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a b s t r a c t 

The response of a premixed flame subjected to either flame stretch (and associated Lewis number ef- 

fects) or heat loss has been well documented in the literature and has enabled a good understanding 

of canonical configurations such as flat burner-stabilized, counter flow and tubular flames. However, in 

practical burners, flames are simultaneously subjected to stretch, heat transfer with the flame holder and 

preferential diffusion effects. For such flames, usually the collective effect of underlying contributions is 

studied and individual effects are only treated in a qualitative manner. In this paper, our objective is to 

use flame stretch theory to separate and quantify the underlying contributions from flame stretch, pref- 

erential diffusion and heat transfer with the flame holder to the flame speed of bluff body stabilized 

flames. It is shown that the theory adequately predicts the flame displacement speed in comparison to 

the results from the numerical simulations. Using the quantification of contributions, an overall stabiliza- 

tion mechanism for H 2 enriched CH 4 -air mixtures is discussed. The role of competing contributions from 

preferential diffusion and heat loss is highlighted especially near the flame base region where the flame 

speed is heavily impacted by all the effects. Insights are also given for low Lewis number flashback prone 

flames. 

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The manner in which a flame stabilizes has been a key sub- 

ect in combustion science for almost a century. For flames that 

re subjected to isolated effects of either flame stretch or heat 

oss, a large amount of studies have generated our current detailed 

nowledge about flame stabilization for canonical configurations. 

or flames influenced only by stretch effects, the impact of mixture 

ewis number on flames speed has also been well known [1–4] . 

owever, in practical burners, flames can be subjected simultane- 

usly to heat transfer with the flame holder, recirculation vortices, 

ow straining, flame curvature and Lewis number effects, which 

an significantly change the flame anchoring process depending on 

he flow conditions, burner geometry and mixture properties. For 

his purpose, researchers usually employ a semi-practical configu- 

ation where a bluff body [5–9] or a perforated plate [10] acts as a 

ame holder for the stabilization of flames. How such geometries 

ct as flame holders has attracted much attention in the recent 

imes especially in the context of designing fuel-flexible burners 

or fuels with varying Lewis numbers. 
∗ Corresponding author. 

E-mail address: f.h.vance@tue.nl (F.H. Vance). 
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In the time frame between the pioneering studies of Lewis 

nd von Elbe [11] and recent laminar direct numerical simula- 

ions [5,7,8,12–15] , a great deal of effort has been dedicated to- 

ards the understanding of the flame anchoring process. The role 

f conjugate heat transfer between the fluid and the solid burner 

as been highlighted as crucial for flame stabilization [5,16] . It has 

lso been proposed in Ref. [5] that the flame stabilizes where nec- 

ssary ‘ignition’ conditions are present downstream of the bluff

ody. In Ref. [5] this region was observed to be inside the recir- 

ulation zone in the wake of the bluff body. However, the pres- 

nce of such ‘ignition’ conditions have not been fully presented in 

he literature for laminar flames in an unsteady sense and their 

ole in situations where no vortex is present (such as those pre- 

ented recently by the authors in Ref. [17] ) is highly doubted. An- 

ther point is that the role of flame stretch in anchoring of such 

ames has been generally downplayed. Indirect stretch effects i.e. 

hanges in local enthalpy and elemental compositions have been 

dentified to play a strong role near flame anchoring regions for 

e ≤ 1 turbulent and laminar flames [6,7,13,18,19] . But the contribu- 

ion of these changes to the flame speed have not been evaluated 

o far. Michaels and Ghoniem [13] studied numerically the impact 

f hydrogen addition into methane flames stabilized on a bluff

ody. They showed that for the same equivalence ratio, flames 
Institute. This is an open access article under the CC BY license 
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Fig. 1. Experimental setup (a) and computational model (b) with R = 4 mm. 
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ith more hydrogen in the fuel stabilize at an upstream location 

here the strain rates are higher. They related this movement of 

he flame leading edge to the higher extinction stretch rates for 

ncreasing H 2 in the fuel. However, the ability of the flame to ex- 

inct at higher stretch rates for low Lewis number mixtures is due 

o the stronger preferential diffusion effects and does not explain 

irectly why the flame chooses a different location to stabilize es- 

ecially in relation to heat transfer with the flame holder. Another 

imilar investigation on ultra-lean CH 4 / H 2 /air mixtures was con- 

ucted in Ref. [20] for explaining anomalous blow-off as presented 

n Ref. [21] . The upstream movement of a flame with an increase 

n mixture velocity for Le < 1 flames was shown to arise from an

ncrease in the local stoichiometry near the flame base resulting 

rom strong preferential diffusion effects. However, the impact of 

uch changes on the flame speed was not separated from the rest 

f the effects especially in the presence of heat loss to the burner. 

t was also argued in Ref. [20] that heat losses became insignificant 

t the blow-off for their case but the authors of Ref. [20] com- 

ented that the role of heat loss could be fundamental in the sta- 

ilization and blow-off mechanisms for other situations. This fur- 

her stresses the need for a method to quantify the contributions 

o the flame speed such that solid interpretations can be made 

n the nature of flame stabilization and its relation with flow and 

ixture properties. 

Most of the previous studies have focused on the collective re- 

ponse of flame speed and its relation with the flame stabiliza- 

ion mechanism, and have treated individual contributions of flame 

tretch, heat loss and Lewis number effects near the flame base re- 

ion in a qualitative manner. Thus, a quantitative assessment of 

ndividual contributions from flame stretch, heat loss and Lewis 

umber effects is missing in the literature. Such a quantification 

f the underlying phenomena is essential for our understanding of 

he flame stabilization process in a detailed manner. 

