaneous    images were then 

masked by multiplying with the matching binary CH2O PLIF image.  This approach was particularly useful 

in processing severely stratified cases, in which regions of weaker OH signal behind the flame front were 

filtered out, creating non-physical edges once thresholding was applied.  This approach was derived from 

the method of Paul and Najm [55] for heat release rate calculations, who determined that the product of OH 

and CH2O was a better approximation of the position of the flame front than OH.  Although the CH2O 
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images, and resulting heat release rate contours, were not as clearly defined as those observed by 

Balachandran et al. [58] and Pfadler et al. [87], and therefore too noisy to accurately define the position of 

the flame front, they were effective in masking the    images. 

The instantaneous, masked    images were then ensemble averaged and plotted in terms of c.  

The FSD profiles shown in Figure 2.6 are slightly skewed with maximum values falling consistently 

toward the burnt gases, in the vicinity of c = 0.6.  The asymmetric profiles were consistent with those of 

turbulent V-flames observed by Shepherd [88] for premixed methane/air and ethylene/air, and Anselmo-

Filho et al. [45] for partially-premixed methane/air mixtures, such that the  〈 〉(  〈 〉) expression, used 

for chemical closure models for fractal flamelets [89], does not provided a good estimate of  (〈 〉).  

Shepherd [88] proposed that the ordered, cusped structure of the V-flame towards the burnt gases 

contributes to the asymmetry in FSD, as confirmed by their observation of bimodal PDFs of flame 

orientation. 

 

Figure 2.6  Flame surface density for premixed and stratified flames. 

Although the bias of FSD profiles did not vary among conditions, comparing the homogeneous 

and stratified profiles reveals a non-linear increase in FSD with increasing gradient.  The effect is strongest 

for the weaker gradients but levels off for the severely stratified cases.  This can be expected from a 

qualitative visual inspection of individual fluorescence images, in which stronger mixture gradients were 

associated with significant increases in flame front wrinkling and corrugation, ultimately leading to a sharp 

reduction in the instantaneous OH fluorescence signal.  Although the measured flame brush thickness 
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(defined as the perpendicular distance between c = 0.1 and c = 0.9 contours) was consistently greater 

with stratification (~10.5 mm compared to 9.5 mm for the homogeneous flame at the same axial position 

x = 45 mm above the exit of the burner), it did not change significantly as the gradient was increased.  This 

implies that the dominant effect of large-scale mixture gradients may be to enhance the number and 

intensity of wrinkles, similar to the reported effects of small-scale inhomogeneities in mixture fraction 

[16,17]. 

2.4.3 Curvature 

Curvature measurements were obtained by fitting a cubic spline to the leading edge of the instantaneous 

binary flame images.  The local curvature   was calculated from   ( ̇ ̈   ̇ ̈) ( ̇   ̇ )  ⁄ , and by 

convention, positive curvatures are defined as convex towards the reactants and negative curvatures are 

defined as concave towards the reactants.  The length-weighted PDFs of curvature for each flame setting 

were calculated by normalizing the number of observations in each bin by the total number of local 

curvature measurements and plotted in Figure 2.7.  The curvature PDFs were nearly symmetrical, with a 

slight bias toward the reactants.  This is consistent with the FSD results of Figure 2.6, and the generally 

accepted trend for cusped flame fronts, where the larger area of positive fronts results in the biased 

curvature plots.  The shift is further emphasized by the negligible flame area of infrequent cusps, which 

manifest themselves as large negative curvatures [90]. 

 

Figure 2.7  Comparison of curvature PDFs for globally stoichiometric premixed and partially-

premixed iso-octane/air V-flames. 
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The most probable curvature was consistently around   0.2 mm-1, and the probability of 

encountering this level of curvature decreased only slightly for stronger gradients, contrary to observations 

of Anselmo-Filho et al. [45] for whom the bias of the profiles changed with apparent gradient.  

Furthermore, no significant increase in variance with stratification was observed in the present results.   

The apparent discrepancy between the present topology results and those of Anselmo-Filho et al. 

[45] using methane under globally lean conditions can arguably be attributed to differences in mixture 

strength, methodology, and fuel type. Firstly, as suggested by Zhou et al. [17], stratification has a greater 

effect on flame propagation for off-stoichiometric mixtures, since the thermo-diffusive stability of 

stoichiometric flames limits the effects of stratification.  Secondly, the variable interrogation windowing 

technique used in the present analysis to freeze the range of equivalence ratios (and hence Lewis numbers 

which would affect the wrinkling scales of the flame front) may at least partially affect the interpretation of 

flame topology.  Finally, because of the significant difference in the Markstein numbers for iso-octane/air 

versus methane/air flames [91], it is reasonable to expect that response to perturbations from the stabilizing 

rod could be different in the two cases, again affecting the significance or magnitude of observed 

differences in flame topology with increased mixture gradient. 

2.5  Conclusion 

The effects of large-scale gradients in equivalence ratio on locally stoichiometric turbulent iso-octane/air 

V-flames were studied using a novel stratified burner capable of producing transverse variations in mixture 

strength.  PLIF images of OH, CH2O, and 3-pentanone were acquired for five flame conditions to evaluate 

variations in flame front topology and to quantify these differences through flame surface density and 

curvature measurements.  Critical to interpreting the data was the technique of using variable width 

interrogation windows to fix the range of equivalence ratios being considered when comparing flames 

subjected to different mixture gradients.  

Gradients in equivalence ratio had a dramatic effect on flame wrinkling, leading to enhanced 

corrugation of the flame front for the strongest gradients.  However, the effect of increased flame surface 

density was more modest, balanced in part by an increase in flame brush thickness, and ultimately by a 

decrease in flame length.  Perhaps surprisingly, variations in curvature distribution were nearly negligible 
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and not nearly as prominent as those reported in the literature for lean methane/air V-flames.  This suggests 

that although gradients in mixture strength may alter the overall structure and instantaneous behaviour of 

globally stoichiometric combustion systems, their effect on the topology of locally stoichiometric flames 

may be limited, suggesting that premixed models for turbulent combustion are adequate for the modeling of 

near stoichiometric, stratified flames.   
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Chapter 3  
 
Heat Release Rate Variations in a Globally 
Stoichiometric, Stratified Iso-Octane/Air Turbulent 
V-Flame 

This chapter is currently under peer-review for possible publication in Combustion and Flame.  It 

should be cited as: 

 
Vena, P.C., Deschamps B., Guo, H., Smallwood, G.J., Johnson, M.R. (2014) “Heat release 

rate variations in a globally stoichiometric, stratified iso-octane/air turbulent V-flame”, 

submitted to Combustion and Flame and under consideration for publication (submitted 

December 13, 2013; manuscript id: CNF-D-13-00630). 
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Guo, Dr. Greg Smallwood, and Prof. Matthew Johnson.  Mr. Vena set up, tested, and characterized the 
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provided access to laboratory facilities, and shared in funding the project.   The theory development, final 

data analysis, and editing and revision of the manuscript were conducted jointly by Mr. Vena and Prof. 

Johnson.   

 

3.1  Abstract 

Combustion intensity variations along a globally stoichiometric, stratified iso-octane/air turbulent V-flame 

were measured in the presence of four different equivalence ratio gradients and compared to a reference 

fully-premixed case.  Instantaneous heat release rate (HRR) images were obtained from the simultaneous 

acquisition of OH and CH2O Planar Laser Induced Fluorescence (PLIF) images, providing the first direct 

estimates of local heat release rate in a stratified, iso-octane/air turbulent flame.  Detailed numerical 

simulations were conducted to validate the use of (OH LIF)(CH2O LIF) for measurements of HRR in iso-

octane/air flames over a broad range of equivalence ratios.  Flame images were analyzed for specific mean 

equivalence ratio gradient effects for near stoichiometric flame regions within a fixed mean equivalence 

ratio range of 0.95    1.05.  The location of the interrogation window, or region of interest (ROI), was 
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obtained through 3-pentanone tracer PLIF of the reactants and ensured that any observed variation could be 

attributed specifically to mean equivalence ratio gradient effects, rather than simple mixture strength 

effects.  Results showed small but measureable decreases in the mean HRR for near stoichiometric flame 

regions within the ROI as the gradient was varied, and differences of up to 4.4% relative to the reference 

premixed case were directly attributable to the imposed mean ϕ gradient, separate from potential effects of 

local mixture strength.  By contrast, general stratification effects were also considered for flames of 

comparable global equivalence ratios but with much broader ranges of mixture strength, and results showed 

offsetting effects of increased 2D flame length (up to ~17%) and decreased HRR per flame length (up to 

~22%), resulting in small variations in the overall HRR of ~9%.  The present analysis suggests that 

gradient effects on local flame properties may differ significantly from general stratification effects in 

which different ranges of mixture strengths are present, and separating these aspects of partially premixed 

combustion is critical to the proper interpretation of data, where both may be relevant in different 

applications.  

 

Keywords:  Stratified combustion, Turbulent combustion, V-flame, Equivalence ratio gradient, Planar 

Laser Induced Fluorescence, Heat release rate 
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3.2  Introduction 

As stratified charge engines and partially premixed combustors emerge as viable approaches for reducing 

fuel consumption [8,11,12,92] and pollutant emissions [8,11], better data and understanding of stratified 

flames are required to further technology development.  Controlled experimental investigation of the 

effects of partial premixing on flame behaviour is essential to improving theoretical understanding and 

relating stratified flame dynamics to classical models for premixed and diffusion flames. 

Stratified combustion has received considerable attention in recent years, and although broader 

theoretical understanding of the effects of stratification on flame propagation is still emerging, there are at 

least three generally accepted observations [29].  First, stratified flames may be “back supported” by heat 

and radicals as they propagate in the direction of the gradient vector through large-scale variations in 

equivalence ratio, resulting in a greater flame propagation velocity as well as an extension of flammability 

limits [21–26,70,72,80].  Secondly, local variations in flame speed, SL, caused by heterogeneities in 

equivalence ratio act as an additional mechanism for turbulent wrinkling of the flame front in cases where 

    
 ⁄    [39,40,66] with the effect less significant as     

 ⁄  increases [39,66–69].  This alters the flame’s 

structure and topology, including flame thickness and rate of strain [29–38], flame length and wrinkling 

scales [4,16,17,29,30,39–46], flame surface density [31,34,45,47,48], and curvature [29–35,41,45–47].  

Thirdly, and the focus of this paper, stratification leads to variations in the local combustion intensity along 

a reacting front [39,40,66–70,72,80], which may in turn lead to differences in global reaction rate of the 

flame [39,40,66–69].   

Several computational studies have evaluated the effects of partial premixing on combustion 

intensity.  Numerical works by Marzouk et al. [70], Richardson et al. [72], and Zhou and Hochgreb [80] 

studied the effects of equivalence ratio gradients in counterflow flames.  Enhanced burning rates [70] and 

heat release rates [72,80] have been observed in lean back supported flames, while a decrease in heat 

release rate has been observed for front supported flames [72,80].  Direct numerical simulations (DNS) of 

1D [66,67], 2D [39,66–68] and 3D [66,69] flames in which an unstrained premixed flame is propagated 

into a stratified mixture have evaluated the effects of the length scale [68,69], spatial distribution [68], and 

scalar distribution [39,66–69] of the fluctuations in mixture strength at different levels of turbulence and 
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mean equivalence ratios.  While predictions consistently showed local variations in combustion intensity 

along the flame front, the net effects of stratification on the overall combustion intensity, defined by flame 

surface generation and the reaction rate per unit flame length, have revealed differing trends among 

conditions.  Authors have reported increases [39,68], decreases [39,68,69], or negligible changes [66,67] in 

total combustion intensity, with occasionally contradictory results for similar conditions [16,20 vs 18].  

The experimental works of Zhou et al [17] and Cho and Santavicca [16] have implied variations in 

global reaction rate with stratification, reporting on differences in flame surface wrinkling and mean 

propagation velocity.  Although their results proved insightful, they did not specifically evaluate the effect 

of stratification on the combustion intensity along the flame front. 

Building on previous work that investigated variations in flame surface density and curvature with 

partial premixing [47], the key objective of the present effort is to quantify the local variations in heat 

release rate along a turbulent stratified flame front in the presence of varied gradients in equivalence ratio.  

While heat release rate measurements have been successfully performed on a variety of premixed flames 

(e.g. laminar counterflow flames [56], turbulent counterflow flames [57],  turbulent bluff body stabilized 

flames [57,58], turbulent swirl flames [59–61], cone-shaped flames [62], laminar V-flames  [63]) and lifted 

jet flames [64,65], to the authors’ knowledge, the data presented here are the first direct measurements of 

local combustion intensity along a stratified flame front in which the  gradient is explicitly controlled, 

providing insight into the underlying mechanisms that govern stratified flame behaviour.   

A globally stoichiometric iso-octane/air V-flame was stabilized under fully- and partially-

premixed conditions, with baseline measurements for the zero stratification case compared to results at four 

different mean equivalence ratio gradients along the flame.  A novel approach to defining the location of 

the flame front was developed that accounted for the presence of local discontinuities when flame 

extinctions were evident.  Local combustion intensities were measured using the approach proposed by 

Paul and Najm [55], in which the product of OH and CH2O fluorescence is correlated to the local heat 

release rate along a flame front, marking the first implementation of this diagnostic to stratified, turbulent 

iso-octane/air flames.  Results of these measurements were first used to examine stratification effects on 

OH and CH2O fluorescence intensities within instantaneous flame images and corresponding local 
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(OH LIF)(CH2O LIF) heat release rates.  Large-scale gradient effects on mean flame heat release rates were 

then evaluated using a windowing approach introduced in [47].  This ensured fair comparison between 

premixed and stratified gradient cases by maintaining a constant mean range of equivalence ratios within 

the analysis region, such that the effects of equivalence ratio gradients on locally stoichiometric flame 

regions could be directly compared and quantified.  This approach allowed distinction between the specific 

effects of mean gradients in equivalence ratio from those of varying mixture strength.  Global stratification 

effects were separately considered by comparing the total heat release rates of stoichiometric premixed 

flames and globally stoichiometric stratified flames, in which the range of equivalence ratios varied 

between gradient settings. 

3.3  Experimental Setup and Methodology 

Stratified iso-octane/air V-flames were stabilized above a unique 63 mm x 15 mm rectangular exit burner, 

shown schematically in Figure 3.1.  The burner permits transverse variation of equivalence ratio at its exit 

plane.  Two premixed reactant streams of different equivalence ratios 1 and 2 enter separate 

compartments of the 32 mm high base section of the burner (section 1 in Figure 3.1).  The reactant streams 

then flow through separate, triangular expanded metal foam inserts (15 mm x 65 mm x 12.7 mm) that are 

sealed from one another to prevent mixing (seen in cut 1 in Figure 3.1).  The two streams then enter the 

mixing section 2a, which is 88.9 mm high and subdivided into six 10 mm wide channels, each filled with 

3 mm glass beads.  The triangularly shaped inlet sections result in different proportions of the reactant 

streams entering each of the six channels in the mixing section.  Within each channel, the reactant streams 

1 and 2 are allowed to fully mix in the lateral z direction (shown as cut 2), such that the flows exiting 

these channels create a step-wise equivalence ratio gradient along the y-axis of the burner.  The reactant 

flows then enter mixing section 2b, also 88.9 mm in height, in which the channels are offset by half the 

channel width (5 mm) relative to those of section 2a.  This acts to smooth the steps in equivalence ratio by 

facilitating transverse mixing in the y direction.  Finally, the flow is then allowed to mix freely in the 

225 mm high exit section (section 3), generating a smooth gradient in equivalence ratio at the exit plane of 

the burner.  A 4 mm air co-flow surrounds the exit nozzle. 
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Figure 3.1  Reactant mixture progression through (1) lower, (2a, 2b) lateral, and (3) transverse 

mixing sections of the stratified burner.  A sample instantaneous equivalence ratio image is shown 

between axial positions x = 0-120 mm above the exit plane of the burner for stratified flame condition 

δϕ/δy = 0.021 mm
-1

, where the white rectangle identifies the region between x = 31-71 mm where OH 

and CH2O PLIF images were acquired. 

Reactant streams 1 and 2 were independently regulated with two pairs of digitally controlled 

Brooks Smart-Series air (5853S/BE 200 SLPM full scale) and Horiba LV-F liquid (rich side: LF-F60MO 

40 ccm iso-octane full scale, lean side: LF-F50MO-094 25 ccm iso-octane full scale) mass flow controllers.  

The reactant air was preheated with Omegalux AHP-7561 in-line air heaters to 80°C, resulting in a reactant 

temperature of 55°C at the exit of the burner (measured along the exit plane of the burner using a type-K 

thermocouple).  Modifications to the fuel injection system were made relative to that initially described in 

[47] to ensure proper mixing of the liquid fuel with air.  Iso-octane was introduced in the air lines 3 meters 

upstream of lower mixing section 1, rather than directly at the burner inlet, to enhance premixing of 

reactant streams 1 and 2.  

The Planar Laser Induced Fluorescence (PLIF) experimental setup shown in Figure 3.2 consists of 

a dual head Quanta Ray PIV400 Nd:YAG coupled with a Sirah Precision Scan Rhodamine B dye laser.  

The first IR beam of the Nd:YAG was frequency doubled to 532 nm and used to pump the dye laser, which 
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outputs a 283 nm narrowband tunable beam (±0.005 nm, 11 mJ per 6 ns pulse).  The 283 nm beam was 

then expanded vertically though a -100 mm focal length cylindrical lens and directed through a micro-lens 

array (beam homogenizer), through the back surface of a 355 nm mirror (CVI coating 43-1037-45), and 

finally through a 1000 mm spherical converging lens to produce a 47.4 mm high x 250 m thick laser 

sheet.  The second IR beam of the Nd:YAG was frequency tripled to 355 nm broadband (±3 nm, 300 mJ 

per 7 ns pulse) and expanded vertically through a -100 mm focal length cylindrical lens, reflected off the 

front surface of the same 355 nm mirror, and directed through the same 1000 mm spherical lens to form a 

88.2 mm x 250 m sheet that was coincident with the 283 nm sheet.   

The beam homogenizer generated a uniform laser intensity profile in the axial x-direction for the 

283 nm beam.  See [87] for a detailed description of the underlying principles of the micro-lens array.  

However, the low damage threshold of the homogenizer meant it could not be used for the higher energy 

355 nm beam.  The pulse to pulse variations in laser energy were measured with a pair of Thorlabs 

DET10A Si-based high speed photodiodes.  The analogue photodiode signal was hardware integrated using 

a Stanford Research Systems SR280 Boxcar Averager System outfitted with two SR250 Boxcar Gated 

Integrator Modules.  Care was taken to minimize saturation of the photodiodes by selecting a reflection of 

limited energy density to ensure the integrated signal resembled the expected Gaussian temporal profile of 

the laser output. 

