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a b s t r a c t 

In most combustion scenarios, stretch-chemistry interaction can directly alter the flame structure and 

combustion properties of a flammable mixture. In this study, the effects of stretch-chemistry interac- 

tion on chemical pathways of hydrogen oxidation are numerically investigated by considering laminar 

Inwardly Propagating Flames (IPF) and Outwardly Propagating Flames (OPF). One-dimensional transient 

simulations considering detailed chemistry and transport are conducted for different hydrogen/air mix- 

tures with Lewis numbers well below and above unity. It is observed that the chemical pathways are 

affected by both flame stretch and flame propagation process. The relative roles of dominant elemen- 

tary reactions vary with the Lewis number. In IPF and OPF, the negative and positive stretch rate are 

found to have opposite effects on the chemical pathway. When the relative importance of a reaction 

is enhanced by the positive stretch in OPF, it is weakened by the negative stretch in IPF. Furthermore, 

the chemical pathways obtained in this study are compared with other canonical flame configurations 

in previous work. It is observed that the relative importance of individual reaction is similar in different 

flame configurations, while disagreement is noticed in the quantitative contributions to the heat release 

and radical production. The disagreement is due to the different combinations of strain and curvature 

embodied in the stretch rate. To illustrate the individual role of the two stretch components respectively 

originating from hydrodynamic strain and flame curvature, a recently developed composition space model 

is used to decouple the influence of strain and curvature. It is found that these two stretch components 

have different effects upon chemical pathways. Overall, the hydrogen chemical pathway is more sensitive 

to the stretch originating from the curved flame propagation than to the flow field strain rate. Though 

the stretch rate is sufficient to characterize the flame chemistry for fuel-rich hydrogen/air flames with 

a negative stretch rate, more specific information on strain and curvature is required for fuel-lean and 

stoichiometric hydrogen/air flames. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Turbulent premixed combustion is important in many appli- 

ations. For example, fuel-lean premixed combustion can help to 

chieve high efficiency and low emissions in both automobile en- 

ines and gas turbines. Recent requirements for pollution control 

ave further increased considerable interest in hydrogen combus- 

ion due to its promising applications in near future for zero car- 

on emission. Since understanding of chemical kinetics and flame 

ynamics of premixed turbulent hydrogen/air combustion is essen- 

ial to developing advanced combustion engines, it has received 

reat attention recently. 
∗ Corresponding author. 

E-mail address: cz@pku.edu.cn (Z. Chen). 
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Turbulent premixed combustion in practical devices is com- 

licated since it involves interaction among turbulence, molecu- 

ar transport and chemical kinetics [1] . For example, turbulence is 

ell known for its stretch effect on the large scale topology and 

ame front wrinkling [2] . Coupling with the Lewis number of the 

eficient reactant, the flame stretch affects the local temperature 

nd reactant concentration distributions within the reaction zone 

3] and thereby changes chemical reactions therein. On the other 

and, the chemical reactions alter the flame structure and the flow 

eld, resulting in changes in the local stretch rate. Therefore, com- 

ustion is affected by the two-way interaction between chemical 

inetics and stretch rate. In hydrogen combustion, the fast diffu- 

ion of H 2 and H atoms strongly affects the flame due to its cou- 

ling with the stretch rate [4–6] . Therefore, it is essential to un- 

erstand the effects of stretch-chemistry interaction in hydrogen 
ombustion. 

. 

https://doi.org/10.1016/j.combustflame.2021.111532
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2021.111532&domain=pdf
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Chemical reaction pathway assesses the relative roles of differ- 

nt reaction steps in heat release and radical production [7] , and 

hereby it provides a global analysis to identify the direct influ- 

nce of stretch rate on chemical kinetics. In the literature, many 

tudies [7–9] have been conducted to understand the coupling be- 

ween stretch and chemistry in laminar and turbulent hydrogen 

ames. For example, Dasgupta et al. [7] examined the influence 

f turbulence on chemistry for lean premixed hydrogen/air flames 

nd found that the kinetics of highly turbulent, lean premixed 

ydrogen–air flames is not markedly different from their steady, 

nstretched 1D counterparts. Similar conclusions were obtained in 

heir studies for other fuels such as methane [10] and n-dodecane 

2] . However, in these studies, a global stretch rate defined by tur- 

ulence intensity was used and stretch effects are often assessed in 

 statistical manner for the entire turbulent flame. Therefore, the 

ocal changes in chemical pathways may not manifest themselves 

trongly when averaged over the entire flame in these studies. Fur- 

hermore, in turbulent flames multiple mechanisms exist through 

hich the chemical pathway could be altered. For example, turbu- 

ence can enhance the transport of species along the flamelet and 

ause changes in local reaction pathways [ 8 , 9 , 11 ]. Besides, in the

ork of Aspden et al. [8] , the enhanced radical pool due to turbu- 

ent stirring was observed in lean premixed hydrogen combustion. 

hese studies indicate that turbulence can change chemical kinet- 

cs in a variety of ways and these effects are always coupled with 

ach other in turbulent flame configurations. Currently, the stretch- 

hemistry interaction in hydrogen combustion is still not fully un- 

erstood at a fundamental level. 