In the current study, we quantify the contributions from flame 

tretch, preferential diffusion and heat transfer with the flame 

older to the flame speed. For this purpose, we study three mix- 

ures of CH 4 / H 2 /air with equal adiabatic unstretched burning ve- 

ocity. This should result in flames with the same stabilization an- 

le and stabilization mechanism, and if not, then the contribu- 

ion of phenomenon causing the changes will be relatively easy 

o distinguish. We measure CH 

∗ chemiluminescence and perform 

steady) simulations for CH 4 / H 2 /air mixtures at two different in- 

et mixture velocities, so as to understand the effect of preferen- 

ial diffusion on flame shape, stand-off distance and local flame 

peed. We use experiments for validating major observations and 

hen use the validated numerical model for the major part of the 

nalysis. In order to first evaluate the flame stabilization process 

n the absence of preferential diffusion effects, we remove Lewis 

umber effects from the CFD model and compare the computed 

ame speed with that predicted by the flame stretch theory of de 

oey and Ten Thije Boonkkamp [22] resulting from contributions 

f flame stretch and heat transfer with the flame holder. The un- 

erstanding of flame stabilization is advanced using the complete 

odel with inclusion of preferential diffusion effects. We quantita- 

ively evaluate the role of stretch rate, heat loss and preferential 

iffusion in axi-symmetric flames and use that to better under- 

tand the flame stabilization mechanism. 

The key novel objectives of this study are: 

• Develop a methodology for quantification of individual contri- 

butions to the flame speed from stretch, heat transfer with 

flame holder and preferential diffusion for multi-dimensional 

flames; 

• An assembled understanding of the full stabilization process us- 

ing the above mentioned quantification by variation of flow ve- 

locity and mixture Lewis numbers; 
2 
• Explanation of possible causes that would make low Lewis 

number flames to be prone to flashback. 

. Experimental set-up and numerical model 

Experimental setup used in this work is shown in Fig. 1 (a) and 

s the same as used in our previous studies [7,17] . The premixed 

ixture passes through a cylindrical plenum chamber where ini- 

ial turbulence is dissipated by a 30 mm layer of small steel beads 

t the bottom. A uniform flow profile is generated by two perfo- 

ated plates of 21.5 mm diameter, with holes of 0.4 mm diameter 

nstalled at the plenum chamber outlet. Supported by a 0.4 mm 

iameter steel rod, a cylindrical bluff body made of brass with a 

iameter of D = 2 R = 8 mm and a height of 8 mm acts as a flame

older. In this work, brass is chosen as the material of the flame 

older to allow contributions from both stretch and heat loss ef- 

ects on the flame speed. Usage of a material with low conductiv- 

ty (such as ceramic flame holder) would have resulted in negligi- 

le heat losses when the steady state is reached. In order to pro- 

ect the flame from external flow and from dilution of the mixture 

ith the surrounding air, a glass tube of fused silica with 21.5 mm 

nternal diameter is installed. To qualitatively evaluate local flame 

hape and burning rates, flame images were captured with a black 

nd white camera operated in 14 bit mode. An interference filter 

entered at the wavelength of 430 nm near the maximum of CH 

∗

adical chemiluminescent emission band, with a transmission band 

f 10 nm is used. Flame images are then Abel-inverted for com- 

aring the relative volumetric radiation intensities with the results 

rom numerical simulations. Accuracy of the mass flow controllers 

sed in the experiment is 1% of the flow rate. 

The numerical configuration is based on the experimental setup 

nd the geometry is shown in Fig. 1 (b). The inlet velocity is fixed 
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Table 1 

Cases presented with S L = 10 . 4 cms −1 . 

α Fuel V in [ ms −1 ] φ T b, 0 [K] 

0 CH 4 1 0.58 1632 

0 CH 4 0.5 0.58 1632 

0.2 0.2 H 2 + 0.8 CH 4 1 0.55 1594 

0.2 0.2 H 2 + 0.8 CH 4 0.5 0.55 1594 

0.4 0.4 H 2 + 0.6 CH 4 1 0.52 1546 

0.4 0.4 H 2 + 0.6 CH 4 0.5 0.52 1546 
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t 0.5 m s −1 and 1 m s −1 which corresponds to an inlet Reynolds 

umber of 259 and 518, respectively, for the case of the methane 

ame. The geometry is modelled as an axi-symmetric 2D slice. The 

olid bluff body is modelled as an axi-symmetric 2D slice as well, 

ith the axis of rotation at the center-line of the bluff body and 

ith boundary conditions ensuring conservation of energy at the 

nterface between solid and fluid domains. The wall of the enclos- 

ng tube is modelled as an isothermal no-slip wall with a temper- 

ture of 300 K . This external wall in the experiments corresponds 

o a glass tube with a low thermal conductivity and all the flames 

resented in this study do not interact with this wall except for the 

ownstream sections. These downstream sections do not change 

he flame structure near the flame base (which is the main fo- 

us of this study) and thus, the boundary condition of 300 K is 

ustified. The outlet is modelled with a Neumann type boundary 

ondition implying that there is no change in the field variables 

n the normal direction. Conjugate heat transfer of the fluid with 

he solid bluff body (thermal conductivity, k = 109 W/K m) is also 

odelled. The steady equations are solved using the SIMPLE algo- 

ithm with a finite volume solver and a second-order upwind dis- 

retisation scheme using Ansys Fluent [23] . It is to be noted that 

ll flames presented in this study were steady and stable. This was 

onfirmed by experiments and also by using an unsteady solver for 

ome of the flames presented here. This was done based on the ob- 

ervation presented in Ref. [24] that steady solver could suppress 

ntrinsic instabilities. Chemistry for CH 4 / H 2 /air flames is modelled 

sing the DRM19 mechanism [25] which contains 21 species and 

4 reactions which provides a good balance between numerical 

ost and accuracy. Constant Lewis number based mixture prop- 

rties are used [26] based on conclusions from [27,28] that the 

ssumption of constant Lewis number based transport properties 

re in good agreement when compared with the mixture-averaged 

roperties. Constant Lewis numbers are calculated by simulating 

ne-dimensional flat flames using mixture-averaged properties us- 

ng CHEM1D [29] . 