The 283 nm sheet was used to excite OH at 282.94 nm (Q1(6) line of the (1,0) vibrational band of 

the OH A-X system).  During local equivalence ratio measurements, the 283 nm sheet was also used to 

excite 3-pentanone (C2H5COC2H5) at 282.75 nm.  The 355 nm sheet was used to excite formaldehyde 

(CH2O) ( ̃     ̃     
  vibronic manifold [93,94]) during flame experiments, and separately used to 

excite Biacetyl (CH3COCOCH3) during configuration experiments to establish laser profile corrections.  

Fluorescence data were acquired using two Princeton Instrument PIMAX 1340 x 1300 pixel Intensified 

CCDs and ST-133 controllers.  OH/3-pentanone PLIF images were captured using an ICCD equipped with 

a Nikkor 105 mm UV lens and WG 310 nm high-pass (HP) filter to reject Rayleigh scattering from the 

283 nm laser sheet.  CH2O/Biacetyl PLIF images were recorded on a second ICCD equipped with an 

identical Nikkor lens and a WG 380 nm HP filter, to reject Rayleigh scattering from the 355 nm laser sheet.  
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The cameras and associated lenses were positioned to image a 40.0 mm by 89.9 mm field of view within 

the flame at a projected spatial resolution of 67 m/pixel.   

 

Figure 3.2  Planar laser induced fluorescence setup for simultaneous OH and CH2O acquisition. 

Near-simultaneous acquisition of OH and CH2O was achieved by delaying the CH2O laser pulse 

by 400 nsec relative to the OH laser pulse using a Stanford DG-535 Stanford pulse generator to avoid 

overlap of the OH and CH2O fluorescence signals.  OH was excited first because of its relatively short 

fluorescence life time.  At the maximum expected mean velocity of 5.5 m/sec, the flow would be expected 

to move 2.2 m (equivalent to approximately 0.03 pixels) between the OH and CH2O excitations, resulting 

in effectively simultaneous imaging of both species in the flow field. 

The turbulent V-flame was stabilized with a 1.5 mm diameter rod aligned with the z-axis of the 

burner and positioned at x = 5 mm and y = 16 mm relative to an origin centered in the burner exit plane for 

all flame conditions.  Five flame conditions were studied by varying the equivalence ratio gradient at the 

exit of the burner from ϕ/y = -0.001 mm-1 to ϕ/y = -0.029 mm-1.  The exit plane velocity and 

turbulence intensity profiles were characterized using a Dantec Dynamics Laser Doppler Velocimetry 
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(LDV) system under non-reacting conditions with olive oil seeding.  Data were acquired in the x, y, and z 

directions and showed negligible velocities in the transverse y and lateral z directions.  In addition, 

potential entrainment of the surrounding air was investigated and verified to be negligible following an 

analysis of the instantaneous and ensemble-averaged 3-pentanone fluorescence images, for the non-reacting 

homogeneous reference case.  Results showed that the pixel intensities remained constant from the exit 

plane of the burner up to an elevation of roughly 80 mm, and thus were unaffected by ambient air 

entrainment.   

Figure 3.3 shows mean velocity and turbulence profiles along the centre plane of the burner 

(z = 0), at an axial position x = 5 mm above the burner exit plane.  The mean flow velocity,  ̅, was 5.2 m/s 

and varied by less than 8% within 40 mm along the burner (y = 20 mm).  The turbulence intensity ranged 

between 3.7% and 7.7% within the same transverse positions.  For a reference unstrained laminar flame 

speed of   
               estimated from [95–99] at a reactant temperature of 55°C at the exit of the 

burner, this equates to          
 ⁄      . 

 

Figure 3.3  Transverse profiles of velocity  and turbulence intensity  in the burner exit plane at 

axial position x = 5 mm. 

3.3.1 Reactant Characterization 

Equivalence ratio measurements were obtained through single line tracer PLIF by seeding iso-octane with 

3-pentanone at 7% by volume to ensure the necessary signal to noise ratio [83], which ranged from 5.0-5.4 

within the equivalence ratio range of interest (0.95-1.05) and 4.4-6.0 for  = 0.8-1.2 (calculated as 

(fluorescence - background) / fluorescence [100], where fluorescence and fluorescence are the mean and standard 
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deviation of the fluorescence signal within a specified area in the reactants, background is the mean 

background signal within an equivalent area of interest in the products).  The choice of 3-pentanone 

ensured negligible effects of the locally varying mixture composition of the stratified flow field on the 

emitted fluorescence, since quenching of molecular oxygen is very weak for ketones at atmospheric 

pressure [83,101,102].  The incident laser fluence was kept below the saturation level of the tracer such that 

the fluorescence signal scales linearly with the local laser fluence and number density of the tracer 

[84,103], while the use of a beam homogenizer further ensured minimal axial variation throughout the laser 

sheet.  The temperature dependence of the fluorescence signal was significantly reduced by exciting the 3-

pentanone near its absorption maximum (279.80 nm at 328 K [104]) at 282.75 nm, such that tracer 

concentrations could be measured directly without corrections for temperature [83,102].   

One thousand flame images were acquired at each of three axial positions x = 0-40, 40-80, and 80-

120 mm above the exit plane of the burner.  The measurement frequency was limited to <1 Hz, ensuring 

each flame realization was statistically independent.  Using analysis procedures similar to those described 

in [47], individual images were corrected to account for background intensity variation, non-uniform mean 

laser energy profile, and pulse to pulse variations in laser energy, before a 5x5 pixel median filter 

(equivalent to 0.34 x 0.34 mm) was applied.  Fluorescence values were then related to equivalence ratio 

using a linear calibration scheme obtained by measuring fluorescence in non-reacting homogenous reactant 

mixtures of known equivalence ratio.  Further details of this calibration are included as supplemental 

material.  The resultant instantaneous equivalence ratio images were then masked to obtain conditioned 

images of the equivalence ratio in the reactants with a well defined edge on the upstream side of the flame.  

Binary masks were obtained starting from each raw, instantaneous fluorescence image, applying a blurring 

filter, a locally varying threshold, and finally an edge erosion as described in detail below. 

To create the mask, first a circular averaging (or “pillbox”) blurring filter with an 11 pixel 

diameter (equivalent to 0.74 mm) was applied to the individual raw fluorescence images to smooth small 

scale fluctuations in fluorescence intensity.  Given the relatively low signal to noise ratio in the very lean 

regions of the images (down to 2.7 at  = 0.4 as compared to 5.0-5.4 in the  = 0.95-1.05 region of interest), 

the application of a blurring filter was necessary to avoid removing regions of low fluorescence intensity 

(low pixel count caused by shot noise) when a threshold was subsequently applied.  Next, a threshold was 
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applied to the individual images, to isolate reactant regions (higher fluorescence intensity) and exclude 

product regions (negligible fluorescence intensity).  In stratified cases, the large-scale gradients in 

equivalence ratio resulted in a transverse (y-direction) variation of the local pixel intensity within 

individual stratified images.  To accommodate this variation, a locally varying threshold based on the mean 

equivalence ratio gradients previously determined for each flame setting was applied to the individual 

images.  This approach was particularly effective in the most stratified cases, for which the equivalence 

ratio could vary from ~0.2 to 1.8 within an individual image, and allowed the application of a more 

aggressive threshold nearer to the leading edge of the reaction zone to more clearly resolve the location of 

the flame front.  An example result, showing the application of this intermediate mask to an instantaneous 

fluorescence image, is shown in Figure 3.4a.   

In Figure 3.4a there is a slight but noticeable decrease in the 3-pentanone fluorescence intensity 

along the leading edge (reaction front) of images that was typical of all instantaneous realizations.  This 

decrease in fluorescence occurs within the preheat zone of the flame front, as confirmed via separate 

experiments in which 3-pentanone and CH2O were simultaneously acquired.  As the temperature gradually 

increases across the reaction zone during the first reaction steps [101], the tracer signal decreases as the 

parent fuel breaks down [105].  This region therefore does not provide an accurate measure of equivalence 

ratio, and was discarded during image processing.  Within the individual images, an erosion with a 7 pixel 

diameter (equivalent to 0.47 mm and roughly half the flame thickness) circular “disk” structuring element 

[106] was applied to obtain a final 3-pentanone PLIF image of the reactants, as seen in Figure 3.4b.  The 

dimensions of the eroding element were selected to minimize the region where the 3-pentanone and CH2O 

signals overlapped, since CH2O is a good marker for the location of the initial temperature increase of the 

reactants.  This ensured that the retained 3-pentanone fluorescence was not biased by potential temperature 

effects.  As a result, the decrease in fluorescence signal perpendicular to the leading edge is much less 

apparent in Figure 3.4b than in Figure 3.4a, and this level of care in the image processing ensured that the 

remaining 3-pentanone signal, upstream of the pre-heat reaction zone, provided an accurate measure of 

equivalence ratio, which was critical to accurately determine the location of a relevant interrogation 

window, or region of interest (ROI), for comparisons among different gradient conditions as discussed 

below.   



 64 

 

Figure 3.4  Close-up highlighting the decrease in signal intensity along leading edge of 3-pentanone 

front in (a) for non-eroded and in (b) for eroded image for stratified flame condition 

δϕ/δy = 0.021 mm
-1

.  

Instantaneous equivalence ratio images obtained at each axial position were combined to provide 

equivalence ratio maps from 0 mm ≤ x ≤ 120 mm above the exit plane of the burner.  Each set of 1000 

instantaneous images (a sample single image is shown in Figure 3.5a) were ensemble averaged and 

conditioned on the reactants to obtain the mean equivalence ratio within the turbulent flame brush.  The 

mean position of the flame front, defined as 〈 〉 = 0.5, was determined from the ensemble average of the 

final binary masks corresponding to each of the 1000 instantaneous equivalence ratio images.  Figure 3.5b 

shows the final equivalence ratio map for stratified flame setting δϕ/δy = 0.021 mm-1 up to the mean flame 

contour.  The  = 0.95 and  = 1.05 iso-surfaces were then identified, as highlighted in Figure 3.5b for 

δϕ/δy = 0.021 mm-1.  From this, the dimensions of the ROI could be determined, which ranged from 3.5 to 

12.5 mm depending on the equivalence ratio gradient.  Thus, with this analysis approach, it was possible to 

define a specific ROI for each flame condition within which the range of mean equivalence ratios remained 

constant while the overall equivalence ratio gradient was experimentally varied. 
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Figure 3.5  Example equivalence ratio contours derived from 3-pentanone fluorescence images for 

stratified flame setting δϕ/δy = 0.021 mm
-1

 showing (a) instantaneous and (b) average conditioned 

images. 

Through analysis of the instantaneous 3-pentanone PLIF data, small-scale fluorescence intensity 

variations were observed on the order of 0.5-3 mm, as shown in the sample image in Figure 3.5a.  These 

small-scale local fluctuations were attributed primarily to shot noise, which ranged between 30.9% and 

14.7% at 95% confidence for mean pixel counts corresponding to reactant equivalence ratios  = 0.4 and 

 = 1.6 respectively (determined from white field images acquired using a 4” integrating sphere 

(SphereOptics LLC) and calculated using photon transfer theory [107]).  This implies that discussion of 

local instantaneous variations in equivalence ratio should be limited to larger structures, on the order of 

roughly 10 mm, which were attributed to the turbulent mixing of the large scale gradients in equivalence 

ratio imposed by the burner.  
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Table 3.1  Test conditions and reactant properties. 

   Windowed analysis ROI Non-Windowed analysis ROI 

iso-

contours 

of  

defining 

the ROI 

equivalence 

ratio gradient, 

δϕ/δy 

[ϕ mm
-1

] 

turbulent 

flame 

brush 

thickness, 

Lt,strat/Lt,ref
*

 

[mm] 

width 

of 

ROI 

[mm] 

mean ϕ of 

instantaneous 

images 

within 

0.95 ≤ ϕ ≤ 1.

05 iso-

contours and 

estimated 

standard 

deviation of 

ϕ 

mean and 

estimated 

standard 

deviation of 

ϕ along 

ϕ = 0.95 iso-

contour in 

instantaneou

s images 

mean and 

estimated 

standard 

deviation of 

ϕ along 

ϕ = 1.05 iso-

contour in 

instantaneou

s images 

mean ϕ of 

instantaneous 

images 

within lean 

and rich iso-

contours and 

estimated 

standard 

deviation of 

ϕ 

mean and 

estimated 

standard 

deviation of 

ϕ along lean 

iso-contour 

in 

instantaneo

us images 

mean and 

estimated 

standard 

deviation of 

ϕ along rich 

iso-contour 

in 

instantaneo

us images 

0.95 

 

0.022 

 

to 

 

1.05 

 

0.023 

-0.001 - 12.5 1.012 (-) - - 1.018 (-) - - 

0.008 1.01 12.5 
0.999 

(0.008) 

0.951 

(0.029) 

1.050 

(0.031) 

1.001 

(0.006) 

0.921 

(0.028) 

1.089 

(0.037) 

0.015 1.04 6.7 
1.000 

(0.018) 

0.949 

(0.043) 

1.049 

(0.044) 

1.003 

(0.007) 

0.870 

(0.042) 

1.137 

(0.052) 

0.021 1.09 4.8 
1.000 

(0.024) 

0.950 

(0.061) 

1.051 

(0.061) 

0.984 

(0.018) 

0.767 

(0.061) 

1.177 

(0.066) 

0.029 1.11 3.5 
1.001 

(0.029) 

0.952 

(0.081) 

1.051 

(0.080) 

0.981 

(0.022) 

0.737 

(0.072) 

1.218 

(0.090) 
* 
The reference turbulent flame brush thickness, 

 
Lt,ref, measured at the same axial location as the corresponding stratified case, was 7.3, 

7.0, 7.0, and 6.8 mm for the weakest to the steepest gradient case. 

 

Table 3.1 also shows reactant properties for non-windowed data (i.e. ROI comprising the entire 

image), used to evaluate the general effect of stratification on the overall heat release rate.  For these 

experiments, global stoichiometry was conserved within  = 0.02 for all flame conditions, while the range 

of equivalence ratios increases as the gradient steepened.  Individual images were evaluated between the 

same axial positions x = 34.2 mm to x = 69.4 mm for all flame conditions.   

3.3.1.1 Equivalent ROI Approach to Quantifying Mean Equivalence Ratio Gradient 

Effects in a Turbulent Flow Field 

For each mean gradient setting, an ROI was defined that was bounded by the mean  = 0.95 and  = 1.05 

iso-contours obtained from 3-pentanone tracer PLIF images of the reactants.  As outlined in Table 3.1, 

while this ensured that the mean range of equivalence ratios within each ROI was constant, as the gradient 

of  was increased it was expected that instantaneous variations of  within the ROI would similarly 

broaden.  The standard deviation of  within each ROI (  ) was characterized as the square root of the 

difference between the variance attributable to measurement noise (characterized as the statistical variance 

at equivalent spatial locations for the fully premixed reference case,              
 ) and the observed 
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variance in the raw fluorescence data (      
 ) for each of the stratified cases (i.e. 

   √     
               

 ).  The resulting estimates of    are representative of the variations in 

equivalence ratio due to turbulent mixing, and are presented in Table 1.  Results show that    within the 

ROI grows modestly as the gradient increases, ranging from 0.029 to 0.081 and 0.031 to 0.080 along the 

ϕ = 0.95 and 1.05 iso-contours respectively.  In the context of results presented in Section 3.4 potential 

effects of this increased variation of ϕ within the ROI on the measured mean heat release rate were assessed 

in a Monte Carlo approach by generating synthetic distributions of ϕ, where the effects of turbulent mixing 

were approximated based on the standard deviations of ϕ along iso-contours between ϕ = 0.95 and ϕ = 1.05 

in steps of ϕ = 0.01.  Twenty thousand instantaneous ϕ distributions were generated, and for each a mean 

heat release rate was calculated based on simulated heat release rate data for premixed flames (details of the 

simulations are discussed in Section 3.3.2.1).  Results showed that the increased variation of ϕ within the 

fixed range ROI leads to a maximum decrease in mean HRR of 1.6, 2.3, 3.5, or 5.3% relative to the 

reference premixed case, as the gradient is increased.  As further discussed in Section 3.4.2, in terms of the 

measured product of OH and CH2O fluorescence, a slightly smaller maximum decrease of 0.9-1.0% 

(depending on the choice of CH2O quenching model) to 4.1-4.3% would be expected for the weakest to 

steepest gradient cases respectively. 

3.3.2 OH and CH2O PLIF Images 

For each of the five flame conditions, 1000 individual OH and CH2O PLIF images were acquired.  A 225 

point target was used to register the CH2O and OH images to ensure precise spatial correspondence of the 

images recorded by each camera.  A linear conformal correlation, which preserves angles and shapes of the 

input image, was used with a bilinear interpolation to map control points on the common target.  A 

correlation function was determined immediately prior to running experiments to ensure accurate spatial 

registration between OH and CH2O images, and final data were acquired in rapid succession for each of the 

premixed and gradient cases.   

Acquired OH and CH2O PLIF images were corrected for background intensity as well as laser 

profile and pulse to pulse energy fluctuations, in the same manner as the 3-pentanone images.  Individual 

OH images were filtered using a 3x3 pixel median filter (equivalent to a physical dimension of 
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0.20 x 0.20 mm) to reduce shot noise.  The CH2O images were filtered with a 7 pixel circular averaging 

filter (equivalent to 0.47 mm in diameter) because of their relatively lower signal to noise ratio.  Regions of 

OH and CH2O were identified by masking the individual fluorescence images to retain signals above a 

chosen threshold.  Images were evaluated to quantify the effect of stratification on OH and CH2O radical 

fluorescence, and heat release rate. 

Instantaneous heat release rate images were obtained by multiplying the spatially registered, 

simultaneously acquired greyscale OH and CH2O PLIF images.  This approach, proposed by Paul and 

Najm [55], is based on the temporal and spatial correlation between the concentration of formyl radical 

[HCO] and the heat release rate [108,109].  They concluded that a weak signal-to-noise ratio (2:1) was 

insufficient to successfully apply HCO PLIF to turbulent reacting flows [109], but that an alternative 

method can be derived from the intermediate forward reaction, 

                 (1) 

 

whereby the product of [OH] and [CH2O] can be used as a direct measure of [HCO] and therefore the heat 

release rate [55].  Contrary to other experimental methods such as chemiluminescence or the dilatation rate, 

the approach proposed by [55] is a spatially resolved, direct chemical measurement of the reaction rate, and 

remains a valid approximation of the reaction rate even in regions of high strain or where local extinctions 

may occur.  This approach to evaluating heat release rate is based on the scaling of the forward reaction 

rate  ( )[  ][    ], where  ( ) is the forward rate constant, with the product of the fluorescence signals 

(OH LIF)(CH2O LIF).  The fluorescence signals can be estimated from    ( )[  ] and      
( )[    ], 

where  ( )  represents the temperature dependence of the fluorescent signal, which is specific to the 

excitation transition being used and is a function of the ground state Boltzmann population fraction as well 

as the quenching cross section.  Accurate heat release rate measurements therefore require that 

   ( )     
( )   ( ). 