Compared to turbulent flames, laminar flames can be used to 

et more detailed understanding of the stretch-chemistry interac- 

ion. Therefore, the first objective of this study is to assess the ef- 

ects of stretch-chemistry interaction on chemical pathways with- 

ut interference from turbulence. In Dasgupta et al.’s work [7] , 

hey also considered laminar steady stretched flames in a coun- 

erflow configuration which are subjected to positive tangential 

training with zero curvature. However, it was shown for turbulent 

ombustion that multi-dimensional flame configurations can expe- 

ience a much wider range of stretch conditions including substan- 

ial negative strain effects and large curvatures [12] . Therefore, in 

ur study, the laminar outwardly and inwardly propagating flame 

onfigurations with positive and negative flame curvature are con- 

idered. An outwardly propagating flame (OPF) is initiated from 

entral ignition in a quiescent flammable mixture. During the tran- 

ient evolution and propagation of the ignition kernel, the flame is 

xposed to a stretch rate ranging from 10 0 to 10 4 s − 1 [ 13 , 14 ].

n inwardly propagating flame (IPF) is difficult to establish prac- 

ically in a laboratory, but it can be studied in numerical simula- 

ions [ 15 , 16 ]. Therefore, OPF and IPF can provide a wide positive

nd negative stretch rate parameter space for investigation. Here, 

ne-dimensional (1D) numerical simulations, considering detailed 

hemistry and transport, are conducted for the transient IPF and 

PF. For hydrogen/air mixtures, effective Lewis number well below 

nd above unity can be achieved by changing the equivalence ratio. 

herefore, stretch-chemistry interactions at different Lewis num- 

ers can be studied. We shall explore how the hydrogen chemical 

athway is altered when the premixed laminar flame is exposed to 

ositive or negative stretch rate at different Lewis numbers. 

Additionally, it is well-known that the total stretch rate, K , 

onsists of two parts [17] : K = K s + K c , where K s denotes the hy-

rodynamic strain by the flow field and K c originates from the 

urved flame propagation. We have K s = ∇ t · u t –(u · n) κ , where 

 t · u t represents flame-tangential straining by the flow and n is 

he flame-normal unit vector, and K c = S d κ , where S d is the dis-

lacement speed and κ is the flame curvature. However, on the 

so surface of a turbulent flame, strain and curvature are correlated 

ith each other and flame stretch is often assessed in terms of a 
i  

2 
ingle-valued Karlovitz number [ 2 , 7 , 10 ]. It is not clear how these

wo stretch components individually affect the chemical pathway. 

herefore, the second objective of present study is to investigate 

he individual effects of K s and K c upon flame chemistry. To this 

nd, a recently proposed composition space model (CSM) [18–20] , 

hich can provide premixed flame structures for arbitrary combi- 

ations of strain and curvature, is used here to perform a system- 

tic analysis for strained and curved laminar hydrogen/air flames. 

. Model and methods 

We consider laminar premixed H 2 /air flames at different stretch 

onditions. The unburned H 2 /air mixtures are at T 0 = 298 K 

nd P 0 = 1 atm. Fuel-lean ( φ = 0.4), stoichiometric, and fuel- 

ich ( φ = 5.1) H 2 /air mixtures with Lewis numbers of Le = 0.43, 

.05 and 2.3 [21] , respectively, are considered. The stretched flame 

tructures are obtained by two methods: one is based on physi- 

al space model for propagating spherical flames, while the other 

s based on Composition Space Model (CSM) recently proposed by 

choltissek et al. [ 18 , 19 ]. These two methods are introduced below. 

.1. Physical space model 

In physical space, we consider one-dimensional premixed 

pherical flame propagation in initially quiescent mixtures. Both 

utwardly and inwardly propagating spherical flames (OPF and IPF) 

re considered. An OPF can be initiated from a spark ignition in a 

uiescent mixture, and it is often used for accurate measurement 

f laminar flame speed (see [22] and references therein). The OPF 

imultaneously has positive strain and curvature, both decreasing 

uring transient flame propagation. The IPF can be obtained by ig- 

iting a quiescent mixture in perfect spherical shape. It is difficult 

o be established experimentally but can be easily considered in 

imulations. Unlike OPF, IPF has zero strain rate and is only nega- 

ively curved [12] . 

The transient simulation of adiabatic spherical flame propa- 

ation in physical space is conducted using the in-house code 

-SURF [ 23 , 24 ]. The finite volume method is used in A-SURF 

o solve the conservation equations for multi-component, reac- 

ive flow. Detailed chemistry and the mixture-averaged transport 

odel [25] are considered in all simulations. Soret diffusion is im- 

ortant for H 2 /air flames and it is therefore included in all simula- 

ions. The diffusion velocity for each species consists of three parts: 

he ordinary diffusion velocity due to fuel concentration gradient, 

he thermal (Soret) diffusion velocity due to temperature gradi- 

nt [26] , and the correction velocity [27] which is the same for 

ll species and is included to ensure the compatibility of species 

nd mass conservation equations. The CHEMKIN packages [28] are 

sed to calculate the detailed thermal-transport properties and re- 

ction rates. For hydrogen oxidation, we use the well-validated ki- 

etic model developed by Li et al. [29] . A-SURF has been success- 

ully used in previous studies on ignition [ 13 , 30 ], flame propaga-

ion [16] , and detonation development [ 31 , 32 ]. More details about 

he governing equations, numerical schemes and code validation 

an be found in Refs. [ 23 , 24 ] and thereby are not repeated here. 