The reacting flow equations are solved on an equidistant struc- 

ured grid with a 100 μm global grid resolution. A two-level grid 

efinement is applied based on the temperature gradient resulting 

n a local resolution of 25 μm in the flame zone. The thermal thick- 

ess of the flames is ≈1 mm for the three mixtures considered in 

his study. This results in almost 40 cells in the flame thermal zone 

nd in well resolved solutions. In this study we use experimental 

esults for validation of numerical simulations and the subsequent 

etailed analysis is done using numerical results. 

The percentage of H 2 in the fuel is characterised by α, given 

y α = 

X H 2 
X H 2 

+ X CH 4 

, where X H 2 and X CH 4 
are the molar fractions of H 2 

nd CH 4 in the fuel, respectively. The six cases presented in this 

tudy are shown in Table 1 with varying percentage of hydrogen 

, and two inlet mixture velocities V in . The adiabatic burning ve- 

ocity, S L is chosen equal to S L = 10 . 4 cms −1 by varying the fuel

quivalence ratio for each α. This results in lower equivalence ra- 

ios for α = 0 . 2 , 0 . 4 cases and hence slightly lower adiabatic flame

emperatures T b, 0 . The flame is numerically ignited by specifying a 

igh temperature patch near the rear end of the bluff body for the 
3 
ure CH 4 flame and then using this result as an initial condition 

or H 2 enriched flames and lower inlet velocities. 

. Comparison of numerical results with experiments 

In this section, experimentally measured CH 

∗ chemilumines- 

ence which serves as a marker for heat release rate in a qual- 

tative manner is compared with heat release rate from numeri- 

al simulations. Figure 2 shows the experimentally measured CH 

∗

hemiluminescence (after applying Abel inversion) and numerically 

btained heat release rate for all cases. For numerical simulations, 

e use the full model with conjugate heat transfer between the 

urner and the gas as well as inclusion of preferential diffusion 

ffects. Maximum heat release rates from the respective simula- 

ions are used to scale the local heat release rates. The difference 

n thickness of reaction zone in experiments and simulations is due 

o the difference in compared quantities ( CH 

∗ versus heat release 

ate) and resolutions of each method. Experimental results are less 

esolved than the numerical simulations. It should be noted from 

he experimental profiles that all flames presented here are stable 

nd symmetric around the axis. This justifies the use of a steady 

olver and modelling of a 2D slice for these conditions. 

It can be observed from Fig. 2 that the distance of the flame 

rom the axis of symmetry increases with increasing hydrogen con- 

ent in the mixture and with decreasing inlet mixture velocities, 

oth numerically and experimentally. The flames with hydrogen 

resent in the fuel, burn strongly near the flame base and stabi- 

ize closer to the bluff body despite the mixture and laminar flame 

elocity being the same. 

A detailed comparison between flame shapes from experiments 

nd simulations is shown in Fig. 3 where dashed lines mark exper- 

mental result while solid lines mark numerical results. The flame 

hape is determined by the location of maximum heat release rate 

nd maximum CH 

∗ intensity at various heights. The flame leading 

dge location is calculated by the intersection of the flame iso-line 

ith the iso-contour of 10% of the maximum intensity and heat 

elease rate for experiments and simulations, respectively. It can 

e observed that there is an excellent agreement between numer- 

cs and experiments for the flame shape. The flame stand-off dis- 

ances are also predicted well by the simulations. To conclude, the 

umerical model accurately captures the trends in the flames pre- 

ented in this study and the results from numerical model can be 

sed to draw conclusions about the flame stabilization process by 

uantifying contributions to the flame speed. 

. Flame stabilization and stretch theory 

In this section, we outline the basics of flame stretch theory 

nd methodology used to separate the effects of heat transfer, di- 

ect and indirect stretch on the local flame speed. A premixed 

ame stabilizes when a kinematic balance between the local flame 

peed and the flow velocity is established. The local flame speed 

n multi-dimensional flames can be characterized by the density 

eighted displacement speed or mass burning rate, which is de- 

ned as m = −ρ(v · n ) = ρS d for steady flames, where ρ is the

ensity, v is the local gas velocity, n is the flame normal vector and 

 d is the local flame displacement speed [30] . For taking into ac- 

ount the density variation in the flame zone, S d is weighted with 

ensity change inside the flame front S D = 

ρ
ρu 

S d , where subscript 

 indicates the unburnt side of the flame and S D is the density 

eighted displacement speed referred as the flame displacement 

peed in the rest of the paper. The flame displacement speed can 

hen be compared with a reference value of a corresponding 1D 

at flame S L which is the same for all flames presented in this 

tudy. Understanding the variation of flame displacement speed 

nd its underlying contributions can help in explaining the flame 
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Fig. 2. Experimental CH 

∗ chemiluminescence (right side of each subplot) and numerical scaled heat release rate (left side of each subplot) for cases α = 0 , 0 . 2 , 0 . 4 at 