3.3.2.1 Validation of (OH LIF)(CH2O LIF) for Heat Release Rate Measurements in 

Stratified Iso-Octane/Air Flames 

While the measurement of heat release rate from the product of OH and CH2O fluorescence has been 

successfully applied to simple hydrocarbon fuels such as methane [55], ethylene [57], and propane [56], it 
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has yet to be validated for iso-octane/air flames.  Detailed numerical calculations of one-dimensional 

laminar premixed iso-octane/air flames were conducted at equivalence ratios ranging from  = 0.75-1.25, 

using a code developed by Kee et al. [110].  Upwind and center difference schemes were used for the 

convective and diffusion terms, respectively, in all the governing equations, and adaptive mesh refinement 

was implemented.  The pressure and the reactant mixture temperature were 1 atm and 328 K, and matched 

those of the current experiments.  The iso-octane oxidation kinetics mechanism developed in [111] was 

used.  The thermal and transport properties were obtained by using the algorithms given in [112,113].  

Simulations explicitly considered thermal diffusive velocities of H2 and H, while those of other species 

were deemed negligible. 

Figure 3.6 shows the normalized profiles of [OH], [CH2O], [HCO], [OH][CH2O], temperature, 

and heat release rate for simulated flame conditions  = 0.75,  = 1.00, and  = 1.25.  The temperature 

profiles tend towards adiabatic values at a downstream position in the products, beyond the limits of the 

plots.  The alignment of the product of the [OH] and [CH2O] profiles with the [HCO] and HRR profiles is 

remarkably consistent with those reported by Paul and Najm [55] for premixed methane/air flames.  The 

measured peak-to-peak distance of the [HCO] and [OH][CH2O] profiles with the heat release rate ranged 

between 3-19 m and 13-32 m for all flame settings respectively, confirming their spatial agreement for a 

broad range of premixed iso-octane/air flames.   

The temperature dependence of the fluorescence signals was estimated based on the results of the 

simulations.  The current experiments probed the Q1(6) transition for OH similar to [55–57,60–62,114] and 

the  ̃     ̃     
  vibronic manifold for CH2O similar to [56,60–62,93,115,116].  The Boltzmann 

population fractions and collisional quenching rate for OH have been well characterized and were 

determined from [117] and [118] respectively.  The analysis of Clouthier and Ramsay [94,119] was 

followed to determine the population fractions of CH2O.  Since there is currently no model for CH2O 

quenching that accounts for specific collisional partners, following [55] this was approximated based on the 

temperature dependence of the quenching cross section  .  Two limiting models were considered: the first 

assumed a constant quenching cross section, resulting in a quenching rate of          , while the second 

assumed a         variation over the range of temperatures encountered, resulting in a quenching rate of 
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        [55,94].  For the                 reaction, the forward rate constant is 

k(T)        (        ) [120]. 

 

Figure 3.6  Normalized profiles of [OH], [CH2O], [HCO], [OH][CH2O], k[OH][CH2O], HRR, 

fOH[OH], fCH2O,T-0.5[CH2O], fCH2O,T-1.0[CH2O], fOH[OH]fCH2O,T-0.5[CH2O], fOH[OH]fCH2O,T-1.0[CH2O], and 

Temperature for (a)  = 0.75, (b)  = 1.00 , and (c)  = 1.25. 

The temperature dependence of the    ( )[  ] ,      
( )[    ] , and corresponding 

(OH LIF)(CH2O LIF) fluorescence signals (=f( )[  ][    ]) are also plotted in Figure 3.6.  The OH 

profiles showed negligible variation between    ( )[  ]  and [  ]  for lean, stoichiometric, and rich 

flames, which is expected based on the choice of the relatively temperature insensitive Q1(6) transition for 

the current experiments.  The CH2O profiles showed a small bias towards the reactants for the T-0.5 

quenching model, while the bias for the T-1.0 model was less significant.  The net effect on the 

 ( )[  ][    ]  fluorescence profile remained small, implying that the product of OH and CH2O 

fluorescence is primarily dependent on the [OH] and [CH2O] concentrations, and relatively insensitive to 

f(T), consistent with the observations of Ayoola et al [57] for lean ethylene/air flames.  Comparing 

 ( )[  ][    ] with the forward reaction rate  ( )[  ][    ] profile further validated the approach, as 

the peak-to-peak distance ranged between 6-13 m and 10-13 m from  = 0.75-1.25, for the T-1 and T-0.5 

CH2O models respectively, confirming that the (OH LIF)(CH2O LIF) approach to measurements of heat 

release rate is applicable to premixed iso-octane/air flames over a broad range of .   
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The applicability of the approach to stratified mixtures was further evaluated by plotting 

(OH LIF)(CH2O LIF) as a function of both  ( )[  ][    ] and HRR, for the range of simulated .  While 

the correlation between (OH LIF)(CH2O LIF) and  ( )[  ][    ]  is of interest (and is included in 

Section 3.6.2), the object of the current study is to characterize the direct correlation between fluorescence 

signals and heat release rate.  The (OH LIF)(CH2O LIF) and HRR data were normalized by the peak value 

of the  = 1.00 profiles, where Figure 3.7a and Figure 3.7b show the same profiles calculated using the 

CH2O quenching models T-0.5 or T-1.0 respectively. 

 

Figure 3.7  Correlation of (OH LIF)(CH2O LIF) with heat release rate for CH2O quenching models 

T
-0.5

 in (a) and T
-1.0

 in (b) for simulated premixed flames ranging from  = 0.75-1.25.  Variation of the 

ratio of integrated and peak (OH LIF)(CH2O LIF) / HRR over a range of equivalence ratios is 

presented in (c). 

The loops in both Figure 3.7a and Figure 3.7b represent the variation of temperature induced bias 

errors through the flame, from the reactant side (lower part of the loop) to the product side (upper part of 

the loop) of the individual premixed cases.  The plots show good agreement between premixed conditions 

 = 0.95-1.00-1.05, as the corresponding profiles closely align.  As flames become richer/leaner, the 

correlation between (OH LIF)(CH2O LIF) and the HRR diverges relative to the reference premixed case, as 

Boltzmann fractions and quenching rates vary more significantly relative to the  = 1.00 condition.  The 

potential bias from these effects is summarized in Figure 3.7c, which plots the ratio of the integral 

(OH LIF)(CH2O LIF) / HRR, normalized by the ratio of the reference premixed case at  = 1.00 (ratios for 

the peak (OH LIF)(CH2O LIF) / HRR are also included).  The ratios gradually deviate from 1 as  is varied, 
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with bias errors of the integrated signals between +3.7% and +4.6% at  = 0.95 and -2.7% and -3.5% at  = 

1.05 for the T-1 and T-0.5 CH2O quenching models respectively.  Thus, within a relatively narrow range of 

equivalence ratios, the (OH LIF)(CH2O LIF) signal correlates directly to HRR.  This suggests that local 

HRR measurements are feasible without the need for temperature corrections if the local equivalence ratio 

does not vary significantly.   

Although Figure 3.7c suggests larger variations will occur over a broader range of equivalence 

ratios, the near-linear trend also shows that the increasing bias error for lean flames is offset by the 

decreasing bias error for rich flames.  This implies that while heat release rate measurements within highly 

stratified mixtures would require temperature corrections to be able to compare local variations along a 

flame front, for an ROI with a symmetric distribution of , measurements of the mean 

(OH LIF)(CH2O LIF) signal will still adequately represent the overall HRR.  Based on Monte Carlo 

simulations described in Section 3.3.1.1, the effect of temperature on the measured fluorescence signals 

would lead to a negligible overestimation of the mean HRR within the ROI of  0.7-0.9%, 0.9-1.1%, 1.2-

1.5%, and 1.6-1.9% for the weakest to the strongest gradient case, where the range in each case stems from 

the bounding T-1 and T-0.5 CH2O quenching models.  Coupled with the expected decrease in mean HRR due 

to the broader range of  within the ROI detailed in Section 3.3.1.1, these offsetting effects would lead to 

an overall net decrease in mean (OH LIF)(CH2O LIF) HRR within the ROI ranging from 0.9-1.0%, 1.4-

1.6%, 2.5-2.7%, and 4.1-4.3% for the weakest to steepest gradient cases.   

Additional contributions to the uncertainty of comparative heat release rate measurements such as 

variations in laser absorption, line shape, and fluorescence trapping are expected to vary negligibly for 

flame regions within the ROI among gradient settings.  Though shot-to-shot variations in local laser fluence 

profile would have occurred, they should induce linear variations in local fluorescence, and therefore 

average out over the 1000 image pairs considered for each gradient case.  Long-term drift in laser intensity 

that might occur over an entire test run was considered by correcting individual OH and CH2O PLIF 

images for pulse-to-pulse variations. 
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3.3.3 Determination of the Location of the Flame Front and Turbulent Flame 

Brush Thickness 

The position of the flame front was precisely defined to coincide with the leading edge of the instantaneous 

heat release rate contours.  For flame realizations in which the heat release rate contour was continuous 

throughout the image, the position of the flame front was identified by simple thresholding of the individual 

HRR images.  The resulting binary image was then segmented, or subdivided, into reactants (pixel value of 

zero) and products (pixel value of one).  Alternatively, for flame images in which the leading heat release 

rate contour was not continuous, a second reference edge was required to clearly delimit products from 

reactants.  Figure 3.8c shows the combination of individual corresponding binary OH (Figure 3.8a) and 

CH2O (Figure 3.8b) images, and highlights the presence of such discontinuities along the corrugated flame 

front for stratified flame setting δϕ/δy = 0.029 mm-1.  The red pixels in the figure represent the overlap of 

both species, and inherently the location of the instantaneous HRR contour.  Although no measureable OH 

was present at the location of the discontinuities, the CH2O profiles remained continuous in all flame 

images.  Therefore, the edge on the products side of the CH2O contour, which corresponds to the end of the 

“cool flame” region of the reaction zone, was deemed a good secondary flame-front marker.  A continuous 

edge was thus obtained by subtracting the overlapping pixels between the binary OH and CH2O images 

(i.e. the red pixels in Figure 3.8c) from the binary CH2O contour (i.e. the green pixels in Figure 3.8b and c), 

clearly delimiting products from reactants.  Reactant and product regions in the resulting binary image were 

identified as previously described.  A sample final instantaneous binary image is shown in Figure 3.8d. 

Figure 3.8a also highlights the presence of edges within the products (in addition to the 

discontinuities along the flame front) which are an artefact of thresholding, as fluorescence intensity 

significantly decreases downstream of the flame front for severely stratified flame conditions.  Under these 

conditions it would be very difficult to use OH signals on their own to reliably identify flame front regions, 

especially for the strongest gradient cases, as is apparent in Figure 3.9.  The alternative combined 

CH2O/OH approach used here ensured an accurate resolution of the position of the flame front, clearly 

demarking the reactants from the products, which was critical to an accurate representation of the mean 

reaction progress variable 〈 〉, obtained by ensemble averaging the final instantaneous binary images. 
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Figure 3.8  Instantaneous flame front position from heat release rate contour and product side of 

CH2O contour by image segmentation for stratified flame condition ϕ/y = 0.029 mm
-1

. 

The turbulent flame brush thickness Lt was measured at the intersection of the reactant c = 0.5 

and  = 1.0 iso-contours.  Local values of c were extracted using bicubic interpolation along the mean 

flame normal, defined relative to the c = 0.5 contour.  Lt was then calculated by fitting a Gaussian profile 

to the extracted c data, and determining the distance between c = 0.1 and c = 0.9 iso-contours.  This 

methodology was applied to all gradient settings and results are expressed in Table 3.1 as the ratio 

Lt,strat/Lt,ref, where Lt,ref is the brush thickness of the reference premixed case measured at the same axial 

location as the corresponding stratified case.  The brush thickness Lt,ref ranged from 6.8 to 7.3 mm. 

3.4  Results and Discussion 

3.4.1 Instantaneous OH, CH2O, and Heat Release Rate PLIF Images 

Figure 3.9 provides a false colour representation of a typical set of instantaneous OH, CH2O, and 

corresponding heat release rate images for each flame setting, ranging from fully-premixed to severely 

stratified.  At a projected spatial resolution of 67 m/pixel, the images represent a 48.3 mm x 40.0 mm 

region of interest within the flame.  The mean signal to noise ratio of the individual OH PLIF images was 

14.3, calculated following the same approach as for the 3-pentanone PLIF images (i.e. SNR = (fluorescence -
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 background) / fluorescence).  The signal to noise ratio of the CH2O PLIF data was similarly calculated taking 

into account the Gaussian-like signal variation through the flame, such that SNR = (fluorescence,peak -

 background) / fluorescence,peak, with a mean value of 5.4.   

OH radicals shown in Figure 3.9a are formed in the high temperature, exothermic reaction zones, 

and serve as a marker for the products and “post-flame zone” [121].  In all cases, OH fluorescence was 

consistently greater in magnitude along the leading edge of the flame front where OH is initially produced 

at superequilibrium levels.  As OH concentrations decayed toward equilibrium away from the flame front, 

the fluorescence intensity decreased within the products of the V-flame.  When an equivalence ratio 

gradient was imposed, OH fluorescence decreased more rapidly away from the leading edge of the 

stratified flame front as richer mixtures near the stabilization point resulted in lower equilibrium OH 

concentrations downstream within the V-flame.  This decrease became more prominent as the gradient was 

increased, and the products within the V-flame were produced from progressively richer mixtures. 

For the ϕ/y = -0.001 mm-1 reference premixed case, OH fluorescence was consistently present 

throughout the products with greater intensity in areas of positive curvature (convex toward the reactants) 

along the leading edge of the flame front.  This may be an indicator of higher heat release due to a strong 

production of OH radicals, with which higher temperatures are generally associated [122].  As an 

equivalence ratio gradient was imposed along the flame front, variations in OH fluorescence intensity 

became more significant along the leading edge of the individual PLIF images, as apparent in the left 

column of Figure 3.9.  While peak intensities in OH were comparable among all flame conditions, lower 

pixel intensities observed in areas of negative curvature (concave toward the reactants) dropped off more 

significantly in the richer flame regions as stratification increased.  Cusps protruding into the products 

tended to be sharper and had lower OH fluorescence intensity.  As the gradient was increased, OH values 

gradually decreased at the tip of the cusps until no OH was present, implying a decrease in the local 

reaction rate and quenching of the flame front.  The formation of cusps is typical of rich iso-octane flames 

[123–125], as Darius Landau hydrodynamic instabilities are enhanced by thermo-diffusive effects 

[126,127], and lead to the formation of cellular structures [123].  As seen previously in [44], these cusped 

formations were generally observed in the lower axial regions of the flame where richer mixtures with 
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progressively lower Lewis numbers, Le, were present as the equivalence ratio gradient was increased.  

Conversely, the higher axial positions in the flame with progressively leaner mixtures and greater values of 

Le showed a smoothly wrinkled front with relatively larger positive curvatures toward the unburnt mixture 

and negative curvatures toward the products.  While cusps were also occasionally observed at higher axial 

positions in the analysis ROI where the mean equivalence ratio ranged from 0.95 ≤ ϕ ≤ 1.05, they only 

formed in under 1.2% of cases for the steepest gradient case, and this was attributed to the presence of 

locally richer pockets that were entrained by turbulent mixing. 

The CH2O fluorescence contours shown in the centre column of Figure 3.9 closely match the 

leading edge of OH contours, which is indicative of the accuracy of the spatial registration between CH2O 

and OH images.  CH2O is produced in the low temperature oxidation process of the first stages of 

hydrocarbon combustion and is therefore a marker of low temperature reactions [122] and a good indicator 

of the cool-flame region [115].  For the premixed (ϕ/y = -0.001 mm-1) flame setting, the CH2O 

fluorescence signals revealed a thin, low-temperature reaction zone with a sharply defined edge in both 

positive and negative curvature areas.  As the mixture gradient was increased, pockets of slightly more 

diffuse CH2O were observed in cusped regions, which corresponded to areas where no OH signal was 

observed, suggesting the presence of cool-flame regions of lower temperature.  Unlike in the OH images, 

small-scale intensity variations were observed along the CH2O contours.  These local fluctuations were 

present in both positive and negative curvature zones and were attributed to shot noise which ranged 

between 11.4% and 20.7% at 95% confidence, compared to only 3.1% to 4.4% for the OH data. 

The right column of Figure 3.9 shows corresponding instantaneous heat release rate images.  

Variations in HRR were observed in the bowed regions of negative curvature and cusps, where the OH 

signal was weakest and local HRR was generally lower.  As stratification was increased, these low heat 

release rate areas tended to fade in intensity and eventually disappeared, resulting in the effective fracturing 

of the flame front, confirming the presence of local extinctions.  Two such extinctions are highlighted in 

Figure 3.9 for flame condition ϕ/y = 0.029 mm-1, and are consistent with the highly cusped flame 

structures observed in the locally rich OH images.   
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Small-scale intensity variations were also observed along the individual HRR images (shown in 

Figure 3.9, and highlighted in Figure 3.10b), on the same scale as the ~1 mm thickness of the instantaneous 

contours.  These observations are potentially in line with DNS studies [39,40,66–69] in which local 

variations in heat release rate along stratified flame fronts were observed, as well as experiments by Barlow 

et al. [36] and Sweeney et al. [31–34] who also observed significant gradients in equivalence ratio on the 

scale of the thermal flame thickness within the preheat zone of stratified flames.  However, there is too 

much photon shot noise in the instantaneous heat release rate images to conclude that these small-scale 

local fluctuations in fluorescence intensity are necessarily evidence of variations in local reaction rate.  
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Figure 3.9  Instantaneous PLIF images of OH (left), CH2O (centre), and relative heat release rate 

(right) for different equivalence ratio gradients. 
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3.4.2 Equivalence Ratio Gradient Effects on Heat Release Rate 

To further quantify the observed changes in the distribution of combustion intensity along the instantaneous 

flame fronts shown in Figure 3.9, the variation in local HRR was evaluated as a function of curvature.  

Curvature values were calculated at equally spaced intervals along the leading edge of each instantaneous 

HRR contour and matched with the peak heat release rate values extracted along a line normal to the 

leading edge.  Figure 3.10a shows a sample HRR contour where the boxed region is magnified in Figure 

3.10b.  The white dotted lines in the latter image illustrate the local normals to the leading edge of the HRR 

contour, along which the peak HRR values were extracted. 