Due to the spherical symmetry of OPF and IPF, the simulations 

re one-dimensional in a spherical coordinate. The radial coordi- 

ate is in the range of 0 ≤ r ≤ R w 

, where R w 

is the computa-

ional domain size. The homogenous mixture is initially static, i.e., 

 ( r, t = 0) = 0 cm/s, and uniformly distributed over the computa-

ional domain. Zero gradients of temperature and mass fractions 

re enforced at both boundaries at r = 0 and r = R w 

. For OPF,

he chamber radius is fixed to be R w 

= 50 cm and the mixture 

s centrally ignited through the energy deposition term included 

n the energy equation [ 13 , 30 ]. When the spherical flame radius

s less than r = 5 cm, the overall pressure rise is below 1 ‰ and
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hereby the flame propagation process is nearly isobaric. For IPF, 

 premixed flame structure is initially imposed around r = 10 cm, 

nside (i.e. 0 < r < 10 cm) and outside (i.e. r > 10 cm) of which

re unburned and burned mixtures, respectively. The initial tem- 

erature and mass fraction profiles within the flame structure are 

btained from one-dimensional unstretched planar flame solution 

y PREMIX [28] . For IPF, a very large computational domain of 

 w 

= 200 cm is used to ensure that the flame propagation is nearly 

sobaric. 

.2. Composition space model 

In addition to the canonical flames where the flame structure is 

esolved in a fixed coordinate system, the reaction progress vari- 

ble Y c can be used as a flame-attached coordinate for a premixed 

ame which spans the so-called progress variable space. We de- 

ne it as a weighted sum of species, Y c = 

∑ n s 
i 

αi Y i . The transport 

quation for Y c is: 

∂ Y c 
∂t 

+ ρu · ∇ Y c = −∇ · ( ρY c V c ) + ˙ ω c (1) 

here ρ is the density and Y c V c = 

∑ n s 
i 

αi Y i V i is the diffusive flux 

f the progress variable, with V i being the diffusion velocity of 

pecies i . The source term is defined as a weighted sum of species

ource terms, ˙ ω c = 

∑ n s 
i 

αi ˙ ω c . The motion of the flame surface, 

epresented by a collection of Y c -isosurfaces, is then described by 

he kinematic condition [ 33 , 34 ]: 

d Y c 

d t 
= 

∂ Y c 
∂t 

+ s f · ∇ Y c = 0 (2) 

nd the unit vector along the flame-normal is defined as n = 

 Y c / | ∇ Y c | . The temperature and species balance equations can be 

ransformed into Y c -space given a suitable choice for the progress 

ariable. Furthermore, an equation for the progress variable gradi- 

nt g c = | ∇ Y c | is required for closure [18] . The final set of equa-

ions reads [19] : 

∂ Y i 
∂τ

= −g c 
∂ 

∂ Y c 

(
g c ρY i ̃  V i 

)
+ g c 

∂ 

∂ Y c 

(
g c ρY c ̃  V c 

) ∂ Y i 
∂ Y c 

+ ρg c κ

(
Y i ̃  V i − Y c ̃  V c 

∂ Y i 
∂ Y c 

)
− ˙ ω c 

∂ Y i 
∂ Y c 

+ ˙ ω i (3) 

∂T 

∂τ
= 

g c 

c p 

∂ 

∂ Y c 

(
g c λ

∂T 

∂ Y c 

)
+ g c 

∂ 

∂ Y c 

(
g c ρY c ̃  V c 

) ∂T 

∂ Y c 

− ρg 2 c 

∑ n s 

k 

c p,k 

c p 
ρY k ̃  V k 

∂T 

∂ Y c 
− ρg c κ

(
λ

ρc p 
+ Y c ̃  V c 

)
∂T 

∂ Y c 

− ˙ ω c 
∂T 

∂ Y c 
+ 

˙ ω T 

c p 
(4) 

 = −g 2 c 

∂ 2 

∂Y 2 c 

(
g c ρY c ̃  V c 

)
+ g 2 c 

∂ 

∂ Y c 

(
κρY c ̃  V c 

)

− ˙ ω c 
∂ g c 
∂ Y c 

+ g c 
∂ ˙ ω c 

∂ Y c 
+ ρK s g c (5) 

here ˜ V i represents the diffusion velocity of species i with respect 

o the Y c -composition space, λ is the heat conductivity, c p is the 

eat capacity, and ˙ ω T is the heat release. 