V in = 1 ms −1 and V in = 0 . 5 ms −1 , respectively, zoomed in on the flame anchoring region. 
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tabilization mechanism. The flame displacement speed S D can be 

ffected by heat loss, flow non-uniformities (i.e. strain), flame cur- 

ature and the changes in local elemental composition [22] . These 

hanges can significantly alter the flame characteristics and sta- 

ilization mechanism. In order to characterise these changes, de 

oey and Ten Thije Boonkkamp introduced a quantitative flame 

tretch theory [22] which takes in to account effects of stretch, 

eat loss and preferential diffusion on the displacement speed of 

he flame. Using integral analysis, they showed that the displace- 

ent speed at the burnt side of the flame front of stretched flames, 

 D,b is derived as [28] : 

 D,b = S L (ψ b ) ( 1 − Ka ) , (1) 

here ψ b = (Z 1 ,b , . . . , Z N e,b −1 , h b ) represents the state at the burnt

ide of the flame in terms of elemental atomic composition 

or j = 1 , . . . , N e − 1 elements in the mixture, and the enthalpy.

q. (1) describes that the displacement speed at the burnt side 

 D,b of a stretched flame can be described by the flame speed 

f a stretchless flame S (ψ ) with enthalpy and composition on 
L b 

4 
he burnt side of the stretched flame and direct stretch effects 

ndicated by the Ka term. This relations holds for weak as well 

s strong stretch rates as no major assumption was made in the 

erivation. The displacement speed at the burnt side is used in 

heory because the changes in elemental composition and enthalpy 

nside the pre-heat zone determine the state ψ b at which the 

ame will burn. Furthermore, as shown in our recent work [31] , 

he flame displacement speed at the inner layer of the flame close 

o the burnt side can adequately describe the flame dynamics near 

he extinction limit. The Karlovitz integral Ka is a non-dimensional 

tretch rate and given by: 

a = 

1 

(σm 

0 ) b 

∫ s b 

s u 

σY Kρds, (2) 

here K is the mass based stretch rate and is linked to the local 

isplacement speed S d via the continuity equation as ∇ · (ρS d n ) = 

ρK in the flame coordinate system [30] . Karlovitz integral Ka is 

ntegrated from the unburnt to the burnt side of the flame. Y is 

 normalized reaction progress variable given as Y = 

Y f −Y f,u 
Y f,b −Y f,u 

with 
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Fig. 3. Comparison between flame shape constructed using maximum heat release 

rate at various heights from experiments (dashed lines) and numerical simulations 

(solid lines). 
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Table 2 

Sensitivity coefficients for the three different CH 4 / H 2 /air mixtures. 

α c h [ gJ −1 ] c C c H c O 

0 4.5 180 481 -0.92 

0.2 4.8 166.4 652 -1.7 

0.4 5.5 177 788.4 -2.1 

Fig. 4. Profiles of ψ j = (Z C , Z H , Z O , h ) along with heat release rate ω T for a flat adi- 

abatic unstretched flame. Reference values are marked with ◦ symbols. 
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analyzed. 
 f = Y CH 4 
+ Y H 2 . κ is the curvature of the flame, related to the

urvature of a small flame segment σ by κ = ∇ · n = 

1 
σ

∂σ
∂s 

and 

 

0 = ρS L is the mass burning rate of the respective undistorted 

diabatic stretchless flame. Further, linearisation of Eq. (1) around 

he adiabatic undistorted state ψ 

0 
b 

= Z 0 
j,b 

, h 0 
b 

with flame speed S L ,

esults in an expression that is valid only for weakly stretched 

ames [22] : 

S D,b 

S L 
= 1 − Ka + 	h b 

∂ 

∂h 

0 
b 

( ln m 

0 
b ) + 

N e ∑ 

j=1 

	Z j,b 
∂ 

∂Z 0 
j,b 

( ln m 

0 
b ) (+ h.o.t. )

(3) 

he first two terms on the right hand side of Eq. (3) describe the

irect stretch effect on the flame displacement speed. The third 

erm describes the effect of the change in enthalpy resulting from 

eat loss and Lewis number effects while the fourth term describes 

he effect of changes in Z j caused by preferential diffusion. Thus, 

q. (3) gives an explicit relation combining the effects of stretch 

ate, heat loss and preferential diffusion on the flame displacement 

peed. Eq. (3) can be further written as: 

S D,b 

S L 
= 1 − Ka + 

∑ 

j 

	ψ j · c j (+ h.o.t. ) . (4) 

he sensitivity coefficients c j = 

∂ ln m 

0 
b 

∂ψ j 
, with ψ = (Z 1 , . . . , Z N e −1 , h ) ,

elate the mass burning rate of a stretchless flame m 

0 
k 

to changes 

n enthalpy and elemental composition. These sensitivity coeffi- 

ients can be computed by using a flamelet code (CHEM1D in this 

tudy) by varying the inlet composition and temperature of un- 

tretched adiabatic one-dimensional flames following [1,28,32] . For 

his purpose, we changed the unburnt temperature T u , equivalence 

atio φ, mass fractions of CO 2 , H 2 O , CO , H 2 , and O 2 in the unburnt

ixture composition. These changes in the inlet parameters give 

ifferent values of 	ψ k j at the inner layer of the flame. In to- 

al, 98 simulations were performed for each α ( k = 98) making the 

ystem of equations 	ψ k j c j = 

m 

0 
k 

m 

0 (ψ 

0 ) 
− 1 overdetermined with 4 

nknowns and 98 equations. The overdetermined system of equa- 
5 
ions is solved using a least squares fit. Further details about the 

rocedure for estimating sensitivity coefficients c j can be found in 

revious works from our group [1,28,32] . The resulting sensitivity 

oefficients are presented in Table 2 for the three different values 

f α. The sensitivity coefficient of oxygen, c O has a small value as 

ompared to the hydrogen and carbon sensitivity coefficients. This 

esults from the fuel lean conditions implying that changes in H 

nd C, which make up the fuel composition, have more impact on 

he flame displacement speed. 