 

Figure 3.10  Sample instantaneous heat release rate contour for premixed flame condition y = -

0.001 mm
-1

.  Boxed region in (a) corresponds to the zoomed region shown in (b).  White dotted lines 

in (b) indicate equally spaced locally normal profiles along the leading edge of the HRR contour.  The 

peak HRR value from each profile was matched to the calculated curvature value at the leading edge. 

Figure 3.11 plots these estimated HRR fluorescence intensity pixel values as a function of 

curvature for each stratified case alongside the reference premixed case.  To ensure fair comparison 

between premixed and stratified flame conditions, the premixed case data were re-plotted using the 

different ROIs specific to each of the four stratified flame conditions (left column of Figure 3.11).  The 

plots show a significant scatter in the data, as the local instantaneous HRR values include contributions 

from both photon shot noise of the (OH LIF)(CH2O LIF) signals (see Figure 3.9), as well as 

flame/turbulence interactions.  An asymmetrical distribution in HRR is observed for all flame conditions 

with a diffuse, left-protruding tail in areas of negative curvature.  Comparing the premixed and stratified 
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conditions, as the equivalence ratio gradient was increased, the negative tail became slightly more diffuse 

with a greater spread in HRR values.  The rate of occurrence of low HRR pixels also gradually increased 

with stratification, until the onset of zero fluorescence intensity values indicating local extinctions along the 

flame front.  These data points are highlighted in Figure 3.11 for flame conditions ϕ/y = 0.021 mm-1 and 

ϕ/y = 0.029 mm-1, and further support the existence of local extinctions apparent in the sample 

instantaneous HRR images shown in Figure 3.9.  Within the region of interest, i.e between 0.95    1.05, 

local extinctions corresponded to <1.2% of data points, even for the most stratified flame condition, and as 

previously discussed, this was attributed to turbulent mixing that entrained locally rich pockets into the 

ROI.  However, it is important to note that this interpretation changes significantly if no ROI is applied to 

the data and different ranges of equivalence ratios are instead considered when comparing measurements at 

different mixture gradients.  In this latter case, the HRR vs. curvature distributions become significantly 

altered with stratification, with local extinctions occurring in up to 8.8% of data points for flame condition 

ϕ/y = 0.029 mm-1.  These plots are included in Section 3.6.3. 
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Figure 3.11  Heat release rate vs. curvature for reference fully-premixed and stratified flame 

conditions with matching region of interest. 
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Changes in local HRR pixel values were assessed by generating probability density functions of 

the local HRR excluding zero-valued pixels within the corresponding ROI for each flame condition.  The 

plots in Figure 3.12 were obtained by normalizing the number of observations in each bin by the total 

number of non-zero HRR pixels for each flame condition, which varied significantly between flame 

settings because of the different width of each ROI. 

 

Figure 3.12  PDF of HRR fluorescence intensity for all gradient cases. 

The profiles in Figure 3.12 show a small increase in the probability of low heat release rate pixels 

with steepening gradient as the profiles shift slightly to the left.  HRR pixel values were consistently lower 

in all stratified cases than in the reference premixed case, consistent with the increase in low HRR pixel 

values also observed in Figure 3.11.  The milder gradient cases (ϕ/y = -0.008 mm-1 and 

ϕ/y = 0.015 mm-1) showed a slight decrease in the mean HRR on the order of 3% compared to the 

reference premixed case, while the steeper gradient conditions (ϕ/y = 0.021 mm-1 and ϕ/y = 0.029 mm-

1) showed decreases of 5.9% and 8.6%.  Estimates of the variance of instantaneous HRR pixel values 

separate from system noise (which artificially broadens the distributions in Figure 3.12) were obtained 

following the same approach as for the equivalence ratio data.  Given the weakly turbulent flow field, any 

variations in the local HRR due to flame stretch and strain (as a direct result of flame/turbulence 

interactions) are expected to vary negligibly among gradient flame conditions where the bulk flow 

conditions were unchanged.  Within this context, relative to the premixed case, the coefficient of variation 
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gradually increased with stratification from 7.3% to 9.8% from the weakest to steepest gradient cases, in 

line with the increase in reactant standard deviation from 0.029 to 0.081 and 0.031 to 0.080 along the 

ϕ = 0.95 and ϕ = 1.05 iso-contours of the ROI.   

As detailed in Sections 3.3.1.1 and 3.3.2.1, decreases in mean (OH LIF)(CH2O LIF) of up to 1.0%, 

1.6%, 2.7%, and 4.3% could be expected for the weakest to steepest gradient cases as the standard 

deviation of ϕ within the ROI increased.  However, the measured (OH LIF)(CH2O LIF) variation was at 

least 2.0 to 3.4 times greater, implying a small but directly attributable decrease in HRR due to imposed 

mean ϕ gradient of up to 4.4% for the largest gradient case of ϕ/y = 0.029 mm-1.  While these differences 

are still small in the context of the inherent uncertainties of the diagnostic, it is important to note that this 

conclusion is apparent when comparing data for a consistent mean range of equivalence ratios (i.e. 

0.95 ≤  ≤ 1.05) that lie within the ROI, implying a specific gradient effect on mean HRR pixel values 

along the branches of the turbulent stratified V-flame.  The observed decrease in local heat release rate of 

near stoichiometric flame regions suggests that heated products within the V-flame provide a form of 

“back-support” to the leading branches of the V-flame.  For near stoichiometric flame regions, thermal 

back support is expected to decrease as the gradient steepens and the temperature of the adjacent heated 

products decreases for reactants of weaker mixture strength.  The effect would be more significant for the 

steeper gradient cases, as the adiabatic flame temperature decreases away from its maximum at  ≈ 1.04.  

This reasoning is generally analogous to that observed in laminar flame configurations [21–26,70,72,80] in 

which a flux of heat and/or radicals within the products provide support to the flame, and can lead to an 

extension of flammability limits [21–26,70,72,80], and an increase in burning [70] and heat release rates 

[72,80].  In addition, variations in equivalence ratio along the flame front may also affect heat and species 

diffusion within the reaction zone.  The presence of neighbouring flame regions of weaker mixture strength 

may provoke preferential diffusion away from the stronger stoichiometric regions, leading to a local 

decrease in HRR.  A detailed schematic highlighting these mechanisms is provided in Section 3.6.4. 

The effect of equivalence ratio gradient on the mean heat release rate distribution through the 

turbulent flame brush was separately evaluated by taking the ensemble average of the instantaneous 

fluorescence images (as in Figure 3.9) and plotting them as a function of the progress variable c within 
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the corresponding ROI.  The profiles in Figure 3.13a represent a measure of the mean heat release rate 

across the flame brush, in which the flame surface density, instantaneous thickness of the individual HRR 

contours, and local pixel values are all factors that contribute to the profiles.  For all flame settings, the raw 

HRR fluorescence intensity profiles in Figure 3.13a are consistently skewed toward the products, 

comparable to those reported for flame surface density in stratified [31,45,47,48] and non-stratified [88] 

turbulent V-flames, as well as in stratified swirl burners [32,33].  The HRR for the fully-premixed flame 

peaked at an intensity of ~0.28 x 10-4 at c  0.6, slightly downstream of the FSD peak.  Figure 3.13b 

reproduces flame surface density profiles reported in [47] using the refined analysis method detailed above, 

and shows negligible change in FSD with gradient, contrary to the slight increases previously observed.  

This suggests that given the current flow conditions, any change in net HRR is unlikely to be caused by a 

change in FSD.  

 

Figure 3.13  Windowed (a) heat release rate fluorescence intensities and (b) flame surface density as a 

function of progress variable c for reference premixed and stratified flames. 

Although the relative heat release rates are slightly greater in the reference premixed case, 

variations with gradient remained small, consistent with the decrease in mean HRR pixel value reported in 

Figure 3.12.  Reductions in HRR were only slightly more apparent on the product side of the flame brush 

(c  0.5), where a greater decrease was observed, in line with the weaker HRR in the negative curvature 

regions of the flame shown in Figure 3.11.  The observed subtle changes in distribution of HRR across the 
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flame brush suggest that while decreases in the mean HRR do occur, the net effect of ϕ gradients on locally 

stoichiometric flame regions remains small for the current experimental conditions. 

3.4.3 Global Stratification Effects 

The effect of stratification on the overall behaviour of the flame is evaluated by comparing the reference 

premixed case to the stratified cases while analysing the entire flame image (i.e. without fixed ϕ range ROI) 

between axial positions 34.2  x  69.5 mm above the exit of the burner.  This resulted in a progressively 

broader range of ϕ as the gradient was increased, such that for the steeper gradient cases, both front and 

back supported flame regions are expected to occur based on the location of the maximum HRR and SL at 

 ≈ 1.07 shown in Figure 3.14.  Data were analysed for variations in the ensemble average of 2D flame 

lengths extracted from instantaneous flame contours and the ensemble average of the mean HRR excluding 

zero valued pixels along the flame contours.  The effect of local extinctions on the ensemble-average of 

HRR per flame length was also evaluated, in addition to the ensemble-averaged total HRR, which 

represents the product of the 2D flame length and the local HRR.   

 

Figure 3.14  Experimental laminar flame speed SL [95–99], polynomial fit to experimental SL data, 

and simulated peak heat release rate for premixed flames ranging from  = 0.75-1.25.  
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The ensemble-averaged instantaneous flame length (i.e. the length along the instantaneous 2-D 

turbulent flame contour) was normalized by the ratio of the length of the c = 0.5 contour line between the 

stratified and premixed flame conditions.  This accounts for differences in measured flame length that are 

attributed to the mean flame brush incident angle, and ensures variations in flame length are physical in 

nature rather than an artefact of the interrogation region within the V-flame. 

Table 3.2  Total flame length and heat release rate per instantaneous image. 

Equivalence ratio 

gradient,  

δϕ/δy 

[ϕ mm
-1

] 

Ensemble-averaged 

instantaneous flame 

length [mm] 

Ensemble average 

of the mean HRR* 

excluding zero-

valued pixels  

 [a.u. x 10
-4

] 

Ensemble average 

of HRR*/flame 

length 

 [a.u. x 10
-2

/mm] 

Ensemble average 

of the total HRR* in 

each instantaneous 

image 

 [a.u.] 

-0.001 61.7 3.12 2.55 1.57 

0.008 64.2 3.00-3.00 2.44-2.44 1.57-1.57 

0.015 65.3 2.92-2.92 2.45-2.45 1.60-1.60 

0.021 69.5 2.72-2.74 2.12-2.14 1.47-1.48 

0.029 72.3 2.61-2.63 1.98-1.99 1.43-1.44 

* including corrections for anticipated bias error in mean HRR attributable to effects of temperature on measured fluorescence 

associated with variations in ϕ (ranges result from choice of CH2O quenching model, see Section 3.3.2.1) 

 

Table 3.2 shows a monotonic increase in the mean flame length of individual flame realisations as 

stratification increases, with the increase becoming more significant for the steeper gradients, up to 17.2% 

relative to the reference homogenous case, consistent with the excess wrinkling observed in the individual 

images in Figure 3.9.  Conversely, the mean HRR excluding zero-valued pixels decreased with 

stratification, leading to a measured reduction of 15.6-16.2% for the steepest gradient case, attributable to 

the presence of lower mixture strengths between 0.74    1.22 along the flame front.  This contrasts with 

a 4.3-4.4% decrease based on the effect of gradient alone for a near-stoichiometric flame region, as 

determined by using the ROI approach discussed in Section 3.4.2.  The onset of local extinctions further 

reduced the mean HRR along the reacting front, such that the ensemble-averaged HRR/flame length 

decreased by up to 21.9-22.5% for the steepest gradient relative to the reference premixed case. . 

Despite significant variations in mean flame length and HRR/flame length, the net effect of 

stratification on the total heat release rate remains small, highlighting the influence of both mechanisms on 
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the total heat release rate in the context of a V-flame, which is in line with the numerical results of 

[39,40,66–69].  This suggests that for weaker gradients, given the current globally stoichiometric turbulent 

conditions, stratification induced flame surface generation is offset by the decrease in HRR per flame 

length.  Conversely, for steeper gradients, the occurrence of local extinctions, in addition to the presence of 

weaker mixture strengths, results in a small 8.4-9.1% decrease in total heat release rate. 

3.5  Conclusion 

The effects of stratification on the heat release rate in a globally stoichiometric turbulent iso-octane/air V-

flame were experimentally studied by comparing a reference premixed case to four mean equivalence ratio 

gradient flame conditions.  The (OH LIF)(CH2O LIF) approach to HRR measurements was validated in 

stratified iso-octane/air flames following detailed numerical simulations of 1D laminar premixed flames 

over a broad range of equivalence ratios.  Potential temperature effects on the OH and CH2O fluorescence 

signals were quantified by considering the Boltzmann population fractions and collisional quenching rates 

of both species for the excitation transitions used in the experiments. 

Instantaneous heat release rate images, obtained from the product of spatially registered OH and 

CH2O PLIF images, revealed the formation of cusped structures with qualitatively low HRR values in areas 

of negative curvature along individual flame contours.  These structures were generally observed in locally 

rich flame regions, and were attributed to Darius Landau hydrodynamic instabilities that were enhanced by 

thermo-diffusive effects.  As stratification was increased, these cusps led to occasional local extinctions 

along the flame front, where slightly more diffuse CH2O was observed in areas with no OH signal. 

The effects of large-scale gradients in equivalence ratio were evaluated using a windowing 

technique that quantifies specific mean gradient effects on flame regions with a constant mean range of 

mixture strengths.  Decreases in estimated HRR of up to 4.4% relative to the reference premixed case were 

directly attributable to the imposed mean ϕ gradient (up to ϕ/y = 0.029 mm-1) within a near-

stoichiometric region of interest (ROI).  These small but detectable changes in mean HRR were 2.0-3.4 

times greater than potential effects of variations in temperature and local mixture strength within the ROI.  

The decrease in HRR due to ϕ gradient was attributed to the decrease in thermal back support from the 

heated products within the V-flame, as the temperature of adjacent products would be expected to decrease 
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for reactants of weaker mixture strength.  When plotted as a function of the reaction progress variable c, a 

slight decrease in the mean estimated HRR was observed on the product side of the flame brush where 

c  0.5.  These results suggest that under the current flow conditions and imposed gradient levels, the net 

effects specific to mean equivalence ratio gradients on locally near-stoichiometric flame regions are 

apparent, but small relative to the limits of the current (OH LIF)(CH2O LIF) diagnostic. 

Global stratification effects were separately evaluated by comparing globally stoichiometric 

mixtures with different ranges in equivalence ratio.  Effects were much stronger in this scenario, revealing 

competing effects of enhanced surface generation (17.2% increase) and reduced HRR/flame length (21.9-

22.5%), resulting in a small reduction in total heat release rate of up to 8.4-9.1%.  This experimentally 

supports numerical predictions [39,40,66–69] in which both mechanisms were found to contribute to the 

overall behaviour of the flame.  The results presented here stress the importance of clearly defining the 

question and measurement approach when attempting to discern specific effects of stratification on 

combustion.  Gradient effects on local flame properties may differ significantly from general stratification 

effects in which different ranges of mixture strengths are present, and separating these subjects is critical to 

the proper interpretation of data, where both may be relevant in different applications.  

3.6  Supplemental Material 

3.6.1 Equivalence Ratio Measurements 

To correlate the fluorescence intensity to equivalence ratio measurements of the reactant mixture, 

homogeneous reference images were acquired at known mixture strengths.  One thousand individual 

images were acquired at five premixed reactant settings,  = 0.4,  = 0.7,  = 1.0,  = 1.3, and  = 1.6.  

Images were processed following the exact methodology outlined in Section 3.3.1, and corrected for 

background intensity, mean laser profile, and pulse-to-pulse variations in laser energy before a 5x5 pixel 

median filter was applied.  The average fluorescence intensity of a 2 x 2 cm2 interrogation region centered 

transversely at y = 0.0 cm and axially at x = 2.0 cm was determined for each individual image.  The 1000 

mean values for each of the three reference premixed cases were then ensemble averaged and plotted, as 

shown in Figure 3.15.  A weighted linear regression function was then fitted to relate fluorescence intensity 

(measured in pixel counts) to equivalence ratio.  The 95% confidence intervals were also calculated. 
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Figure 3.15  Weighted linear correlation function of fluorescence intensity (measured in pixel counts) 

to equivalence ratio and upper/lower 95% confidence intervals. 

3.6.2 Correlation between (OH LIF)(CH2O LIF) and k(T)[OH][CH2O] Signals 

To complement the correlation of (OH LIF)(CH2O LIF) with HRR shown in Figure 7 of the manuscript, 

the same data have been re-plotted as a function of the forward reaction rate  ( )[  ][    ].  Figure 

3.16a and Figure 3.16b plot the estimated (OH LIF)(CH2O LIF) signals as a function of  ( )[  ][    ] 

as they vary of through the flame for CH2O quenching models T-0.5 and T-1.0 respectively.  The loops are 

slightly tighter than those of (OH LIF)(CH2O LIF) vs. HRR shown in Figure 3.7, suggesting that the 

forward reaction rate of                 does not have a perfect correspondence with HRR.  

The resulting temperature induced bias errors on the fluorescence measurement were calculated by taking 

the ratio of the integration and peak of the (OH LIF)(CH2O LIF) and  ( )[  ][    ] profiles for both 

CH2O quenching models.  Calculated values were then expressed as a function of the ratio at  = 1 in 

Figure 3.16c.   
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Figure 3.16  Correlation of (OH LIF)(CH2O LIF) with the forward reaction rate k[OH][CH2O] for 

CH2O quenching models T
-0.5

 in (a) and T
-1.0

 in (b) for simulated premixed flames ranging from 

 = 0.75-1.25.  Variation of the ratio of integrated and peak (OH LIF)(CH2O LIF) / k[OH][CH2O] 

over a range of equivalence ratios is presented in (c). 

3.6.3 Non-Windowed HRR vs Curvature 

Figure 3.17 shows the variation in peak HRR along instantaneous flame contours plotted against spatially 

corresponding curvature.  All data are plotted without using the windowing technique described in Section 

3.3.1 so that unlike the plots shown in Figure 3.11, these supplemental plots each include different ranges 

of equivalence ratios.  Variations are significantly more prominent than those observed for windowed data 

in Figure 3.11, as the general shape of the “clouds” changes with stratification.   
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Figure 3.17  Heat release rate vs. curvature for reference premixed and stratified flame conditions 

plotted without using the windowing technique. 
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3.6.4 Physical Representation of the Effects of Mean  Gradients on the Local 

HRR of Near-Stoichiometric Flame Regions Within the ROI 

In Section 3.4.2, a decrease in the HRR of near stoichiometric flame regions was observed as the mean  

gradient increased.  The green arrows in Figure 3.18 highlight the anticipated variation in local equivalence 

ratio along the stratified flame front from relatively weak, Figure 3.18a, to relatively steep, Figure 3.18b, 

mean  gradients.  The blue arrows represent the resulting progressive decrease in adiabatic flame 

temperature between these gradient conditions.  This decrease in temperature leads to an inherent decrease 

in thermal back support (i.e. heat flux, red arrows) to the stronger, near-stoichiometric flames within the 

ROI, as well as an increase in preferential diffusion (i.e. heat and species flux, orange arrows) along the 

flame front away from the ROI.  These mechanisms become more evident as the gradient increases, as 

highlighted by the different sized arrows in Figure 3.18a and Figure 3.18b. 