It has been shown that these equations can recover the struc- 

ure and characteristics of canonical flame configurations, by pre- 

cribing representative values for the external parameters includ- 

ng strain K s and curvature κ [ 19 , 20 ]. Setting strain and curvature 

o be zero, the laminar flame speed can be computed by solving 

he closed system of equations [18] . Homogeneous ignition is re- 

overed by the CSM in the asymptotic limit of g c → 0 [ 18 , 19 ]. The
3 
ame structure of OPF and IPF is recovered by prescribing con- 

tant values for strain and curvature in the CSM, while they vary 

n the physical space. These representative values are extracted at 

he maximum heat release peak in spherical flames. This param- 

terization of the CSM allows to study the influence of arbitrary 

ombinations of strain and curvature [20] . 

In this study, three flame databases are created for hydrogen/air 

ames at different equivalence ratios of φ = 0.4, 1.0 and 5.1. The 

rogress variable is defined as Y c = Y H2 O − Y O 2 − Y H2 for the lean 

ase ( φ = 0.4, around 12,0 0 0 calculations) and rich case ( φ = 5.1,

round 40 0 0 calculations), while it is Y c = Y H2 O − Y O 2 − 10 Y H2 for 

he stoichiometric case ( φ = 1.0, around 18,0 0 0 calculations). In 

greement with the physical space model, a mixture-averaged dif- 

usion model [25] is utilized and thermal diffusion [26] is consid- 

red in this study. 

.3. Chemical pathway analysis 

For premixed flames, the contribution of different elementary 

eactions to the heat release and the production/consumption of 

ey radicals can be quantified through chemical pathway analysis 

 2 , 7 , 10 ]. 

In the physical space, the heat release from reaction k and the 

otal global heat release across the spherical flame can be inte- 

rated as: 

 k = 

∫ R out 

R in 

4 π r 2 Q k ( r ) dr, q total = 

∫ R out 

R in 

4 π r 2 Q ( r ) dr (6) 

here Q k (r) is the heat release from reaction k and Q = 

∑ 

k Q k . 

he inner and outer bounds, R in and R out , are determined by the 

equirement of Q = 0.001 Q max . The contribution of reaction k to 

he total heat release is q k / q total . 

The net production of species i from reaction k and the total 

et production of species i across the flame are: 

 ip,k = 

∫ R out 

R in 

4 π r 2 ω ik ( r ) dr, ω ip = 

∫ R out 

R in 

4 π r 2 ω i ( r ) dr (7) 

here ω ik (r) is the formation of species i from reaction k and ω i = 

 

k ω ik . The contribution of reaction k to the total production is 

 ip,k / ω ip . 

Similarly, the net consumption of species i from reaction k and 

he total net consumption of species i across the flame are: 

 ic,k = 

∫ R out 

R in 

4 π r 2 ω ik ( r ) dr, ω ic = 

∫ R out 

R in 

4 π r 2 ω i ( r ) dr (8) 

here ω ik (r) is the consumption of species i from reaction k and 

 i = 

∑ 

k ω ik . The contribution of reaction k to the total consump- 

ion is ω ic,k / ω ic . 

In CSM calculations, the physical space coordinate is not ini- 

ially available as flame structures are solved in composition space. 

herefore, the physical space coordinate r must be reconstructed 

rom the composition space. The reconstruction can be done with 

he progress variable gradient g c , since d r = d Y c / g c . Further details

bout the reconstruction are presented in appendix A . Based on 

he reconstructed physical space coordinate, the curvature profile 

an also be reconstructed. A comprehensive parameter study is 

hown in appendix B where the influence of reconstructed curva- 

ure profile on the flame structure is discussed. It is noted that 

he assumption of constant strain and curvature only holds for the 

aminar flames studied in this work. In turbulent flames, strain rate 

aries inside the flame front. 

With the reconstructed flame coordinate r , the physical space 

ntegral for heat release of reaction k can be performed in compo- 

ition space: 

 k = 

∫ 
4 π r 2 

Q k ( Y c ) 

g c 
d Y c (9) 
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Fig. 1. Structures of (a) an unstretched ( Ka = 0) and (b) a stretched ( Ka = 0.5) fuel-lean hydrogen/air flame with φ = 0.4. 
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Integrations performed for consumption and production rates of 

espective species follow the same structure as Eq. (9) . 

. Results and discussion 

.1. Stretch-chemistry interaction in canonical flame configurations 

In this subsection, we assess the stretch-chemistry interaction 

n canonical flame configurations. First, the flame structures and 

ropagation speeds of OPF and IPF are examined. Then, the chemi- 

al pathways involved in OPF and IPF are analyzed. Finally, a com- 

arison of chemical pathways in different flame configurations in- 

luding both laminar and turbulent flames is performed. 