In order to evaluate the changes in enthalpy and elemental 

ass fractions, reference values need to be computed. These ref- 

rence values are taken from the undistorted adiabatic unstretched 

at flame in the inner layer of the flame. This is shown in Fig. 4 for

 j = (Z C , Z H , Z O , h ) scaled with unburnt values for α = 0 . 4 . Scaled

eat release rate is also plotted as a function of flame coordinate s . 

or unstretched flames, ψ j (s → ∞ ) = ψ j,u but these values change

nside the flame structure. In this study, we set the reference value 

s those corresponding to 50% of the maximum heat release rate 

n the burnt side of the flame. These values are marked with ◦ in 

ig. 4 and will be used to evaluate changes in ψ j in the 2D flame at

he same value of scaled heat release rate along the flamelet path. 

ote that the reference values can be taken at different percent- 

ges of heat release rate or even at iso-levels of progress variable 

 in the inner layer of the flame. This selection, however, will not 

mpact the quantification of different contributions as long as the 

ame reference location is used for 2D flames. 

In the subsequent sections, we will first ‘turn off’ preferential 

iffusion in our numerical model for quantitatively evaluating the 

ffect of the first three terms in Eq. (3) on the local displace- 

ent speed and stabilization of bluff body flames. The order for 

his evaluation is given below: 

• Direct stretch and heat loss effects are quantified by turning off

preferential diffusion effects in Section 5 . 

• Then the full model is used in Section 6 , where direct stretch, 

stretch induced preferential diffusion and heat loss effects are 
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Fig. 5. Numerical scaled heat release rates with overlaid streamlines without preferential diffusion. Right half of each plot: V in = 1 ms −1 . Left half of each plot: V in = 0 . 5 ms −1 . 
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Fig. 6. Integrated heat flux to the top face of the bluff body for Le = 1 flames. 

Table 3 

Sensitivity coefficients for 	Z j,b = 0 . 

α c h [ Jg 
−1 ] 

0 3.25 

0.2 3.42 

0.4 3.7 

s

n

i

T

c

fl  

u

t

s

w

i

s

c

s

f

fl

s

. Stretch and heat loss effects without preferential diffusion 

In order to build up the understanding of flame stabilization, 

e ‘turn-off’ preferential diffusion effects in the numerical model 

y keeping the Lewis number for all species equal to 1. Fuel 

quivalence ratios φ are updated to correct for the changes in 

he adiabatic burning velocity resulting from having unity Lewis 

umber for all species. This yields φ = 0 . 585 , 0 . 552 , 0 . 506 for α =
 , 0 . 2 , 0 . 4 , respectively. The solution is initialized from the full

odel presented earlier and then solved with Le = 1 for all species. 

he displacement speed of the flame can now change due to the 

ombined effects of stretch and enthalpy changes resulting from 

eat losses experienced by the flame close to the bluff body or 

all. Figure 5 shows results for the scaled heat release rate with 

verlaid streamlines for all the cases. The maximum heat release 

ate is less than the adiabatic values for the cases shown, resulting 

rom local heat losses. All flames at a given mixture velocity have 

he same stabilization angle. The flames shown in Fig. 5 have re- 

irculation vortices present with similar lengths. For V in = 1 ms −1 , 

ame base region is stabilized inside the RZ indicating that flames 

tabilize in an RZ stabilized regime as discussed in our recent 

ork [17] . For V in = 0 . 5 ms −1 , the flame region is outside the

maller RZ and thus indicates that the role of RZ in stabilization 

s less important here. 

.1. Heat loss and correlation with RZ 

In this section, we focus on the role of the RZ in transferring 

eat from the flame and (hot) burnt gases to the bluff body. Near 

he bluff body, the flame loses heat which is transferred to the 

luff body via conduction and convection through the RZ. In order 

o quantify this heat loss, the area integrated heat loss to the top 

urface of the bluff body is plotted in Fig. 6 for varying α and two 

nlet velocities. It is interesting to note that the heat loss is higher 

or higher velocity for all three mixtures. This is opposite to 1D 

at burner-stabilized flames where more heat is lost at lower inlet 

elocity so as to reduce the displacement speed and stabilize the 

ame. But this behaviour is inline with our results in Ref. [17] that 

or RZ stabilized flames, heat loss increases with an increase in the 

ow velocity as heat loss is directly correlated to the recirculation 

one length. Also the heat loss decreases at nearly the same rate 

ith increase in α at a fixed inlet velocity. This slightly decreas- 

ng trend at constant velocity could be caused by the difference in 

 

0 
b 

, which reduces with an increase in α and thus reduces the heat 

oss to the burner. 