    

Figure 3.18  Schematic illustrating the anticipated effect of mean  gradients on thermal back 

support (heat flux) to and preferential diffusion (heat and species flux) away from near 

stoichiometric flame regions 0.95    1.05 within a ROI along a stratified flame front as the 

gradient steepens from (a) to (b). 
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Chapter 4  
 
A Comparative Analysis on the Effects of 
Stratification on Locally Lean, Near-Stoichiometric, 
and Rich Iso-Octane/Air Turbulent V-Flames 

This chapter has been written as a paper intended for future submission to Combustion and Flame. 

 
Vena, P.C., Deschamps B., Johnson, M.R. “A comparative analysis on the effects of 

stratification on locally lean, near-stoichiometric, and rich iso-octane/air turbulent V-flames”, 

draft manuscript to be submitted to Combustion and Flame. 

 
This paper was co-authored by the thesis author, Patrizio Vena, Dr. Béatrice Deschamps, and Prof. 
Matthew Johnson.  Mr. Vena set up, tested, and characterized the measurement equipment; performed the 

measurements, uncertainty analysis, and initial data analysis; and wrote a first draft of the manuscript.  

Dr. Deschamps helped in the design of the experiments.  The theory development, final data analysis, and 

editing and revision of the manuscript were conducted jointly by Mr. Vena and Prof. Johnson.  

 

4.1  Abstract 

The effects of partial premixing on locally rich, near-stoichiometric, and lean flame regions were evaluated 

in stratified, iso-octane/air turbulent V-flames by varying the mean equivalence ratio gradient along the exit 

plane of a rectangular exit burner.  Instantaneous heat release rate (HRR) images were obtained from the 

product of spatially registered, near-simultaneously acquired OH and CH2O planar laser induced 

fluorescence (PLIF) images.  HRR data were analyzed within a region of interest (ROI) that was 

determined from separate 3-pentanone tracer PLIF measurements.  The ROI was unique to each gradient 

flame setting, and was configured to ensure the mean range of equivalence ratios being analyzed was 

constant among gradient conditions.  This allowed distinction of the specific effects of mean equivalence 

ratio gradient from those of varied mixture strength. 

Individual flame realizations were studied for differences in the local peak HRR and instantaneous 

flame thickness δt as they varied with curvature among gradient conditions.  Subtle changes in the 
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normalized distribution of local peak HRR vs. curvature were observed for flames propagating in positive 

(δϕ/δy > 0) and negative (δϕ/δy < 0) mean ϕ gradients.  Differences were strongest in locally rich and 

locally lean flames, and provided evidence of the potential interaction between neighbouring flame regions.  

The results suggest that ϕ gradients can affect the variation of peak HRR with curvature, and may influence 

the local thermodiffusive stability of the stratified, turbulent flame front.    

Ensemble averages of individual peak HRR and δt values within each ROI were separately 

evaluated, and differences among gradient conditions were greater than those observed for the normalized 

distributions with curvature.  Opposing behaviour was observed between the peak HRR and δt for all flame 

settings considered, as an increase of one led to a decrease of the other.  Gradient effects were observed 

when comparing back- and front-supported locally rich flames, which experienced changes in in peak HRR 

up to +10.2% and -5.3% for gradient settings δϕ/δy = -0.014 mm-1 and δϕ/δy = 0.012 mm-1 respectively, 

coupled with a thinning and thickening of δt of up to -7.2% and +2.4%.  Similar but weaker trends were 

observed for near-stoichiometric flame regions, with a decrease in peak HRR of up to -3.5% and a 

thickening up to +2.8% for the steepest gradient δϕ/δy = 0.029 mm-1.  Locally lean flames showed small 

increases in peak HRR of up to +3.8%, and decreases in δt of up to -2.1% for back-supported gradient case 

δϕ/δy = 0.024 mm-1.  Variations were not as significant as those observed for back-supported rich flame 

regions of equivalent gradients, suggesting that different mechanisms of back support (species or heat) may 

occur based on local stoichiometry.   

 

Keywords:  Stratified combustion, Turbulent combustion, V-flame, Equivalence ratio gradient, Planar 

Laser Induced Fluorescence, Heat release rate 
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4.2  Introduction 

Recent experiments [31–34,36,47,128] have highlighted the importance of clearly defining the question and 

approach with which the effects of partial premixing are quantified, where it is important to differentiate 

the general effects of stratification on the overall behaviour of a flame system from the specific effects of 

equivalence ratio gradient on local flame properties.  Consideration of the latter involves quantifying the 

interaction between neighbouring flame regions of differing mixture strength by observing variations in 

local flame properties.  Flame configurations in which the local variation in mixture strength (either normal 

or tangential to the reaction zone) is precisely controlled have shed light on the underlying physical 

mechanisms that govern stratified flames.  Several authors have approached this problem by devising 

controlled experiments [21–25] and simulations [26,70,72,80] in which an equivalence ratio gradient can 

be imposed normal to flames propagating in a channel [22–26], to spherically-expanding laminar flames 

[21], or to stagnation flames [70,72,80].  Results of these works have shown that diffusive fluxes of 

heat/mass from downstream products may back support flames of weaker mixture strength.  Additionally, 

numerical simulations have demonstrated that tangential variations in mixture composition along the flame 

front [39,40,66–69] can affect local combustion intensity, inducing differences in local flame speed   
 .  

These flame speed variations may further wrinkle the flame front for     
 ⁄    [39,40,66], although this 

effect is less significant as turbulence increases     
 ⁄    [39,66–69]. 

Isolating general effects of stratification from specific effects of local equivalence ratio gradient in 

fully turbulent experimental configurations is inherently more complex.  However, recent advances in 

multi-component optical diagnostics are enabling investigation of the physical mechanisms that may alter 

stratified flame behaviour, as well as acquisition of validation data for numerical models.  Working on a co-

annular weak-swirl burner, Bonaldo et al. [35] separately acquired 3-D velocity data using Stereoscopic 

Particle Image Velocimetry (SPIV), instantaneous temperature data from Rayleigh scattering, and mean 

local equivalence ratio data using acetone PLIF.  They observed a broadening of flame curvature PDFs 

coupled with a shift towards more positive curvatures with stratification, in addition to a decrease in 

instantaneous thermal flame thickness.  Seffrin et al. [51] introduced a novel axisymmetric stratified burner 

and fully characterized its turbulent flow field with Laser Doppler Velocimetry (LDV) and high-speed PIV.  

In subsequent work, Böhm et al. [46] used Rayleigh scattering and simultaneous OH and acetone PLIF to 
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investigate variations in flame front thickness, curvature, and length with stratification.  Kuenne et al. [52] 

then performed one dimensional Raman/Rayleigh scattering measurements of local temperature and species 

concentrations to validate Large Eddy Simulations (LES). 

Barlow et al. [36] developed a system in which Raman/Rayleigh scattering and CO LIF were used 

for instantaneous line measurements of temperature and species concentration through the flame.  Cross-

planar OH PLIF was simultaneously acquired for 3D topology information.  They successfully applied their 

approach to locally lean methane/air turbulent V-flames [31,36] and swirl-burners [32–34], and provided 

data conditioned on local instantaneous equivalence ratio [31–34] and equivalence ratio gradient [34], 

reporting instantaneous and mean values of local species concentration, temperature, and three-dimensional 

flame topology.  Among other findings, their results suggest that stratification may lead to differences in 

local flame structure, which include observed gradients in equivalence ratio within the thermal ramp of the 

reaction zone.   

In previous work by the present authors [47,128], a different but complementary approach was 

developed in which 3-pentanone tracer PLIF is used to identify mean conditioned iso-contours of 

equivalence ratio () up to the mean position of the flame-front at c = 0.5.  Subsequent simultaneous OH 

and CH2O PLIF measurements were used to probe flame topology and heat release rates within similar  

iso-contours for flame cases of differing mean  gradient.  By choosing an analysis region of interest (ROI) 

such that a constant mean range of  is evaluated as the  gradient is varied, it is possible to isolate specific 

gradient effects from those of varying mixture strength.  This ROI approach has been applied to turbulent 

iso-octane/air V-flames in locally near-stoichiometric [47,128] flame regions.  Results showed small but 

discernable variations in mean heat release rates among gradient conditions, and implied that “back-

support” from the heated products within the V-flame scaled with gradient [128], in line with the back-

support noted in flames subjected to gradients normal to the flame front in experiments [21–25] and 

simulations [26,70,72,80].   

The current study builds directly on this previous work and compares the behaviour of front- and 

back-supported rich, near-stoichiometric, and back-supported lean flame regions.  Local peak HRR 

intensities and instantaneous flame thicknesses δt along individual flame contours were evaluated and 
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plotted in terms of their relative variation with local curvature in the presence of varying  gradients.  

Measurement uncertainties of the local curvature and instantaneous HRR profile are considered in a Monte 

Carlo analysis.  In addition, relative variations in the ensemble average of local peak HRR and 

instantaneous flame thicknesses δt were compared among gradient and reference-premixed flame 

conditions.  Using the previously described ROI technique, specific effects of mean equivalence ratio 

gradients are quantified, while ensuring unbiased comparison between reference-premixed and increasingly 

stratified flame conditions. 

4.3  Methodology 

Turbulent stratified iso-octane/air V-flames were stabilized above a stratified flame burner previously 

described in [47,128].  The burner generates a smooth, transverse gradient in equivalence ratio along the 

63 mm x 15 mm rectangular exit that is controlled by independently manipulating two premixed reactant 

streams, 1 and 2, as they entered the base of the burner.  The exit nozzle was surrounded by a 4 mm air 

co-flow.  Reactant air was pre-heated to 80°C to aid pre-evaporation of the iso-octane fuel, resulting in a 

temperature of 55°C at the exit plane of the burner.   

Instantaneous flame realizations were obtained from the near-simultaneous acquisition of OH and 

CH2O planar laser induced fluorescence (PLIF) images.  The optical PLIF setup shown in Figure 4.1 

consisted of a dual head Quanta Ray PIV400 YAG laser coupled with a Sirah Precision Scan Rhodamine B 

Dye laser.  Fluorescence images were acquired using a pair of Princeton Instrument PIMAX 1340 x 1300 

pixel intensified CCDs with ST-133 controllers.  Images had a projected spatial resolution of 67 µm/pixel.  

The line spread function of the optical system was 3.91 pixels (equivalent to 263 µm, as determined from 

the scanning knife edge method [129] detailed in Appendix A).   Detailed descriptions of the burner and 

optical setup are provided in [47,128]. 
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Figure 4.1  PLIF setup for simultaneous OH and CH2O acquisition. 

Turbulent V-flames were anchored with a 1.5 mm diameter rod.  Potential differences in local 

peak HRR and flame thickness as a function of imposed ϕ gradients were investigated for three main flame 

conditions corresponding to three different mean mixture strengths (ϕ̅ = 1.2, ϕ̅ = 1.0, ϕ̅ = 0.9).  Table 4.1 

outlines these experimental flame settings, where the near-stoichiometric flame conditions were identical to 

those in [47,128].  For rich flames under negative ϕ gradients (δϕ/δy  < 0), the products within the V-flame 

are from progressively leaner flame regions, such that the flame in the ROI is back supported.  Conversely, 

rich flames with positive ϕ gradients (δϕ/δy > 0) are front-supported, as the products are from richer 

mixtures.  Lean flames mirror the behaviour of rich flames such that lean flames with positive ϕ gradients 

(δϕ/δy > 0) are back-supported, as the products are from progressively richer regions.  A detailed schematic 

is provided in Section 4.8.1. 

Scalar reactant properties were obtained by seeding iso-octane with 3-pentanone at 7% by volume.  

The associated 3-pentanone PLIF images were processed following the approach outlined in [47,128] and 

had a signal-to-noise ratio (SNR = (fluorescence - background) / fluorescence as defined in [100]) between 5.0-5.4 

for 0.95  ϕ  1.05, and 4.4-6.0 for 0.8    1.2.  Photon shot noise was characterized by imaging the exit 

plane of a 4” integrating sphere (SphereOptics LLC) connected to a controllable intensity light source, and 

ranged between 30.9% and 14.7% at 95% confidence (calculated using photon transfer theory [107]).  The 

location and bounds of the analysis region, or region of interest (ROI), were determined from one thousand 

instantaneous images acquired along the left-branch of the V-flame (shown in Figure 4.1) at each of three 
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axial positions x = 0-40, 40-80, and 80-120 mm above the burner for each flame condition.  Individual 

images were ensemble averaged and conditioned on the reactants to obtain reconstructed equivalence ratio 

maps from x = 0-120 mm.  Mean iso-contours of equivalence ratio were then traced to the mean position of 

the flame front at c = 0.5 to define the location and width of the ROI. 

Table 4.1  Summary of test conditions. 

iso-contours 

of  defining 

the ROI 

Lewis number 

(Le*) along iso-

contours of  

defining the 

ROI 

equivalence 

ratio 

gradient, 

δϕ/δy 

[ϕ mm
-1

] 

width 

of ROI 

[mm] 

mean ϕ of 

instantaneous 

images within leaner 

and richer iso-

contours and 

estimated standard 

deviation of ϕ 

mean and (standard 

deviation   ) of ϕ 

along leaner iso-

contour in 

instantaneous 

images 

mean and (standard 

deviation   ) of ϕ 

along richer iso-

contour in 

instantaneous 

images 

1.15  0.023 

to 

1.25  0.023 

Le=1.15=0.70 

 

Le=1.25=0.69 

-0.001 - 1.204 (-) - - 

0.005 19.3 1.202 (0.007) 1.150 (0.024) 1.248 (0.029) 

0.012 8.5 1.203 (0.020) 1.151 (0.039) 1.250 (0.044) 

-0.007 14.1 1.196 (0.007) 1.148 (0.029) 1.148 (0.025) 

-0.014 7.3 1.201 (0.023) 1.149 (0.042) 1.249 (0.040) 

0.95  0.022 

to 

1.05  0.023 

Le=0.95=2.25 

 

Le=1.05=0.71 

-0.001 12.5 1.012 (-) - - 

0.008 12.5 0.999 (0.008) 0.951 (0.029) 1.050 (0.031) 

0.015 6.7 1.000 (0.018) 0.949 (0.043) 1.049 (0.044) 

0.021 4.8 1.000 (0.024) 0.950 (0.061) 1.051 (0.061) 

0.029 3.5 1.001 (0.029) 0.952 (0.081) 1.051 (0.080) 

0.85  0.022 

to 

0.95  0.022 

Le=0.85=2.27 

 

Le=0.95=2.25 

-0.001 - 0.907 (-) - - 

0.013 7.8 0.898 (0.019) 0.852 (0.038) 0.948 (0.044) 

0.024 4.3 0.899 (0.028) 0.851 (0.064) 0.953 (0.075) 

*Lewis numbers calculated from the ratio of thermal to mass diffusivities of the deficient reactant at 55°C using simulation data from 

[128]. 

 

Following the approach detailed in [128], the range of local equivalence ratio fluctuations within 

the ROI was estimated separate from apparent fluctuations due to photon shot noise of the intensified 

cameras.  Standard deviations of  within each ROI (   ) were characterized from 

   √     
               

 , where              
  is the statistical variance at equivalent spatial locations 

for the fully premixed reference case, and      
  is the observed variance in the raw fluorescence data for 

each of the stratified cases.  The results presented in Table 4.1 show that    increases modestly with δϕ/δy 

due to turbulent mixing in the presence of stronger imposed mixture gradients at the exit of the burner.  The 

effects of the varying range of ϕ within the ROI of different gradient cases on the ensemble average of the 

peak HRR and instantaneous flame thickness δt are further discussed in Section 4.4.2.   
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Turbulent flow properties were characterized at an axial position x = 5 mm above the burner exit 

plane between transverse positions y = 20 mm.  Measurements were taken under non-reacting conditions 

with a Dantec LDV system with olive oil seeding.  At the mean flow velocity  ̅ = 5.2 m/s, the Reynolds 

number based on the hydraulic diameter of the exit plane was 6120.  The turbulence intensity ranged 

between    ̅⁄  = 3.7-7.7%.  Ratios of     
 ⁄  were calculated based on         

            ,         
  

          , and         
            , estimated from [95–99] at a reactant temperature of 55°C, and 

varied from 0.53-1.10, to 0.51-1.06, and 0.57-1.19 for locally rich, near-stoichiometric, and lean flame 

regions respectively.  Using Taylor’s hypothesis, the integral length scale and associated     were 

calculated as   = 5.1 mm and     = 82.  The Kolmogorov length scale was calculated to be   = 0.19 mm.   

4.3.1 OH and CH2O PLIF Images 

For each flame condition and gradient setting, one thousand pairs of OH and CH2O PLIF images were 

acquired.  Raw fluorescence images were corrected for background intensity and dark current shot noise 

using standard procedures detailed in [129], as well as shot-to-shot variations in laser intensity and mean 

laser profile [47,128].  Photon shot noise was reduced using 3x3 median and 7 pixel diameter circular 

averaging filters for the OH and CH2O images respectively, with typical values ranging between 3.1% to 

4.4% (SNR = 14.3, where SNR = (fluorescence - background) / fluorescence) and 11.4% to 20.7% (SNR = 5.4, 

where SNR = (fluorescence,peak - background) / fluorescence,peak) at 95% confidence. 