We first study the change of flame structures and propagation 

peed with the stretch rate for OPF and IPF in H 2 /air mixtures 

ith different equivalence ratios. In simulations, the flame radius 

osition, R f , is defined as the position of maximum total heat re- 

ease rate. The flame propagation speed is defined as U = d R f /d t .

n OPF and IPF, U represents the stretched flame speed relative 

o the static burned and unburned gas, respectively. For both OPF 

nd IPF, the overall stretch rate is K = 2U/ R f . The Karlovitz num-

er is defined as Ka = K δ/ S L , where δ and S L are respectively the

ame thickness (defined based on maximum temperature gradi- 

nt) and laminar flame speed of the one-dimensional, unstretched, 

diabatic, planar flame, which can be obtained from PREMIX [28] . 

In order to get a fundamental understanding of stretch- 

hemistry interactions, structures of unstretched (obtained from 
4 
REMIX [28] ) and stretched (during the propagation of OPF) lami- 

ar premixed H 2 /air flames are first illustrated in Figs. 1–2 for fuel- 

ean and fuel-rich conditions, respectively. 

For fuel-lean H 2 /air flames with φ = 0.4, due to the effects 

f preferential diffusion, faster diffusion of hydrogen compared to 

xygen increases the local stoichiometry [ 35 , 36 ]. Therefore, the 

ame temperature for Ka = 0.5 is higher than that for the un- 

tretched flame (roughly 1520 K for the stretched flame in Fig. 1 (b), 

ompared to roughly 1380 K for the unstretched flame in Fig. 1 (a)). 

he increase in temperature correspondingly results in faster reac- 

ion rates and higher radical concentrations in the reaction zone of 

he stretched flame compared to the unstretched flame (e.g. the 

aximum mole fractions of OH and H are roughly 0.0035 and 

.0024 in the stretched flame in Fig. 1 (b), but only 0.0018 and 

.0 0 08 in the unstretched flame in Fig. 1 (a)), thus enhancing the 

ame propagation speed for the stretched flame. 

The effect of stretch on flame structure for fuel-rich H 2 /air 

ame with φ = 5.1 is opposite to the behavior of fuel-lean flame. 

s shown in Fig. 2 , finite levels of stretch cause flame temperatures 

o be lower than for the unstretched flame (roughly 1300 K for the 

tretched flame in Fig. 2 (b), compared to roughly 1350 K for the 

nstretched flame in Fig. 2 (a)). This is because for fuel-rich flames, 

aster diffusion of hydrogen compared to oxygen causes the flame 

o become even richer [ 35 , 36 ]. As a result, the decreased temper-

ture promotes slower reaction rates and lower radical concentra- 

ions in the reaction zone of stretched flame compared to the un- 

tretched flame (e.g. the maximum mole fraction of H is roughly 
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Fig. 2. Structures of (a) an unstretched ( Ka = 0) and (b) a stretched ( Ka = 0.16) fuel-rich hydrogen/air flame with φ = 5.1. 

Fig. 3. Change of normalized flame propagation speed with Karlovitz number during the spherical flame propagation in H 2 /air mixtures with (a) φ = 0.4, (b) φ = 1.0 and 

(c) φ = 5.1. The arrows indicate the direction of flame propagation and the shaded regions represent ignition-influenced phase. 
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.018 in the stretched flame in Fig. 2 (b), but only 0.015 in the un-

tretched flame in Fig. 2 (a)), resulting a lower flame propagation 

peed for the stretched flame. 

Fig. 3 shows the normalized flame propagation speed as a func- 

ion of Karlovitz number for OPF and IPF in fuel-lean, stoichiomet- 

ic and fuel-rich H 2 /air mixtures. Here U 0 is the flame propaga- 

ion speed at zero stretch rate. In Fig. 3 , the results for IPF and

PF are separated by the dashed line at Ka = 0 since IPF and

PF are exposed to negative and positive stretch rates, respectively. 

ig. 3 clearly shows that the flame propagation speed of H 2 /air 

trongly depends on the stretch. Besides, the change of the normal- 

zed flame propagation speed with Karlovitz number has opposite 

rends for φ = 0.4 and φ = 1.0 and 5.1. This is because the sen-
5 
itivity of U to K depends on the Lewis number, which increases 

rom Le = 0.43 for φ = 0.4 to Le = 2.3 for φ = 5.1 [ 3 , 37 ]. The OPF

s initiated by energy deposition, and the initial ignition kernel has 

ery large curvature. Therefore, the OPF starts from a very large 

arlovitz number, at which the flame kernel propagation is mainly 

riven by the ignition energy deposition. For H 2 /air φ = 5.1 with 

ewis number above unity, Fig. 3 (c) shows that there are differ- 

nt regimes during the ignition kernel and spherical flame propa- 

ation. These regimes were discussed by Wang et al. [13] in their 

tudy on the ignition process in fuel-lean n-decane/air mixtures. 

fter the unsteady transition, the OPF can propagate in a quasi- 

teady manner approaching zero stretch rate. Unlike OPF, IPF starts 

rom a large flame radius corresponding to a small negative stretch 
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Fig. 4. Change of (a) Fractional heat release and (b) H radical consumption with Karlovitz number during the spherical flame propagation in a fuel-lean H 2 /air mixture with 

φ = 0.4. The shaded regions represent ignition-influenced phase. 