.2. Contributions to the flame displacement speed 

In this section, we focus on the direct stretch and the enthalpy 

eat loss of the flame and its effect on the local displacement 
6 
peed. With 	Z j,b = 0 in Eq. (3) , the flame displacement speed is 

ow dependent on both the local Karlovitz integral and the change 

n enthalpy resulting from heat loss. This reduces Eq. (3) to 

S D,b 

S L 
= 1 − Ka + c h 	h b (5) 

he sensitivity coefficients c h = 

∂ 
∂h b 

( ln m 

0 
b 
) are computed by in- 

reasing the unburnt temperature of adiabatic unstrained 1D 

ames from 300 K to 350 K, and adding CO 2 and H 2 O to the

nburnt mixture [1] . Since Le i = 1 , the values are different from 

he values in Table 2 . The resulting sensitivity coefficients are pre- 

ented in Table 3 . The sensitivity coefficient, c h , slightly increases 

ith increasing α resulting from the difference in T 0 
b 

. 

Next we use the sensitivity coefficients and estimate S D,b 

/
S L us- 

ng Eq. (5) and compare the result with results from numerical 

imulation. The enthalpy change 	h b = h b − h 0 
b 

is determined by 

alculating the enthalpy at the burnt side of the flame at the po- 

ition where the heat release rate is 50% of the maximum value 

or both reference 1D unstretched flames ( h 0 
b 
) and 2D bluff body 

ames ( h b ). For evaluating the Karlovitz integral Ka , the flame 

tructure needs to be resolved and local flamelet paths have to be 
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Fig. 7. Contributions from stretch and heat loss to the reduction in flame speed 

for α = 0 along the flame (z/D). Results for V in = 1 ms −1 and V in = 0 . 5 ms −1 are 

coloured with blue and red, respectively. 
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onstructed. Such a construction results in profiles of σ , ρK, S D /S L 
nd Y . Such profiles are calculated for almost 200 flamelets along 

he flame length and Karlovitz integrals are evaluated for quanti- 

ying the integral effect of direct stretch in bluff body stabilized 

ames presented in this study. 

The results are plotted in Fig. 7 as a function of axial dis- 

ance downstream of the bluff body for α = 0 for both inlet veloci- 

ies (along with individual contributions from heat loss c h 	h 0 
b 

and 

tretch rate Ka ). The contribution by stretch is lower for the lower 

elocity case. At the flame base region between 0 . 25 < z/D < 1 . 25 ,

he displacement speed increases rapidly for both mixture veloci- 

ies. In the region 0 . 25 < z/D < 0 . 5 , heat loss dominates the contri-

ution to S D,b 

/
S L for both mixture velocities. The flame with V in = 

 m/s has a larger section of the flame which is affected by heat 

oss than the V in = 0 . 5 m/s case. This results in more heat loss from

he flame for higher velocity cases. This heat is then transferred 

ia the RZ to the flame holder. In the region 0 . 5 < z/D < 1 . 25 , con-

ribution from stretch in lowering displacement dominates. At the 

ownstream section of the flame, i.e. for 1 . 25 < z/D < 4 , the heat

oss (contribution) goes to zero and the flame speed is only af- 

ected by stretch, whose contribution is almost the same for both 

nlet velocities and results in S D,b reaching 80–90% of the adiabatic 

urning velocity. 

It can be concluded from this section that the theoretical model 

s in excellent agreement with the numerical results for S D,b 

/
S L 

nd hence can be used to understand the separate contributions of 

eat loss and stretch at various sections of the flame. An under- 

tanding of the role of RZ and heat loss coupled with stretch rate 

as been developed, which will be helpful in analysing the flames 

ith preferential diffusion in the next section. 

. Stretch, heat loss and preferential diffusion effects 

In this section, we return to the full model described in 

ection 4 and analyse the different contributions to the flame dis- 

lacement speed arising from stretch, heat loss and preferential 

iffusion effects in a systematic way. We make use of the results 

rom previous sections as a base for understanding the additional 

ffect of preferential diffusion. 
7 
.1. Preferential diffusion 

Preferential diffusion effects arise from the difference in diffu- 

ivities of the species and can significantly change the local stoi- 

hiometry in the flame [33] . Elemental mass fractions Z j are con- 

erved quantities as they can neither be created nor destroyed by 

hemical reactions. However, under strain and curvature effects, lo- 

ally the elemental mass fractions are not conserved [1,5,6] in pre- 

ixed flames leading to different fractions at the burnt and un- 

urnt side. In order to analyze the overall effect of these changes 

n the local stoichiometry, the local equivalence ratio φlocal scaled 

ith inlet value is plotted in Fig. 8 (a)–(c). The local equivalence 

atio is defined as: 

local = 

(
ξ

1 − ξ

)/(
ξst 

1 − ξst 

)
. (6) 

ere, the subscript st represents the stoichiometric conditions and 

is the Bilger’s mixture fraction defined as [34] : 

= 

2 M 

−1 
C 

Z C + 0 . 5 M 

−1 
H 

Z H − M 

−1 
O 

(Z O − Z O, 2 ) 

2 M 

−1 
C 

Z C, 1 + 0 . 5 M 

−1 
H 

Z H, 1 + M 

−1 
O 

Z O, 2 

. (7) 

ere, subscripts 1 and 2 refer to fuel and oxidizer and M j is the

tomic mass of element j. In Fig. 8 (a)–(c), it can be observed that 

he maximum value of φlocal /φin − 1 occurs just at the flame base 

egion for all flames. This is the same region where major elemen- 

al changes are also present due to higher stretch rates. Another 

bservation to make is that the maximum change in local equiva- 

ence ratio increases with an increase in α due to stronger prefer- 

ntial diffusion effects. For α = 0 . 4 , the maximum change in φlocal 

s about 10% near the flame base. These changes in φlocal can signif- 

cantly affect the flame displacement speed and their contribution 

s quantified in Section 6.4 . 