4.3.2 Local Peak Heat Release Rate, Flame Thickness, and Curvature 

HRR flame images were obtained following the approach developed by Paul and Najm [55] in which the 

product of spatially registered, simultaneously acquired, OH and CH2O PLIF images is used to provide a 

measure of the local heat release rate within the reaction zone of the flame.  Detailed numerical simulations 

of 1D laminar premixed iso-octane/air flames were conducted in [128] to validate the (OH LIF)(CH2O LIF) 

HRR approach for iso-octane/air flames over a broad range of equivalence ratios (where additional 

simulation runs were performed as part of the present work to extend this range to ϕ = 0.65-1.45).  The 

resulting HRR contours were studied for local variations in peak HRR and instantaneous flame thickness δt 

by taking individual HRR profiles locally normal to the leading edge of the instantaneous HRR contours, 

defined using the analysis procedures detailed in [128].  The profiles were extracted at 4 pixel intervals 
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(0.27 mm) along each instantaneous flame realization.  A locally-weighted linear regression filter, or 

“loess” filter, was applied to the HRR profile data to limit the influence of photon shot noise, and the 

results were used to determine the local peak HRR intensity and instantaneous flame front thickness δt 

(measured at full width half maximum, FWHM, of the HRR profiles).  Instantaneous measurements of δt 

were excluded in cases where the SNR was low (11-18% of data), leaving between 123104 to 26433 

individual profiles for analysis for each gradient case.  No attempts were made to correct    for 3D effects 

induced by the orientation of the imaging plane relative the flame normal in 3D space, which can lead to an 

overestimation of the local flame thickness by up to 15% [130].  Instead, measured values were reported 

relative to the reference-premixed flame values.  Peak HRR and δt were evaluated as a function of the local 

curvature measured at the same locations along the instantaneous flame contours and were compared 

among reference-premixed and stratified flame conditions.  In addition, variations in the ensemble average 

of all local peak HRR and retained instantaneous flame thicknesses δt were separately considered. 

4.4  Measurement Uncertainty 

4.4.1 Local Curvature 

Elemental bias errors in the measurement of two-dimensional curvature   are dominated by the effective 

spatial resolution of the optical system and the uncertainty in defining the position of a 3D instantaneous 

flame front of finite thickness within a 2D image.  Additional errors can be induced by planar image 

distortion and magnification.  Because the operations involved in the image capture and processing are 

highly nonlinear and difficult to define using explicit equations, standard approaches to uncertainty 

estimation using first-order propagation of errors are not suitable.  Instead, a Monte Carlo (MC) analysis 

was used evaluate the contributions of elemental errors to the measurement of local flame curvature.  

A MC analysis was performed in which ten instantaneous flame realizations were each processed 

5000 times using randomly selected parameters for each required input to the image processing algorithms.  

Inputs were drawn from pre-determined probability distributions describing the uncertainty or potential 

variation of that parameter.  This process produced 5000 distinct candidate flame contours for each of the 

ten flame realizations, which were analyzed to quantify measurement uncertainties.  During the MC 

analysis, the local position of the flame front was altered by randomly varying the chosen threshold values 



 102 

and dimensions of the filtering kernel for both the OH and CH2O individual images.  This produced 

variations in local flame position of between 1 and 3 pixels among the candidate flame contours.  The 

leading edge of each candidate contour was then detected.  The Cartesian coordinates xi and yi of each data 

point were then perturbed following a normal distribution (σ = 44 m), where this prescribed amount of 

“jitter” was defined by the effective in-plane resolution of the optical system.  Figure 4.2a shows three 

sample sets of flame coordinates (indicated by red, blue, and green circles), from the 5000 sets obtained in 

the analysis of a sample image.  A 12-point cubic spline fit (also shown in Figure 4.2a) was then applied to 

the jittered coordinates, and local curvature data were calculated at 4 pixel intervals (0.27 mm) along each 

MC realization at coordinates xi,MC and yi,MC.  Bias errors induced by the curvature algorithm were 

evaluated following the approach of Haq et al. [131], by comparing the theoretical and measured curvature 

of digitized circles.  Results showed that any errors from the algorithm were entirely negligible relative to 

other error sources for the range of curvatures typically observed in experiments.  Finally, potential 

uncertainty in image magnification (normal distribution σ = 0.007) and image distortion (normal 

distribution σ = 0.006) were considered in the MC analysis when the outputted local curvature values were 

converted from pixels-1 to mm-1.  A summary of inputs and associated uncertainties is included as 

supplementary material.  

Uncertainties in local curvature measurements were quantified by analyzing the distribution of 

curvature data from the MC calculations.  Because the absolute position of the flame varied among the 

different MC draws, care was required in interpreting the MC data.  Curvature measurements at locations 

along the flame front of each MC realization (xi,MC and yi,MC) were associated with the nearest location on a 

reference flame front (xi,ref and yi,ref), defined as the median location of the flame fronts for all 5000 MC 

realizations.  Curvature distributions could then be calculated at each position along the reference flame 

front, where the 95% confidence intervals (CI) in each distribution define the uncertainty in making a local 

curvature measurement in that image.  Figure 4.2a shows sample curvature distributions and associated 

95% confidence intervals calculated at three positions along the flame front.   

The local curvature data from all of MC draws were aggregated as a function of the local 

curvature in the reference image.  This allows the results of the uncertainty analysis to be generalized such 

that overall measurement uncertainty (based on 95% confidence intervals of the MC data) could be 
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expressed as a function of measured curvature.  Figure 4.2b shows that total measurement uncertainties are 

very good through the range of curvatures encountered in the present experiments, but grow toward the 

largest negative curvature values (near -4 mm-1).  However, uncertainties at these large curvature values are 

dominated by potential bias errors associated with choice of parameters in the image processing algorithms.  

By repeating the MC analysis and fixing parameters that remained constant through all experiments (i.e. the 

threshold, filter kernel, planar image distortion, and magnification terms), it was possible to separately 

estimate the relative uncertainty in making comparative measurements (i.e. uncertainty when comparing 

curvature variations among different equivalence ratio gradient cases).  Figure 4.2b also shows that the 

relative uncertainties are much tighter, especially at the largest negative curvature values, and provide 

quantitative support for the comparisons presented with the results.  

    

Figure 4.2  Quantification of curvature uncertainty.  In (a) open circles show spatially jittered flame 

positions for three sample runs of the Monte Carlo analysis, while sample histograms show 

distributions of local curvature and 95% confidence limits evaluated at three different sample 

positions along the flame.  Final computed 95% confidence limits for total and relative curvature 

uncertainty in (b). 

4.4.2 Local Peak Heat Release Rate and Flame Thickness 

The uncertainty of the local heat release rate along a stratified flame front is primarily dependent on the 

elemental errors of OH and CH2O fluorescence signals.  These are a function of spectroscopic properties 

unique to both species (i.e. temperature induced variations in Boltzmann population fractions and 

collisional quenching factors specific to the excitation transitions being used), as well as the systematic 
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errors of the apparatus (i.e. photon shot noise of the intensified CCDs, pulse-to-pulse variations in local 

laser fluence, and fluorescence trapping).  These elemental errors are discussed in the context of estimating 

the uncertainty of relative variations in local peak HRR and instantaneous flame thickness δt among 

conditions. 

4.4.2.1 Relative Variations in Peak HRR and Flame Thickness with Curvature 

In Figure 4.5, local measurements of peak HRR and instantaneous flame thickness are plotted as a function 

of local curvature.  Data are binned in intervals of curvature  = 0.1 mm-1, and the ensemble average of 

each parameter is determined within each curvature bin.  The resulting mean data are then normalized by 

the corresponding mean HRR value at curvature  = 0 mm-1 for each flame setting to emphasize their 

relative variation with curvature. 

The contribution of systematic errors to the relative uncertainties of the local peak HRR and 

instantaneous flame thickness t were evaluated via MC simulation similar to that of relative curvature.  

The same ten images were processed 5000 times by fixing inputs to the image processing routine that 

remained constant among flame settings (threshold, filter kernel, and image distortion and magnification).  

The spatial coordinates of the flame front were then “jittered” before individual OH and CH2O profiles 

were extracted normal to the resulting instantaneous flame front.  The individual pixel values of both 

species were then varied based on the expected photon shot noise at the corresponding pixel count specific 

to each ICCD (determined from white field images acquired using a 4” integrating sphere (SphereOptics 

LLC) and calculated using photon transfer theory [107]).  Gaussian distributions were generated based on 

the local pixel count and ICCD gain such that uncertainties ranged from 28% - 3% in OH and 43% - 11% 

in CH2O (corresponding to the minimum and maximum observed fluorescence intensities respectively) at 

95% confidence.  The resulting “noisy” OH and CH2O profiles were then multiplied to obtain individual 

HRR profiles.  Elemental errors induced by the pulse-to-pulse laser fluctuations were included by 

multiplying the individual HRR profiles by values drawn from a normal distribution based on the 

associated uncertainties in each laser sheet.  Uncertainties due to pulse-to-pulse variations in laser profile 

were 6.3% and 8.2% at 95% confidence for the 283 nm and 355 nm beams respectively. Laser energy 

corrections were accurate to within 0.05% for both beams and therefore omitted from the MC.  A loess 
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filter was then applied to the adjusted HRR profiles and the outputted peak and FWHM thickness 

calculated.  Additional contributions to the uncertainty such as image registration, laser absorption and 

scattering, background signal, fluorescence trapping, line shape, and measurement volume were either 

corrected for during measurements or assumed constant among experiments, and therefore not expected to 

contribute to the uncertainty of relative HRR measurements.   

In our previous work [128], an analysis of elemental errors affecting the spectroscopic properties 

of OH and CH2O confirmed that for the excitation transitions used, the pixel-by-pixel product of raw 

(OH LIF)(CH2O LIF) signals is an excellent marker for relative HRR measurements in premixed iso-

octane/air flames.  Results of flame simulations showed that this was true over a broad range of 

equivalence ratios.  Although local measurements of instantaneous HRR along a stratified flame would 

require spatially resolved temperature information (to account for variations in Boltzmann population 

fractions and collisional quenching rates), bias errors in the ensemble averaged HRR could still be 

corrected, given information on the range of equivalence ratios within the ROI.  This result can be directly 

applied to the data presented in Figure 4.5, since it is expected that the range of equivalence ratios within 

each curvature bin remains constant for a given flame setting.  This implies that the potential bias error of 

each bin would be consistent, and therefore not affect the relative shape of the normalized curves shown in 

Figure 4.5. 

To estimate the final confidence intervals of a given peak HRR and FWHM flame thickness (t) 

measurement, local data from each MC draw were binned as a function of the nearest data point (xi,ref and 

yi,ref) along the reference image.  The 95% confidence intervals at each reference location were then 

determined for both the peak and FWHM of the HRR profiles as plotted in Figure 4.3.  Empty circles 

represent the relative error for values of peak HRR and flame thickness δt, while the lines represent the 

corresponding robust loess (rloess) fit to these data.  Figure 4.3a reveals that the 95% confidence limits are 

approximately level over the range of peak HRR values expected for a typical data set, with the upper and 

lower bounds generally on the order of  +12% and -7%.  The confidence limits of t in Figure 4.3b 

oscillate slightly, but remain within  +11% and -8%. 
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Figure 4.3  95% confidence intervals for the relative uncertainty of the local peak HRR (a) and the 

local flame thickness t (b). 

4.4.3 Ensemble Average of Peak HRR and Flame Thickness 

Table 4.3 shows potential bias errors on the mean peak HRR and δt which were quantified following the 

approach described in [128].  Briefly, a MC analysis was used to consider variations in the range of 

equivalence ratios within each ROI among gradient settings due to turbulent mixing of the imposed ϕ 

gradient at the exit of the burner.  These variations are characterized from the    values reported in Table 

4.1.  Twenty thousand synthetic distributions of ϕ within the ROI were generated for each gradient 

condition by taking spatially resolved    data along ϕ iso-contours between the leaner and richer iso-

contours in steps of ϕ = 0.01.  These data were then coupled with the results of simulated HRR data for 

premixed flames, and the expected temperature dependence of OH and CH2O fluorescence signals 

(calculated from [94,117–119] and based on the Boltzmann population fractions and collisional quenching 

rates of both species [94,117–119]).  By deriving correlation functions relating the local equivalence ratio 

to the expected peak and FWHM thickness of simulated (OH LIF)(CH2O LIF) profiles, corresponding 

synthetic distributions of peak HRR and flame thickness δt could be calculated, and the resulting bias error 

relative to the reference-premixed case determined.  Anticipated error values are summarized in Table 4.2 

and are expressed in terms of the ratio of the stratified to the corresponding reference-premixed case.  This 

extended analysis allows the potential effects of mean gradients in equivalence ratio on local flame 
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properties to be isolated from effects attributable to variations in local equivalence ratio and the elemental 

errors of (OH LIF)(CH2O LIF) within the ROI. 

Table 4.2  Bias error of ensemble average of local peak HRR and instantaneous flame thickness δt 

due to combined effects of the differing range of  within the ROI and the temperature dependence 

of the OH and CH2O fluorescence signals. 

 iso-contours of  

defining the ROI 
1.15    1.25 0.95    1.05 0.85    0.95 

equivalence ratio 

gradient, δϕ/δy 

[ϕ mm
-1

] 

0.005 0.012 -0.007 -0.014 0.008 0.015 0.021 0.029 0.013 0.024 

HRRpeak bias error 

[%] 

+1.8 to 

+1.7 

+1.3 to 

+1.1 

+1.8 to 

+1.6 

+1.2 to 

+0.9 

-1.0 to 

-1.1 

-1.8 to 

-2.0 

-3.2 to -

3.4 

-5.3 to -

5.5 

-2.6 to -

2.6 

-4.5 to -

4.5 

δt bias error 

[%] 

+0.2 to 

+0.3 

+1.0 to 

+1.1 

+0.3 to 

+0.3 

+1.0 to 

+1.1 

+0.5 to 

+0.5 

+0.8 to 

+0.8 

+1.4 to 

+1.4 

+2.2 to 

+2.3 

+0.8 to 

+0.9 

+1.7 to 

+1.8 

*ranges result from choice of CH2O quenching model 

 

4.5  Results and Discussion 

The effects of equivalence ratio gradient on locally rich, near-stoichiometric, and lean flame regions were 

quantified by analyzing HRR profiles taken normal to the leading edge of instantaneous HRR contours.  

The profiles were smoothed with a loess filter and analyzed for variations in local peak HRR and δt among 

ϕ gradient conditions for each of the three global mixture strength cases.  Figure 4.4 shows a set of sample 

normalized profiles of (OH LIF), (CH2O LIF), and (OH LIF)(CH2O LIF) HRR at a single position along a 

single instantaneous flame front for globally rich, stratified flame setting δϕ/δy = 0.012 mm-1.  Data are 

centered at the location of maximum HRR, which roughly corresponds with the intersection of the 

(OH LIF) and (CH2O LIF) plots.  The profiles in Figure 4.4 are comparable to the experimental results of 

[57,61], and simulations of [56,128], with the Gaussian-like CH2O profile positioned slightly upstream of 

the error-function-like OH profile.  The HRR profiles resemble a Gaussian, with a slightly elevated tail on 

the product side, as discernable in the sample case shown in Figure 4.4.  This is caused by the low signal to 

noise ratio of the (CH2O LIF) images relative to that of (OH LIF), as the residual background noise in the 

(CH2O LIF) images was multiplied by the significantly higher (OH LIF) signal within the products. 
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Figure 4.4  Example normalized profiles of (OH LIF) and (CH2O LIF) fluorescence intensity and 

(OH LIF)(CH2O LIF) HRR at a position along an instantaneous realization of the globally rich, 

stratified flame condition at δϕ/δy = 0.012 mm
-1

.  

The effects of equivalence ratio gradient were first evaluated by plotting the local instantaneous 

peak HRR obtained from the loess-smoothed profiles as a function of curvature.  Data were binned at 

intervals of curvature  = 0.1 mm-1, and the mean peak HRR value within each bin was normalized by the 

mean peak HRR value at curvature  = 0 mm-1.  The resulting curves emphasize variations in the 

distribution of peak HRR with curvature among gradient conditions and are shown in Figure 4.5 (a), (b), 

and (c) for locally rich, near-stoichiometric, and lean flame regions respectively. 

Initial comparison of fully premixed reference cases in (a), (b), and (c) showed significant 

differences in the distribution of peak HRR with curvature, and the results were consistent with that 

expected based on visual inspection of individual flame images.  As anticipated by thermodiffusive theory 

[19,81], the general distributions of the reference-premixed cases reflect the influence of competing effects 

of mass and thermal diffusion.  For locally rich flame regions with Le < 1, lower diffusive flux of the 

deficient reactant leads to relatively lower HRR in negatively curved (concave toward the reactants) flame 

regions, while HRR is relatively higher in positively curved regions where the diffusive flux is enhanced.  

Conversely, the distributions of near-stoichiometric and lean (Le > 1) flame regions show a gradual, 

relative increase in peak HRR in negative curvature areas, as the incoming reactants to concave flame 

regions are further pre-heated by the flame front due to greater thermal diffusion.  The lean premixed 
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profiles in Figure 4.5c are similar to those reported for lean ethylene/air flames with Le > 1 [57,132], where 

the authors observed greater HRR in negatively curved flame regions. 

 

Figure 4.5  Mean HRR and instantaneous flame thickness δt vs curvature for (a,d) rich front- and 

back-supported, (b,e) near-stoichiometric, and (c,f) lean back-supported premixed and stratified 

flame conditions. 

Within the three main mixture strength conditions shown in Figure 4.5 (a), (b), and (c), the 

differences in trends among gradient conditions were generally small.  Although slightly more evident for 

the locally rich and lean flames than for the near-stoichiometric flames at comparable gradients, these 

changes are much less pronounced than the variations in ensemble averaged peak HRR (i.e. the mean peak 

HRR for all curvatures) with gradient presented in Table 4.3. 

The peak HRR of locally rich, back-supported flames (negative ϕ gradients δϕ/δy = -0.007 mm-1 

and δϕ/δy = -0.014 mm-1) gradually increased in regions of negative curvature, while negligible variation 

occurred in positive curvatures.  Conversely, locally rich, front-supported flames (positive gradients 

δϕ/δy = 0.005 mm-1 and δϕ/δy = 0.012 mm-1) resulted in a negligible change in negative curvatures, while a 

small decrease was observed in positive curvatures.  Though minimal variations were observed in the near-

stoichiometric flame regions in (b), back-supported, lean flame regions in (c) (positive gradients 



 110 

δϕ/δy = 0.013 mm-1 and δϕ/δy = 0.024 mm-1) showed a slight decrease in the peak HRR in areas of 

negative curvature, coupled with an increase in peak HRR in areas of positive curvature. 

While the current data do not speak to the specific physical mechanisms that may alter local flame 

behaviour, the observed small differences among gradient conditions do provide evidence of the potential 

interaction between neighbouring flame regions.  They suggest that stratification may lead to small 

differences in local peak HRR distribution with curvature, and potentially influence the local 

thermodiffusive stability of the wrinkled structures along a turbulent flame front.  This would also explain 

the comparatively negligible changes observed for near-stoichiometric flames in Figure 4.5b, where 

thermodiffusive effects are irrelevant. 

Figure 4.5 (d), (e), and (f) plot the distribution in local instantaneous flame thickness δt with 

curvature for all flame conditions.  Data were binned at intervals of curvature of  = 0.1 mm-1 as with the 

peak HRR data.  General distributions remained similar for the three main flame categories, and results 

were comparable to those of Robin et al. [29] for turbulent methane/air premixed and stratified V-flames, 

who reported a significant increase in local thermal flame thickness in areas of positive and negative 

curvature.  No discernible changes were observed between premixed and stratified flames in any of the 

three main cases despite the small changes in peak HRR with curvature.   