Fig. 5. Change of (a) fractional heat release and (b) H radical consumption with Karlovitz number during the spherical flame propagation in a stoichiometric H 2 /air mixture. 

The shaded regions represent ignition-influenced phase. 

Fig. 6. Change of (a) fractional heat release and (b) H radical consumption with Karlovitz number during the spherical flame propagation in a fuel-rich H 2 /air flame with 

φ = 5.1. The shaded regions represent ignition-influenced phase. 
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ate at the beginning. During the inward propagation, the magni- 

ude of the stretch rate imposed on IPF increases and so do the 

tretch effects. For the IPF in fuel-lean H 2 /air ( φ = 0.4) mixture 

ith Le = 0.43, Fig. 3 (a) shows a C-shaped curve for IPF, indicat-

ng that the magnitude of the stretch rate first increases and then 

ecreases. This is due to the competition between the changes 

n flame propagation speed and flame curvature. The present re- 

ults on OPF and IPF are consistent with those in previous studies 

 13 , 14 , 16 ]. 
6 
To assess the stretch-chemistry interaction, we conduct the 

hemical pathway analysis at each time step during the spheri- 

al flame propagation. Figs. 4–6 plot the fractional heat release 

normalized by the total heat release, i.e. q k / q total ) and H rad- 

cal consumption (normalized by the total H radical consump- 

ion, i.e. ω Hc,k / ω Hc ) associated with different elementary reactions. 

nly reactions with relatively large contributions, i.e., q k / q > 10% or 

 Hc,k / ω Hc > 10%, are shown here. It is noted that for OPF, the high 

arlovitz number corresponds to the ignition-influenced phase. 
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Fig. 7. Change of (a) fractional heat release and (b) H radical consumption with Karlovitz number for different flames propagating in a fuel-lean H 2 /air mixture with φ = 0.4. 

The results for laminar counterflow flame and turbulent flame are from Dasgupta et al. [7] . 

Fig. 8. Strain-curvature parameter space for H 2 /air flames with φ = 0.4, 1.0 and 5.1 ( T 0 = 298 K and P = 1 atm) characterized by Karlovitz number. Canonical flame solutions 

(symbols) are shown for reference. The arrows indicate the direction of flame propagation. 
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he chemical pathway during this phase is affected by the initial- 

zation of energy deposition (e.g., heat source, size, intensity, tim- 

ng, etc.). Therefore, the following discussion of stretch-chemistry 

nteractions are limited to the flame phase with relatively low 

arlovitz number (i.e. the monotonic part without the interference 

rom ignition, which are 0 < Ka < 15 for φ = 0.4, 0 < Ka < 2.5 for

= 1.0 and 0 < Ka < 0.25 for φ = 5.1). The chemical pathway

uring ignition-influenced phase is only briefly addressed here and 

eeds to be explored in future studies. 

For fuel-lean H 2 /air flame with φ = 0.4, the trends of the frac- 

ional values in Fig. 4 are similar to the trend in the U - Ka plot

n Fig. 3 (a). For the OPF, the relative contributions change mono- 

onically with the stretch rate. However, C-shaped curves are ob- 

ained for the IPF and there are two flame structures for the same 

alue of Ka in certain range. This indicates that the chemical path- 

ay depends not only on the stretch rate but also on the flame 

ropagation process. For the IPF, the flame stretch is due to the 

elf-propagation of the curved flame, i.e., K = K c = S d κ; and the same

tretch rate can be reached for two sets of ( S d , κ). Furthermore,

ig. 4 shows that the negative and positive stretch have opposite 

ffects on the chemical pathway. When the relative importance of 

he reaction is enhanced in OPF, it is weakened by the negative 

tretch of IPF; and vice versa. At zero stretch rate, the fractional 

eat release and H radical consumption of IPF and OPF approaches 

he same value corresponding to an unstretched planar flame. 

Fig. 4 (a) shows that the reaction H + O 2 ( + M ) = HO 2 ( + M )

s the most dominant exothermic reaction. Other main exothermic 
7 
eactions are those involved in OH consumption: H 2 + OH = H 2 O+ 

, HO 2 + OH = H 2 O + O 2 and H + OH + M = H 2 O + M . For H radi-

al consumption, H + O 2 ( + M ) = HO 2 ( + M ) is the most impor-

ant reaction and the next two most dominant reactions are 

 + O 2 = O + OH and HO 2 + H = OH + OH. Fig. 4 shows that the

PF only experiences a narrow negative stretch range with −0.16 

 Ka < −0.02. Therefore, the relative importance of these re- 

ctions remains to be in the same order for Ka < 0. Never- 

heless, the negative stretch has an obvious impact on the frac- 

ional heat release and H radical consumption; and the relative 

ifference from the corresponding value at zero stretch is in the 

ange of 10%~50%. The OPF exhibits a significantly larger range of 

tretch rate than the IPF since the initial ignition kernel is highly 

tretched. Consequently, the fractional heat release from reaction 

 + OH + M = H 2 O + M at Ka = 15 is about two and a half times

f that at Ka = 0. Additionally, the fractional H consumption from 

eaction H + OH + M = H 2 O + M increases around 100% when Ka in-

reases from 0 to 15. 