.2. Heat loss 

With Le = 1 for all species, it was observed that the heat loss to

he bluff body was higher for higher inlet velocity and decreased 

lightly with an increase in α. With Le 	 = 1 , the integrated heat

oss to the top surface of the bluff body is plotted in Fig. 9 for

he 6 cases listed in Table 1 . The heat loss to the bluff body is

gain higher for higher inlet velocity. However, with an increase in 

, the difference between the heat loss at two velocities becomes 

maller contrary to what is observed in the previous section. These 

esults when compared with results from Fig. 8 and response of 

D stretched flames [1] indicate that higher heat losses for higher 

are caused by more intense burning near the flame base result- 

ng from preferential diffusion effects. This strong relationship be- 

ween heat loss manifested by the enthalpy changes and preferen- 

ial diffusion effects will be quantified in the next section. 

.3. Stabilization mechanism 

In this section, we present a summary outlining the flame stabi- 

ization mechanism as derived from the results in the previous sec- 

ions. At the flame base region, due to higher stretch rates, prefer- 

ntial diffusion effects are stronger. With decreasing mixture Lewis 

umber, due to an increase in preferential diffusion contribution at 

he same stretch rate, the flame moves upstream to find a differ- 

nt anchoring position. With the flame moving closer to the flame 

older, more heat is lost to the top surface of the flame holder, 

hich counters the enhancement in flame speed due to preferen- 

ial diffusion. This countering is essential, as the flame will con- 

inue to move upstream if it cannot lower the flame speed by los- 

ng heat. With decreasing inlet flow velocity, as stretch decreases 

ith a decrease in mixture velocity, the flame moves upstream to 
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Fig. 8. Change of local equivalence ratio φlocal scaled by inlet value for three different mixtures. Left side of each sub-plot is result for lower velocity V in = 0 . 5 ms −1 while 

right side is for higher velocity V in = 1 ms −1 . 

Fig. 9. Integrated heat loss to the top face of the bluff body for flames with prefer- 

ential diffusion. 
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Fig. 10. Comparison between S D,b /S L from numerical simulation and predicted from 

Eq. (3) along 200 different flamelets for the six cases presented in this study. 
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ower its flame speed by losing heat. An increase in heat loss to 

he top face of flame holder results in an increasing pre-heating ef- 

ect from the side walls. This heat is transported back to the flame 

ia the side face of the flame holder (this pre-heating increases 

he flame speed in regions near the flame base). The resulting bal- 

nce between flame speed and local flow velocity determines if the 

ame will stabilize or move further upstream eventually resulting 

n flashback if the increase in the flame speed is not neutralized. 

.4. Quantifying contributions to the flame speed 

In this section, we will quantitatively evaluate the effect of each 

erm in Eq. (3) on the local flame displacement speed in the pres- 

nce of direct stretch, heat loss and preferential diffusion effects 

nd in turn on the stabilization of bluff body flames with differ- 

nt CH 4 − H 2 -air mixtures. In Fig. 10 , an overall comparison be- 

ween displacement speed from numerical simulations and predic- 

ion from Eq. (3) is presented. It can be observed that there is 
8 
verall good agreement between numerics and theory predictions. 

or S D,b /S L > 0 . 5 an excellent comparison can be observed while

or S D,b /S L ≤ 0 . 5 theory over-predicts the flame speed but still is in

verall good agreement with the numerical simulations results. 

A comparison between S D,b 

/
S L from numerical simulations and 

redictions by the full theoretical model is plotted in Fig. 11 as 

 function of the axial distance downstream of the bluff body. 

e again observe very good overall agreement between the the- 

retically predicted S D,b from Eq. (3) and that obtained from the 

umerical solutions. Some slight differences near the low S D,b 

/
S L 

oints are observed again as in Fig. 10 , specially for the cases 

here a recirculation zone is present. Contributions from stretch, 

eat loss and preferential diffusion effects to S D,b 

/
S L are also plot- 

ed in Fig. 11 (a)–(c) for α = 0 , 0 . 2 , 0 . 4 flames, respectively. It can

e observed that for α = 0 at V in = 1 ms −1 , near the flame leading

dge, the main contribution in reducing the displacement speed is 

rom heat loss. The stretch contribution does not change drastically 

hroughout the length of the flame and its effect in reducing S D,b 
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Fig. 11. Different contributions to flame displacement speed S D,b from Eq. (3) and 

numerical mass burning rate for (a) α = 0 , (b) α = 0 . 2 , (c) α = 0 . 4 . Results for V in = 

1 ms −1 and V in = 0 . 5 ms −1 are coloured with blue and red, respectively. 

Fig. 12. Numerical scaled heat release rate with overlaid streamlines for simu- 

lations without heat loss and including preferential diffusion for α = 0 . 4 . Right 

side: V in = 1 ms −1 Left side: V in = 0 . 5 ms −1 . 
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9 
s less than that of heat loss. The quantitative contribution from 

eat loss is higher for higher velocity as also observed in Fig. 9 .

his occurs simultaneously with the enhancement in S D,b 

/
S L by 

he preferential diffusion term, primarily due to the increase in 

Z C , which is higher for the higher velocity case resulting from 

igher stretch rates. This enhancement is countered by a larger 

eat loss contribution along with slightly higher stretch contri- 

ution. Just downstream of the bluff body between 0 . 5 < z/D < 2 ,

eat loss and preferential diffusion contributions decrease with in- 

reasing distance from the bluff body and further downstream, i.e. 

/D > 2 , only stretch contributes to the reduction in S D,b 

/
S L . 