Table 4.3 summarizes the ensemble average of all local peak HRR values and instantaneous flame 

thicknesses δt of the smoothed profiles considered in Figure 4.5.  The measured values of gradient cases are 

expressed in terms of their ratio to the corresponding reference-premixed flame condition.  Estimated 

standard deviations, est, are also included and were calculated as the square root of the difference between 

the measured variances of the reference premixed and stratified flame settings.  Initial observations 

revealed that local peak HRR and flame thickness δt had generally opposing trends, such that an increase in 

peak HRR was correlated with a thinning of the profiles and vice versa.  This was observed for all flame 

settings.  
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Table 4.3  Peak HRR fluorescence intensity and FWHM profile thickness δt. 

 iso-contours of  

defining the ROI 
1.15    1.25 0.95    1.05 0.85    0.95 

equivalence ratio 

gradient, δϕ/δy 

[ϕ mm
-1

] 

0.005 0.012 -0.007 -0.014 0.008 0.015 0.021 0.029 0.013 0.024 

             

           

 

      

0.954-

0.955 

 0.055 

0.947-

0.949 

 0.065 

1.060-

1.062 

 0.043 

1.099-

1.102 

 0.060 

0.982-

0.983 

 0.053 

0.993-

0.995 

 0.066 

0.968-

0.970 

 0.074 

0.965-

0.967 

 0.088 

1.027-

1.027 

 0.068 

1.038-

1.038 

 0.083 

        

      

 

       

1.014-

1.015 

 0.042 

1.023-

1.024 

 0.065 

0.938-

0.938 

 0.046 

0.928-

0.929 

 0. 058 

1.009-

1.009 

 0.041 

1.012-

1.012 

 0.051 

1.019-

1.019 

 0.069 

1.027-

1.028 

 0.074 

0.988-

0.989 

 0.054 

0.979-

0.980 

 0.075 

*ranges result from choice of CH2O quenching model 

 

Differences in magnitude reported in Table 4.3 were significantly more pronounced than the 

relative changes in distribution in Figure 4.5.  Flame regions showed opposite trends in peak HRR between 

front- and back-supported gradient conditions.  Decreases in peak HRR and corresponding increases in δt 

were observed for front-supported, locally rich flame regions, whereas increases in peak HRR and 

corresponding decreases in δt were observed in back-supported locally rich flame regions.  Near-

stoichiometric flame regions showed a general decrease in peak HRR and increase in δt as the positive 

(δϕ/δy > 0) mean ϕ gradient steepened, though the effect was less pronounced for equivalent gradient 

levels. 

Back-supported, locally lean flame regions showed an increase in peak HRR and decrease in δt 

with gradient, consistent with the simulations of Richardson et al. [72] on lean CH4/air counterflow flames.  

Trends were generally analogous to those of back-supported rich flame regions, though differences were 

significantly less pronounced at equivalent gradient levels, as only slight increases in mean peak HRR were 

observed.  This difference in effect may simply be because the locally lean flame regions (ϕ̅ = 0.9) are 

closer to stoichiometric ( ϕ̅  = 1.0), where the effects appear least significant.  However, because the 

combustion intensity peaks at ϕ̅   1.07, the lean reactant mixtures are actually weaker (         
  

           [95–99],                                ⁄ ) than the comparison locally rich ( ϕ̅  = 1.2) 

flame regions (        
             [95–99],                                ⁄ ).  In this context, the 

results further suggest that the primary physical mechanisms of back support for rich flames (species) and 

lean flames (heat) [26,80] differ with local stoichiometry.   
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The normalized distributions of the local instantaneous peak HRR and flame thickness δt in Figure 

4.5 and the corresponding ensemble averaged values in Table 4.3, suggest that back support of the heated 

products to the leading stratified branches is important in the context of V-flames.  Small changes in the 

distribution of peak HRR with curvature of flames within the ROI were observed among gradient cases, 

suggesting that stratification may impact the local thermodiffusive stability of the flame front.  Differences 

were more pronounced for the ensemble averaged HRR data over all curvatures in Table 4.3, implying that 

ϕ gradients have a more significant effect on the relative magnitudes of peak HRR and δt than on their 

distribution with curvature.  Overall, these results suggest that gradient effects on the leading flame front 

are non-negligible in stratified V-flames, even at the relatively modest gradients considered in this study. 

4.6  Conclusion 

The effects of stratification on locally rich, near-stoichiometric, and lean flame regions were evaluated in 

stratified iso-octane/air, turbulent V-flames.  Instantaneous heat release rate measurements were obtained 

from the pixel-by-pixel product of spatially registered, near-simultaneously acquired OH and CH2O PLIF 

images.  Individual HRR flame contours were studied by extracting intensity profiles normal to their 

leading edge and analyzing for variations in local peak HRR and instantaneous flame thickness δt.  

Gradient flame settings were compared to reference-premixed flame settings by analyzing HRR data 

strictly within ROIs specific to each gradient.  This ensured a constant mean range of equivalence ratios 

was considered among flame conditions, effectively isolating the effects of mean equivalence ratio gradient 

from those of local mixture strength. 

Evidence of the interaction between neighbouring flame regions was observed as plots of peak 

HRR with curvature varied among gradient conditions in Figure 4.5.  Differences were less pronounced for 

near-stoichiometric flame regions than for locally rich and lean flame regions.  These results suggested that 

stratification may influence the local thermodiffusive stability of the turbulent flame front in these iso-

octane/air flames. 

Small yet repeatable variations in the ensemble average of all local peak HRR and instantaneous 

flame thicknesses δt were observed when comparing stratified and reference-premixed flame conditions in 

Table 4.3.  Front- (δϕ/δy > 0) and back- (δϕ/δy < 0) supported rich flames showed opposing trends for both 
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peak HRR and δt, as back-supported flames resulted in an increased peak HRR and narrowing of δt, while 

front-supported flames lead to a decrease in peak HRR and a thickening of δt.  Near-stoichiometric flame 

regions were also affected by stratification as a decrease in peak HRR and a broadening of δ t was observed 

with increasing gradient, though not as significantly as the locally rich flame regions for equivalent 

gradient levels.  Trends for back-supported (δϕ/δy > 0) lean flame regions were generally analogous to 

those of back-supported rich flame regions, although the increase in peak HRR was less pronounced 

relative to the reference-premixed case.  These data suggest that back-support becomes less important for 

flames nearer to stoichiometric, and further imply that different mechanisms of back-support may occur 

between rich and lean flames, in line with the numerical predictions of [26,80]. 

Overall, these results indicate that mean gradients of equivalence ratio induce non-negligible 

interaction between neighbouring flame regions in stratified, turbulent iso-octane/air V-flames.  The subtle 

differences in the local distribution of peak HRR with curvature, and more pronounced variations in the 

magnitude of the mean local peak HRR and instantaneous flame thickness δt provide evidence of back-

support from the heated products to the leading reaction zone.  While reported trends were small, it is 

important to note that these variations were observed for flame regions in which the mean local 

stoichiometry was held constant, and were separate from potential effects of differences in local mixture 

strength.  Furthermore, the current study was limited to relatively weak spatial gradients in equivalence 

ratio, such that steeper ϕ gradients observed in stratified charge engines and gas turbines are expected to 

influence flame behaviour much more significantly.  It is therefore necessary to further the fundamental 

understanding of potential gradient effects as a pre-requisite to the continued optimization and development 

of next generation, internal combustion devices.  
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4.8  Supplemental Material 

4.8.1 Further Explanation of “Front-Supported” and “Back-Supported” Flame 

Configurations 

The concept of front- and back-supported flames was introduced by Marzouk et al. [70] in the context of a 

planar flame propagating solely in the direction of the gradient vector of ϕ.  Flames propagating toward 

progressively weaker mixtures are described as “back-supported” by the downstream products of stronger 

reactant mixtures.  By contrast, flames burning toward stronger mixtures, are described as “front-

supported” by the stronger upstream reactants.  In V-flames, the flame front is obliquely oriented relative to 

the mean ϕ gradient, such that a gradient is imposed in both the axial and transverse direction along the 

stratified reaction zone.  Consistent with the convention in the literature [31], we have defined a “back-

supported” configuration, shown in Figure 4.6a and Figure 4.6c for locally rich and lean flame regions 

respectively, as a flame where the products within the V-flame, and adjacent to the ROI, are a result of 

flame regions burning in stronger reactant mixtures.  “Front-supported” flames, shown in Figure 4.6b for 

locally rich flame regions, are defined as the case where the products within the V-flame and adjacent to 

the ROI are weaker. 

 

Figure 4.6  Schematic highlighting the variation in ϕ for flame regions adjacent to the ROI for 

“front-supported” and “back-supported” V-flames. 
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4.8.2 Details on the Inputs of the Monte Carlo Uncertainty Simulations of Local 

Curvature, Peak HRR, and FWHM Flame Thickness 

Table 4.4  Summary of input distributions used for the Monte Carlo simulations of the uncertainty of 

local curvature, peak HRR, and FWHM flames thickness along an instantaneous flame realization. 

Variable Distribution Parameters Units 

Variables used for Curvature 

OH filtering kernel Random : 3x3 min / max = 2x2 / 4x4 pixels 

OH threshold Random  = 0.085 min / max = 0.045 / 0.125 a.u. 

CH2O filtering kernel Random : D = 7 min / max = 5 / 9 pixels 

CH2O threshold  Random  = 0.0010 min / max = 0.0008 / 0.0012 a.u. 

jitter of spatial coordinates Normal  = 0 σ = 44 m 

image magnification Normal  = 1 σ = 0.007 [-] 

image distortion Normal  = 1 σ = 0.006 [-] 

Additional variables used for HRR profile peak and FWHM thickness 

283 nm laser sheet profile Normal  = 1 σ = 0.032 a.u. 

355 nm laser sheet profile Normal  = 1 σ = 0.042 a.u. 

OH photon shot noise Normal  = 1 σmin = 0.015, σmax = 0.143 a.u. 

CH2O photon shot noise Normal  = 1 σmin = 0.056, σmax = 0.219 a.u. 
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Chapter 5  
 
Conclusions and Recommendations 

5.1  Conclusions 

This thesis has made several contributions to the study of turbulent stratified flames, and more 

specifically to the investigation of the interaction between neighbouring flame regions in the presence of a 

mean gradient in equivalence ratio.  The work presented initially focused on developing an experimental 

apparatus and methodology capable of isolating the specific effects of mean  gradients from effects 

attributable to varied mixture strength, and evaluating their influence on local flame properties.  Coupled 

with a novel rectangular exit burner that permitted controlled, transverse variations in  along its exit, a 

unique variable windowing technique was used to define an analysis region of interest and study locally 

rich, near-stoichiometric, and lean stratified, iso-octane/air turbulent V-flames for variations in local flame 

topology and heat release rate.  While several experimental studies have presented data on the overall 

behaviour of partially premixed flames, to the author’s knowledge, the work presented in this thesis was the 

first experimental investigation of the effects of mean  gradients in turbulent iso-octane/air flames. 

The analysis region of interest (ROI) specific to each gradient flame setting was obtained from the 

conditioned, ensemble average of instantaneous 3-pentanone PLIF images.  Mean iso-contours of 

equivalence ratio (e.g.:  = 0.95 and  = 1.05 for near-stoichiometric flame regions) were then traced up to 

the mean position of the flame front at c= 0.5 for each gradient case, to define the width of the analysis 

ROI.  This ensured fair comparison among gradient conditions, as the range of mean equivalence ratios was 

held constant by adjusting the width of the ROI based on the mean  gradient.  This approach was first used 

to study variations in local flame topology in the context of flame wrinkling scales, flame surface density, 

and curvature in near-stoichiometric flame regions.   
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Results showed that stratification had a significant effect on flame wrinkling for globally 

stoichiometric flames, leading to enhanced corrugation of the flame front, and the formation of cusps with a 

relatively lower concentration of OH.  This was attributed to turbulent mixing, whereby locally rich 

reactant pockets (Le < 1) were entrained by mixing of the imposed  gradients at the exit of the burner.  

Somewhat surprisingly, variations in FSD were negligible among gradient conditions for near-

stoichiometric flame regions, as variations in 2D flame length were offset by the increased turbulent flame 

brush thickness.  PDFs of curvature also varied little with gradient. 

The windowing approach was then used to quantify variations in HRR with gradient through the 

(OH LIF)(CH2O LIF) approach developed by Paul et al. [55].  This marked the first implementation of this 

diagnostic to iso-octane/air flames, and numerical simulations were used to validate its use with iso-

octane/air mixtures.  Potential temperature induced bias errors were estimated based on Boltzmann 

population fractions and estimated collisional quenching rates of both OH and CH2O species, and indicated 

that for the excitation transitions used, the product of raw (OH LIF)(CH2O LIF) showed excellent 

correlation with the HRR over a broad range of premixed flame equivalence ratios.  Conversely, the 

simulations also showed that while local, instantaneous measurements of HRR in a highly stratified flame 

would require temperature corrections, for an ROI with a symmetric  distribution, potential bias errors on 

the ensemble averaged HRR could be accounted for given information on the range of equivalence ratios 

encountered.  Thus, by matching the results of the simulations with the calculated range of equivalence 

ratios within each ROI (which varied among gradient settings due to turbulent mixing of the imposed mean 

 gradients at the exit of the burner), bias errors could be determined via a Monte Carlo analysis.  This 

extended analysis further ensured that potential variations in the mean HRR were directly attributable to the 

mean gradients in equivalence ratio.   

Flame regions within a near-stoichiometric ROI showed a small but detectable decrease in HRR of 

up to 4.4% for the steepest gradient δϕ/δy = 0.029 mm-1 relative to the reference premixed case.  This 

decrease in HRR was attributed to the decrease in thermal back-support from the heated products, as the 

temperature of adjacent products within the V-flame would be expected to decrease for reactants of weaker 

mixture strength.  The general effect of stratification on the overall behaviour of a flame system was also 
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separately evaluated for globally stoichiometric mixtures with different ranges in equivalence ratio.  

Results highlighted the presence of the competing effects of enhanced surface generation (up to 17.2%) and 

reduced HRR/flame length (up to 22.5%).  Despite these competing effects, stratification lead to only a 

small reduction in total heat release rate of up to 9.1%.  These results further stressed the importance of 

clearly defining the question and measurement approach when attempting to discern specific effects of 

stratification on combustion.  The influence of equivalence ratio gradient on local flame properties may 

differ significantly from the influence of general stratification on the global flame system in the form of 

different ranges of mixture strengths; distinguishing between these effects is critical to the proper 

interpretation of data, where both may be relevant in different applications. 

The ROI approach was then extended to front- and back-supported rich, near-stoichiometric, and 

back-supported lean flame regions, as individual HRR images were evaluated for differences in peak HRR 

and instantaneous flame thickness δt as the  gradient was varied.  The data were first studied for relative 

variations in local peak HRR and δt with local curvature.  A Monte Carlo error analysis was conducted to 

quantify both total and relative uncertainty of curvature measurements under different flame conditions, 

which to the author’s knowledge is the first implementation of this approach to quantifying curvature 

uncertainties.  Uncertainties in the relative local peak HRR and instantaneous flame thickness δt were also 

estimated with the aid of a similar MC analysis. 

Relative differences in local peak HRR and δt were observed among the three major 

stoichiometries (premixed flames at ϕ̅ = 0.9, 1.0, and 1.2).  Trends were consistent with those expected 

from visual inspection of individual images, as the general distributions reflected the influence of 

competing effects of mass and thermal diffusion, consistent with thermodiffusive theory [19,81].  Subtle 

changes were observed among flame conditions for each of the three major stoichiometries, and while 

variations remained small, they did provide evidence of the potential interaction between neighbouring 

flame regions, suggesting that stratification may influence the local thermodiffusive stability of the 

wrinkled structures along a turbulent flame front.   

Variations in the ensemble average of peak HRR and δt (i.e. the mean for all curvatures) were then 

compared among gradient settings, and differences relative to the corresponding reference-premixed case 
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were examined. Local peak HRR and instantaneous flame thickness δt showed opposite trends, with the 

increase in one leading to a decrease in the other.  This was consistent for the three major stoichiometries 

studied.  Small yet repeatable gradient effects were observed when comparing back- and front-supported 

locally rich flames, which experienced increases in peak HRR up to 10.2% (δϕ/δy = -0.014 mm-1) and 

decreases up to 5.3% (δϕ/δy = 0.012 mm-1) respectively, coupled with a thinning of δt of up to 7.2% and 

thickening of up to 2.4%.  Similar but weaker trends were observed for near-stoichiometric flame regions, 

with a decrease in peak HRR of up to 3.5% and a thickening of δt of up to 2.8% for the steepest gradient, 

δϕ/δy = 0.029 mm-1.  Locally lean, back-supported flame regions saw an increase in peak HRR up to 3.8%, 

and corresponding decrease in δt up to 2.1% for gradient case δϕ/δy = 0.024 mm-1.  While trends for back-

supported lean flames were generally analogous to those of rich flames, differences were less pronounced 

for lean flames, further suggesting that the primary physical mechanisms of back-support (heat for ϕ < 1, 

species for ϕ > 1) may differ with local stoichiometry.   

Overall, the data presented in this thesis indicate that mean ϕ gradients can influence the local 

dynamic behaviour of stratified, iso-octane/air turbulent V-flames.  Though reported differences remained 

small among the relatively weak gradient flame settings considered here, it is important to note that these 

variations were observed within analysis ROI in which the mean range of ϕ remained constant, and were 

separate from the potential effects of local differences in mixture strength.  Findings consistently provided 

evidence that ϕ gradients induced non-negligible interaction between neighbouring flame regions, and that 

these effects become more important as the gradient steepens.  If these trends continue to the significantly 

steeper gradients that can be encountered in practical, partially premixed combustion systems, the current 

observations have important implications on future development.  Design and optimization of exceedingly 

lean, severely stratified, next generation internal combustion devices thus hinges on the fundamental 

understanding of potential mixture gradient effects as a prerequisite to pollutant mitigation and 

environmental sustainability. 

5.2  Recommendations for Future Work 

While the measurements quantifying the effects of large-scale mean gradients in equivalence ratio 

on local flame front topology and HRR presented in the current work have provide new insights, they have 
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also raised several questions that merit further investigation.  The most important of these concerns further 

isolating the interaction between neighbouring flame regions in the context of identifying the physical and 

chemical phenomena that may alter combustion.   

In the current experiments, turbulent flow properties were determined from LDV point 

measurements.  Data were acquired along the exit plane of the burner, and limited to non-reacting 

conditions.  The flow field could also be characterized with PIV under reacting conditions by seeding 

reactant air with solid Al2O3 particles to obtain velocity data through the flame, from reactants to products.  