Fig. 5 shows the results for a stoichiometric H 2 /air mixture. 

imilar to the fuel-lean case, the fractional heat release and H 

adical consumption from reaction H + OH + M = H 2 O + M are both

trongly affected by stretch rate in the OPF while they show much 

maller variations in the IPF. From the fuel-lean case to the sto- 

chiometric case, the oxygen concentration decreases and thereby 

he main heat release reaction shifts from H + O 2 ( + M ) = HO 2 ( + M )

o H + OH + M = H 2 O + M . Similar to the fuel-lean case, the H radi-

al in stoichiometric H /air flame is still mainly consumed by reac- 
2 
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Fig. 9. Chemical pathway for (a) lean H 2 /air flame with φ = 0.4 and (b) rich H 2 /air flame with φ = 5.1 of canonical flames (solid lines) compared to calculations with the 

CSM (dashed lines). The shaded regions represent ignition-influenced phase. 

Fig. 10. Contours of fractional heat release from reactions A1-A3 over the strain-curvature parameter space for fuel-lean H 2 /air flame with φ = 0.4. 
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3

ions H + O 2 ( + M ) = HO 2 ( + M ) and H + O 2 = O + OH. Besides, the

eaction H + OH + M = H 2 O + M starts to play an essential role in H

adical consumption, especially at negative stretch rate. 

The results for fuel-rich H 2 /air flame with φ = 5.1 are shown 

n Fig. 6 . Similar to Fig. 3 (c), the contributions of the given reac-

ions change monotonically with negative Ka for IPF; while non- 

onotonic change is observed for OPF. It is observed that the 

tretch rate has great impact on both fractional heat release and 

 radical consumption by different elementary reactions. Note that 

he OPF is strongly affected the ignition energy deposition and so 

s the chemical pathway. For fuel-rich H 2 /air flames, there is a 

arge amount of H radicals at relatively high flame temperature. 

herefore, the reaction H + H + M = H 2 + M starts to dominate

n the contribution to total heat release and H radical consump- 

ion at high negative stretch rate, which strengthens the flame and 

ncreases the flame temperature. For positively stretched flame, re- 

ction H + O 2 ( + M ) = HO 2 ( + M ) is still the most dominant one in

erms of heat release and H radical consumption. 

The above results are for OPF and IPF in H 2 /air mixtures. Das- 

upta et al. [7] considered the laminar counterflow flame and tur- 

ulent flame in the fuel-lean H 2 /air mixture with φ = 0.4. The 

resent results and those from Dasgupta et al. [7] are compared 

n Fig. 7 . Qualitative agreement is observed. Nevertheless, quan- 

itative difference is seen for the most dominant exothermic reac- 

ion H + O 2 ( + M ) = HO 2 ( + M ) and H radical consumption reaction

 + O 2 = O + OH. Such discrepancy could be caused, in part, by two

ossible reasons. One is that the ignition energy deposition during 

he initiation of OPF affects the flame propagation at high stretch 

ate (i.e., small flame radius). The other one is that both stretch 
o

8 
omponents originating from hydrodynamic strain and flame cur- 

ature contribute to the flame stretch rate, while they may not 

ave identical effects upon chemical pathway. Therefore, even for 

he same Karlovitz number, the flame structure is not unique due 

o the various combinations of K s and K c . This scenario is more 

ronounced in a turbulent flame which, in the flamelet regime, can 

e considered as a statistical ensemble of laminar flamelets sub- 

ected to different combinations of K s and K c . Therefore, the frac- 

ional heat release and H radical consumption of turbulent flames 

re interpreted in a statistical manner. This can be further demon- 

trated by the low sensitivity of fractional values to flame stretch 

n Fig. 7 (dashed-dot line). 

Based on above discussion, it is noted that the study of stretch- 

hemistry interaction in canonical flame configurations (i.e. IPF and 

PF) is subject to certain limitations: 1) The influences of K s and 

 c are embodied in a single-valued Karlovitz number in canoni- 

al flames; 2) Canonical flames have limited range of stretch and 

hereby can only capture a small part of stretch effects on chemi- 

al pathway. Therefore, the composition space model (CSM), which 

llows arbitrary combinations of strain and curvature to be cho- 

en, is used in the following discussion to assess the individual ef- 

ects of K s and K c on chemical pathways. Besides, the large flame 

atabase provided by the CSM allows investigating a much wider 

ange of stretch conditions which is beyond the limit of canonical 

ame solutions. 

.2. Stretch-chemistry interaction in CSM 

In this subsection, we assess the individual effects of K s and K c 

n chemical pathways using the composition space model. 
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Fig. 11. Change of (a) integrated heat release and (b) fractional heat release by dominant reactions with K s along isoline K c = −20 0 0 1/s for fuel-lean H 2 /air flame with 

φ = 0.4. The dominant reactions are A1: H 2 + OH 

= H 2 O + H, A2: H + O 2 ( + M ) = HO 2 ( + M ), A3: H + OH + M = H 2 O + M , A4: HO 2 + H 

= OH + OH, A5: HO 2 + OH 

= H 2 O + O 2 , A6: 

H + O 2 = O + OH. 