For the α = 0 . 2 flames in Fig. 11 (b), the different contributions 

ollow a similar trend as for α = 0 flames near the leading edge, 

ut the overall part of the flame affected by heat loss is smaller. 

ubsequently, the resulting S D,b 

/
S L is higher near the flame leading 

dge as compared to α = 0 . For α = 0 . 4 , as shown in Fig. 11 (c), the

ames experience even much more enhancement in S D,b by pref- 

rential diffusion. The contribution from direct stretch is larger as 

ompared to the other α cases. This is because the flame leading 

dge stabilizes at large radius near the bluff body sharp edge as 

een in Fig. 2 . The enthalpy term becomes similar for both veloci- 

ies in agreement with Fig. 9 , while the part of the flame affected

y heat loss is still different. A small positive contribution by the 

nthalpy change for the lower velocity case near z/D = 0 . 3 and for

igher velocity case at z/D = 0 . 6 can be observed. This results from

ntense local pre-heating coming from the side face of the bluff

ody due to higher heat loss. Note that pre-heating is not explic- 

tly separated from the overall enthalpy contribution but based on 

he estimation of enthalpy contribution towards the flame speed 

or 1D stretched flames for the α = 0 . 4 mixture (such as shown in

ig. 12 Ref. [28] for α = 0 . 4 at φ = 0 . 6 , where the enthalpy con-

ribution is negative for positively stretched flames), it can be ar- 

ued that the increase in enthalpy contribution in Fig. 11 (c) for the 

ower velocity case is due to pre-heating. Overall, in the flame base 

egion, S D,b 

/
S L becomes greater than 1 for both mixture velocities. 

he downstream section of the flame, i.e. z/D > 1 , is now affected 

oth by stretch and stretch induced preferential diffusion, which 

s larger than the direct effect. The sum of these contributions re- 

ults in S D,b 

/
S L ≥ 1 even near the downstream outflow boundary 

ith direct and indirect stretch effects cancel each other. 

For the flames presented in this study, it can be observed that 

tretch induced preferential diffusion and heat loss are the two 

ain contributors towards the flame speed. However, the small 

ifferences in the direct stretch rates, although directly do not con- 

ribute significantly but their resulting indirect stretch effects man- 
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fested mainly by the changes in elemental mass fractions are in 

ompetition with the heat loss contribution. This mechanism be- 

omes more important as the Lewis number of the mixture is de- 

reased. 

.5. Extreme effect of preferential diffusion in the absence of heat loss 

With the increase in the contribution from preferential diffu- 

ion near the flame leading edge, it is interesting to find out how 

mportant the contribution from heat loss is in countering the en- 

ancement from preferential diffusion. For this purpose, simula- 

ions without heat loss to the bluff body are performed by pre- 

cribing a zero heat flux boundary condition on the bluff body 

alls and removing conjugate heat transfer. Thus, the flame can 

nchor only via aerodynamic anchoring conditions. The results for 

= 0 and 0.2 are presented in Supplementary Material and briefly 

ummarized here. For α = 0 , the flames show a slight increase 

n local burning near the flame base as compared to the results 

rom Section 5 . For α = 0 . 2 , the flames burn stronger near the

ame base than the case with heat loss but the anchoring loca- 

ion remains on the downstream side of the bluff body. However, 

he α = 0 . 4 flames show a very high increase in the burning rate

ear the flame base. The results for α = 0 . 4 at both inlet veloc-

ties are shown in Fig. 12 . Scaled heat release rate and stream- 

ines are shown and it can be seen that the flame now stabilizes 

ear the upstream edge of the bluff body where the flow speed 

s higher compared to the downstream edge. This is in contrast to 

ig. 2 , where the flame stabilizes on the top surface of the burner 

n the presence of heat loss effects. The scaled heat release rate 

s almost twice that of the maximum value of the 1D flame. As 

he flame is not affected by heat loss, the enhancement in S D by 

tretch induced preferential diffusion is not neutralized by heat 

oss and the flame propagates upstream into the cylindrical vol- 

me between the bluff body and the side wall, where the flow ve- 

ocity is higher due to smaller area. At the upstream corner of the 

luff body, velocity gradients induce stretch effects which enhance 

he flame speed such that a local kinematic balance is achieved 

etween flame speed and flow velocity. This directly shows how 

mportant the contribution from heat transfer is as we add more 

ydrogen into natural gas and how individual contributions to the 

ame speed can further help determining the effect of burner ge- 

metry (and material) on the flame stabilization process. 

. Conclusions 

In this study, contributions to the flame speed from direct 

tretch, stretch-induced preferential diffusion and heat transfer 

ith the flame holder have been quantified for bluff body stabi- 

ized flames with the same adiabatic burning velocities but differ- 

nt mixture Lewis numbers. It is shown that the flame displace- 

ent speed calculated by the theory is in good agreement with 

hat from the numerical simulations for the current range of pa- 

ameters. Using the quantified contributions to the flame speed, 

n overall assembled understanding of the flame stabilization pro- 

ess is presented. It can be concluded from this study that the 

ame can adjust its speed by moving to different locations near 

he flame holder in a complicated manner by adjusting the con- 

ributions from stretch, heat transfer with the flame holder and 

referential diffusion. The quantification of contributions to the 

ame speed for such adjustments allows for a deeper level of un- 

erstanding which can help in designing better burners for fuel- 

exible combustion. This can be achieved by identifying sensitiv- 

ty of individual flame speed contributors to the flame holder de- 

ign parameters as the flashback or blow-off limit is reached from 

igher/lower velocities. However, such a design algorithm requires 
10 
urther research and our study can serve as the starting point for 

uch an endeavour. 
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