The resulting measurements could then be used to determine the local flame propagation velocity, and 

compared to (OH LIF)(CH2O LIF) HRR to study the correlation between both parameters among mean ϕ 

gradient conditions.  Instantaneous OH and CH2O fluorescence signals must be corrected for temperature 

induced bias errors to obtain the local HRR along the stratified flame front, and information on the 

temperature field could be obtained from Rayleigh scattering [133] using a second Nd-YAG laser 

(frequency doubled to 532 nm) and un-intensified CCD.  Corrections for pulse-to-pulse variations in laser 

profile could also be obtained by reflecting a fraction of each laser sheet into a quartz cuvette filled with a 

fluorescing tracer [60,61], and imaging the respective LIF signals on each ICCD next to the OH and CH2O 

images.  The same approach could be used to correct the instantaneous equivalence ratio images (from 3-

pentanone tracer PLIF), such that data could be further conditioned on the local, instantaneous mixture 

strength. 

Additional experiments on stratified flames at higher turbulence levels relevant to practical 

combustion devices would be of interest.  Though recently developed academic flame configurations such 

as stratified, axisymmetric swirl burners have begun to address this issue, there remains a significant lack 

of data available in the literature.  These studies require the use of multicomponent diagnostics to 

effectively quantify the effects of stratification on the local reaction zone, and although 1D point 

measurement systems are currently viable and have been implemented [36], temporally resolved 2D and 

3D data are required to fully characterize flame behaviour. Unfortunately, this implies that we remain 

restricted by the limitations, and financial feasibility of commercially available lasers and cameras.   
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Laminar configurations capable of explicitly controlling the  gradient, either normal or transverse 

to the flame front are also relevant to identifying the specific physical mechanisms that may influence the 

reaction zone.  For instance, it would be interesting to study a planar flame in counterflow, where the  

gradient was transverse to the reaction zone.  Counterflow flames provide a spatially stable, reproducible 

reaction zone that is ideal for the acquisition of statistically valid data.  Several  gradients could be studied 

at various local equivalence ratios, fuels, and strain rates.  The 1D nature of these flames further lends itself 

to point measurements using currently available multicomponent diagnostic systems [36], and results could 

serve as validation data for DNS simulations. 
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Appendix A  Determination of the Effective 

Spatial Resolution of the Optical Imaging 

System 

The effective spatial resolution of an optical system is a measure of its ability to accurately image contrast 

variations in the object plane, i.e the degree of blurring in an image.  Effective spatial resolution is 

generally quantified from the optical transfer function (OTF), which can be approximated from the Fourier 

transform of the line spread function (LSF).  In the current study, the LSF was calculated from the 

derivative of the step response function (SRF), which was experimentally determined using the scanning 

knife-edge method [129].  Figure A.1 shows the apparatus used for this for this measurement, which 

includes a Princeton instrument ICCD equipped with a Nikkor 105 mm lens, a Wilkinson Sword classic 

razor blade mounted on a Newport 426 linear translation stage with a SM-25 vernier micrometer, and a 

SphereOptics LLC 4” integrating sphere.  The optical system was setup to match the configuration used 

during flame experiments with an f# = 4.5, and projected spatial resolution of 67 m/pixel. 

 

Figure A.1  Experimental setup for the determination of the step response function (SRF) of a single 

pixel on an ICCD using the scanning knife-edge technique. 
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The SRF was obtained by recording the intensity of a single pixel in the middle of the CCD as the 

knife-edge was translated across the object plane at 20 m intervals.  Twenty instantaneous images were 

acquired at each position of the translation, and the corresponding mean pixel count of a single pixel is 

plotted in Figure A.2 as a function knife-edge position.  An error function was then fit to the data before the 

Gaussian LSF was determined by differentiating the fit.  Results show a 1/e2 full width at half maximum of 

roughly 263 µm, which equates to an effective spatial resolution of 3.91 pixels. 

 

Figure A.2  Experimentally measured SRF, corresponding error function fit, and Gaussian LSF. 
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Appendix B  Supplemental Photographs, 

Manufacturing Drawings, and Schematics of 

the Experimental Apparatus, NRC Stratified 

Slot Burner, and Iso-Octane/Air Delivery 

System 

This appendix provides further details on the layout of the experiments, the design of the NRC stratified 

slot burner, and the iso-octane/air delivery system.  Additional photographs are provided in Section B.1 to 

help the reader picture the overall set-up and key components of the apparatus.  Fully dimensioned 

manufacturing drawings of the NRC stratified slot burner are included in Section B.2.  A general schematic 

outlining each component of the flow control system used to deliver iso-octane/air mixtures to the burner is 

shown in Section B.3. 
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B.1 Detailed Photographs of the Experimental Apparatus 

 

Figure B.1  General overview of the experimental apparatus. 

(1) NRC stratified slot burner and 3-axis traverse system 

(2) Princeton Instrument PIMAX 1340 x 1300 ICCD used for OH and 3-pentanone PLIF 

(3) Princeton Instrument PIMAX 1340 x 1300 ICCD used for CH2O and biacetyl PLIF 
(4) ST-133 controllers for ICCDs 

(5) sheet forming optics 

(6) Sirah Precision Scan Rhodamine B Dye laser 

(7) dual head Quanta Ray PIV400 YAG laser 

(8) Sperry Vickers particulate air filter 

(9) Brooks Smart Series gas MFCs (5853S/BE 200 SLPM air full scale) 

(10) storage cabinet containing iso-octane fuel tank and N2 bottle (pressurized N2 was used to push the 

liquid iso-octane through the MFCs) 

(11) Horiba LV-F liquid MFCs (LF-F60MO 40 ccm iso-octane full scale, LF-F50MO-094 25 ccm iso-

octane full scale) 

(12) Omegalux AHP-7561 In-Line Air Heaters 

(13) Omega display panel meter 
(14) location of iso-octane injection to heated air-lines 

(15) premixed iso-octane/air reactant lines 

(16) exhaust hood 
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Figure B.2  Detailed view of NRC stratified burner and 3-axis traverse system. 

(1) transverse mixing section and air co-flow 

(2) lateral mixing sections (a) and (b) 

(3) lower mixing section 

(4) co-flow inlet air-lines 

(5) flame stabilizing bar and displacement mechanism 

(6) 3-axis traverse consisting of an in-house built base frame, Daedall 318122S-10E-LH linear table, 

Daedall micro-controlled stepper motors, and Mitutoyo AT11-N300 optical linear encoders 

(7) Mitutoyo linear scale digital readout PL-335L 

(8) fully-premixed iso-octane/air inlet lines to lower mixing section of burner 

(9) air co-flow distribution manifold to 4 inlet lines 

(10) beam dump 
 

 

 

Figure B.3  Detailed view of ICCD controllers. 

(1) Princeton Instrument PIMAX 1340 x 1300 ICCD 

(2) Princeton Instrument ST-133 controllers 

(3) 4 channel LeCroy LC334A 500 Mhz oscilloscope 

(4) Stanford Research Systems SR280 Boxcar Averager System mainframe outfitted with two SR250 

Boxcar Gated Integrator Modules (one for each laser beam) 
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Figure B.4  Detailed view of iso-octane inlets to heated air-lines. 

(1)  and  (2)  location of iso-octane inlets to air-lines 

(3)  and  (4)  iso-octane liquid fuel lines 

(5)  and  (6)  Omegalux AHP-7561 in-line air heaters 

(7)  and  (8)  K-type thermocouples used to monitor air temperature at exit of heaters 

 
 

 

Figure B.5  Detailed view of set-up of lasers and optics. 

(1) sheet forming optics 

(2) dual head Quanta Ray PIV400 YAG laser 

(3) Sirah Precision Scan Rhodamine B Dye laser 

(4) dye circulator system equipped with two dye cells:  resonator / pre-amplifier cell and capillary cell 

(5) Quanta-Ray PIV-400 controller 

(6) DG-535 Stanford pulse generator 

(7) Ophir laser thermal sensor 30 (150) A-HE 

(8) Ophir NOVA II display 
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B.2 Manufacturing Drawings of the NRC Stratified Slot Burner 

 

Figure B.6  Exploded view of NRC stratified slot burner (the 1.5 mm diameter stabilization rod that 

was aligned in z-direction and positioned at x = 5 mm and y = 16 mm is not shown in the figure).
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B.3 Iso-Octane/Air Delivery System 

 

Figure B.6  Schematic of the iso-octane/air delivery system. 

(1) NRC stratified slot burner 

(2) air co-flow inlet lines 

(3) air co-flow distribution manifold 

(4) MKS mass flow meter (air) 

(5) needle valve 

(6) and  (7)  Schrader Bellows air regulators 

(8) Sperry Vickers particulate air filter 

(9) compressed air from building lines with nominal pressure of 90 psig 
(10) Brooks Smart Series gas MFCs (5853S/BE 200 SLPM air full scale) 

(11) Omegalux AHP-7561 in-line air heaters 

(12) coiled copper iso-octane lines (pre-heated by air) 

(13) Horiba LV-F liquid MFCs (LF-F60MO 40 ccm iso-octane full scale, LF-F50MO-094 25 ccm iso-

octane full scale) 

(14) liquid iso-octane 
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Appendix C  Further Details of Processing of 

Individual 3-Pentanone, OH, and CH2O PLIF 

Images 

This appendix provides additional information on the configuration and calibration procedures for PLIF 

experiments and processing of the acquired instantaneous 3-pentanone, OH, and CH2O PLIF images.  All 

images were processed using code written in Matlab, using Matlab’s available image processing, curve 

fitting, and statistics toolboxes. 

C.1 Configuration and Calibration Procedures for PLIF Experiments 

There were several considerations in the experimental preparations for subsequent PLIF experiments.  

These included:  

Spatial registration of Intensified Cameras 

As detailed in Sections 2.4 and 3.3.2, to ensure precise spatial correspondence of OH and CH2O PLIF 

images acquired from each ICCD, a spatial registration procedure was implemented.  Two different custom 

targets, each consisting of a perforated plate with holes arranged on an orthogonal grid, were used to 

register “input” points on the CH2O/biacetyl ICCD to “base” points on the OH/3-pentanone ICCD.  For the 

data presented in Chapter 2, an initial 90 point target was used.  For the data presented in Chapter 3 and 

Chapter 4, an improved 225 point target with 1 mm diameter holes more finely spaced on at 5 mm intervals 

was used.  Images were registered with a “linear conformal” correlation, which was selected following 

initial tests using a variety of other image registration routines available in the Matlab image processing 

toolbox including “affine”, “projective”, “polynomial”, “piecewise linear”, and “local weighted mean”.  

The “linear conformal” approach was consistently the most accurate as further discussed below.  An 

inverse mapping, “bilinear” interpolation function was used to create a final resampled corrected image, by 

remapping intensity values from the original image, based on the liner conformal registration.  Tests 



 173 

comparing with the “bicubic” interpolation function demonstrated that the resulting instantaneous HRR 

images and ensemble averaged results showed negligible differences.  Sample un-registered and registered 

target images are shown in Figure C.1a and Figure C.1b, which highlight the spatial correspondence of 

reference “input” and “base” points following registration.  Reference points that do not overlap are shown 

as gray pixels, and reference points that do overlap are shown as white pixels. 

 

Figure C.1  Superimposed (a) unregistered and (b) registered CH2O/biacetyl and OH/3-pentanone 

target images. 

The accuracy of the spatial registration was tested by measuring the Euclidean distance between 

the “input” points on the CH2O/biacetyl ICCD and the “base” points on the OH/3-pentanone ICCD once 

the registration was applied.  Results showed excellent agreement, as the Cartesian coordinates of the 

registered “input” and “base” points were within 0.17 and 0.59 pixels at 95% confidence, equivalent to 

0.011 and 0.040 mm.  Camera alignment was verified before each experimental test run, and the cameras 

were spatially registered prior to running experiments to ensure accurate spatial registration between OH 

and CH2O images.  Lastly, final data were acquired in rapid succession for each of the premixed and 

gradient cases. 

Configuration of fluorescence imaging setup 

Configuration experiments were performed to plan and verify the experimental settings for subsequent laser 

induced fluorescence measurements.  Laser energies were adjusted to below the saturation levels of 3-

pentanone, OH, and CH2O to ensure the fluorescence signals scaled linearly with local laser fluence.  For 3-

pentanone, this was confirmed by imaging the variation in fluorescence as a function of laser energy.  A 
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quartz cuvette containing iso-octane seeded with trace amounts of 3-pentanone was placed in the path of 

the laser beam, and the emitted fluorescence was acquired as the laser energy was incrementally adjusted 

by rotating the half-wave plate positioned at the exit of the Nd:YAG laser.  Laser energies corresponding to 

each increment were measured with an Ophir laser thermal sensor 30 (150) A-HE thermal head equipped 

with an Ophir NOVA II display.  This procedure helped define the linear fluorescence regime for 

subsequent 3-pentanone PLIF experiments, where the achieved linear relationship between equivalence 

ratio and 3-pentanone fluorescence is evidenced in the calibration plot shown in Figure 3.15.  For OH and 

CH2O, laser fluence estimates were made based on laser energies measured with the same Ophir laser 

thermal sensor 30 (150) A-HE thermal head and Ophir NOVA II display, and dimensions of the laser 

sheets that were calculated from the manufacturer quoted laser specifications and the laser sheet forming 

optics.  Laser fluences for both 283 nm and 355 nm laser sheets were kept within saturation levels of OH 

and CH2O respectively. 

Pulse to pulse laser intensity corrections 

As explained in Section 3.3, a pair of Thorlabs DET10A Si-based high speed photodiodes was used to 

monitor and correct for pulse-to-pulse variations in laser energy.  The analogue photodiode signal was 

hardware integrated using a Stanford Research Systems SR280 Boxcar Averager System outfitted with two 

SR250 Boxcar Gated Integrator Modules.  Care was taken to minimize saturation of the photodiodes by 

selecting a reflection of limited energy density to ensure the integrated signal resembled the expected 

Gaussian temporal profile of the laser output.   

Fluorescence correction functions were determined by plotting the variation in mean fluorescence 

signal of instantaneous images (normalized by the mean of the entire data set) as a function of the 

corresponding measured photodiode signal (also normalized by the mean of the entire data set) for the 

reference premixed case.  A linear fit was then applied to the data to obtain the fluorescence correction 

function, and this was done for 3-pentanone, OH, and CH2O during each experimental test run.  The 

resulting correction functions were then used in conjunction with the measured pulse to pulse variations in 

laser energy to correct the instantaneous PLIF images.  Variations in pulse to pulse laser energy were 

measured to be 2.5% and 2.2% at 95% confidence for the 283 nm and 355 nm beams respectively. 
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Corrections for Variations in Mean Laser Fluence Profile 

As discussed in Sections 2.3 and 3.3, mean laser sheet intensity profiles (i.e. the variation in laser fluence in 

the axial x direction) were characterized using tracer PLIF of 3-pentanone (283 nm laser sheet) and biacetyl 

(355 nm laser sheet) in non-reacting, fully premixed conditions.  A profile correction image was generated 

for each laser sheet by re-scaling these non-reacting tracer PLIF images by dividing all pixel intensity 

values by the maximum intensity value in the image.  Instantaneous 3-pentanone, OH, and CH2O PLIF 

images were normalized with the resulting profile correction images.  Variations in shot to shot laser profile 

were quantified, and measured to be 6.3% and 8.2% at 95% confidence for the 283 nm and 355 nm beams 

respectively. 

C.2 Image Processing Flow Charts and Sample Intermediate Images for 

3-Pentanone, OH, and CH2O PLIF  

This section provides flow charts outlining the processing routines applied to the instantaneous 3-

pentanone, OH, and CH2O PLIF images.  Sample images corresponding to each step are also included. 

Figure C.2 details each operation in the processing of the instantaneous 3-pentanone PLIF images, 

starting from the raw fluorescence images acquired from the ICCD, through to the generation of 

equivalence ratio maps of the reactants.  The resulting  images were used to characterize the reactant flow 

field, and to determine the position and width of the analysis region of interest (ROI) specific to each 

gradient flame setting following procedures detailed in Sections 2.3.2, 3.3.1, and 4.3.  Equivalence ratio 

data were also used in combination with simulated HRR data for premixed flames in Monte Carlo 

simulations to assess the combined effects of turbulent mixing (by accounting for the broader range of  

within the ROI among gradient conditions) and temperature induced bias errors on the OH and CH2O 

fluorescence signals (by accounting for Boltzmann population fractions and collisional quenching rates of 

both species) on the mean HRR within the ROI.  Further details on this approach are provided in Sections 

3.3.1, 3.3.2, and 4.3. 
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Figure C.2  Flow chart showing sample images corresponding to each operation in the processing of 

individual 3-pentanone PLIF images. 

Instantaneous OH and CH2O PLIF images were processed following the operations outlined in 

Figure C.3 and Figure C.4 respectively.  They were subsequently used to evaluate the effect of mean  

gradient on flame front topology, and more specifically to calculate the mean reaction progress variable c 

(refer to Sections 2.4.1 and 3.3.3 for details on the data reduction procedures), the turbulent flame brush 

thickness Lt (Section 3.3.3), the flame surface density   (Section 2.4.2), curvature  (Sections 2.4.3 and 

4.4.1), and mean flame length (Section 3.4.3).  The product of spatially registered OH and CH2O 

fluorescence intensity data was used to obtain information on the heat release rate (HRR) based on the 

approach of Paul and Najm [55], which is described in Section 3.3.2.  The resulting HRR images were 

studied to assess the influence of mean  gradient on the ensemble average of HRR (Sections 3.4.2 and 
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element
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• subtract background signal intensity and dark current shot noise following 
procedures detailed in [129]
•  correction image obtained from ensemble average of 1000 individual images 

acquired with the laser on, using same ICCD settings as during flame 
experiments 

• correct for shot-to-shot variations in laser energy (monitored with a photodiode) 
and mean laser profile (characterized with fully premixed reactant mixtures)

• convert PLIF intensity to ϕ using correlation function (Section 3.6.1)
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3.4.3), ensemble average HRR vs c (Section 3.4.2), and ensemble average of HRR / flame length and total 

HRR (Section 3.4.3).  Individual HRR contours were further examined for variations in the ensemble 

average of the instantaneous peak HRR and FWHM thickness t (Section 4.4.3), as well as their 

distribution as a function of local curvature (Sections 3.4.2 and 4.5). 

 

Figure C.3  Flow chart showing sample images corresponding to each operation in the processing of 

individual OH PLIF images. 
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experiments 

• correct for shot-to-shot variations in laser energy (monitored with a photodiode) 
and mean laser profile (characterized with 3-pentanone from fully premixed 
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Figure C.4  Flow chart showing sample images corresponding to each operation in the processing of 

individual CH2O PLIF images. 
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