Fig. 12. Strain-curvature parameter space for fuel-lean H 2 /air flame with φ = 0.4 characterized by burning velocity (left) and peak temperature (right). 

Table 1 

Key reactions relevant to the laminar flame speed and heat release for H 2 /air flames 

at different equivalence ratios and T 0 = 298 K and P 0 = 1 atm. 

Equivalence ratio Key reactions relevant to S u and q total 

φ = 0.4 A1: H 2 + OH 

= H + H 2 O 

A2: H + O 2 ( + M ) = HO 2 ( + M ) 

A3: H + OH + M = H 2 O + M 

φ = 1.0 B1: H 2 + OH 

= H + H 2 O 

B2: H + O 2 = O + OH 

B3: H + OH + M = H 2 O + M 

B4: H + O 2 ( + M ) = HO 2 ( + M ) 

φ = 5.1 C1: H + O 2 = O + OH 

C2: H + HO 2 = 2OH 

C3: H + O 2 ( + M ) = HO 2 ( + M ) 

C4: H 2 + OH 

= H + H 2 O 

C5: H + H + M = H 2 + M 
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.2.1. Parameter space and CSM validation 

Fig. 8 shows the Karlovitz number in the attainable strain- 

urvature parameter space obtained with the CSM for different 

quivalence ratios. The parameter space is restrained by certain 

hysical limits as discussed by Böttler et al. [20] . The canonical 

ame solutions are also plotted in Fig. 8 for reference. It is ob- 

erved that IPF and OPF can only cover a small subset of the pa-

ameter range obtained by the CSM. Besides, the shape of the pa- 
9 
ameter space is shown to be strongly affected by the Lewis num- 

er. For fuel-lean H 2/ air mixture with φ = 0.4 and Le = 0.43, the 

ame is weakened by negative stretch and strengthened by posi- 

ive stretch. Therefore, the attainable parameter space is wider on 

ositive Karlovitz number side. On the contrary, a wide negative 

a range is obtained for fuel-rich H 2/ air flame with φ = 5.1 and 

e = 2.3. For stoichiometric flames with Lewis number close to 

nity, the attainable positively and negatively stretched flames are 

omparable. 

To validate the CSM, chemical pathways of IPF and OPF pre- 

icted by A-SURF in the physical space are compared with the cor- 

esponding results predicted by the CSM in Fig. 9 . Overall, good 

greement is observed between the canonical flame solutions and 

SM results. The slight discrepancy results from the difference in 

oundary conditions: in CSM, both fresh and burned gases are de- 

ned far away from the reaction zone; while for OPF and IPF in 

hysical space, the burned boundary conditions are close to the 

ame. During the ignition process of OPF, burned products and 

adical pool are generated in the ignition kernel, which causes 

iffusive fluxes and modifies the flame structure in the follow- 

ng propagation process. Similarly, in IPF heat conduction from the 

urned region to the reaction zone (i.e., the back-support effect) 

elps flame propagation at highly negative curvature where no 

SM solution exists for fuel-lean H 2 /air flames. The flame struc- 
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Fig. 13. Scatter of fractional heat release for key reactions involved in the H 2 /air flames with the equivalence ratio of φ = 0.4, 1.0 and 5.1. 

Fig. 14. Change of fractional heat release from key reactions along (a) K s and (b) K c isolines for fuel-lean H 2 /air flame with φ = 0.4. 
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ure analysis is shown in Appendix C , where the ignition effect 

nd back support effect are demonstrated. Besides, one limitation 

f the CSM for fuel-rich H 2 /air flames is addressed here. The post 

xidation zone of the fuel-rich flame tends to be very long. This re- 

ion is dominated by reaction H + H + M = H 2 + M , which slowly

pproaches the equilibrium state. The integral quantities defined in 

ubSection 2.3 are very sensitive to this region. Therefore, for fuel- 

ich flames, the integration is only performed until heat release has 

ecayed to 3% of the maximum on the burned side. 

.2.2. Effects of strain and curvature on chemical pathways 

In this subsection, the CSM is used to assess the individual ef- 

ects of K s and K c on chemical pathways. In following we shall ad- 

ress two questions: 
10 
1) Does the Karlovitz number already provide enough informa- 

tion to characterize flame chemistry? 

2) Is the flame chemistry more sensitive to K s or K c ? 

There are around twenty elementary reactions involved in the 

ydrogen oxidation. Here we focus on the key reactions relevant 

o the laminar flame speed S u and total heat release q total . These 

eactions are identified through sensitivity analysis and listed in 

able 1 . 

Fig. 10 shows the contours of fractional heat release from re- 

ctions A1: H 2 + OH 

= H + H 2 O, A2: H + O 2 ( + M ) = HO 2 ( + M ) and

3: H + OH + M = H 2 O + M in the strain-curvature parameter space

btained by the CSM for fuel-lean H 2 /air flames. It seems that the 

ractional heat release from reaction A1 is more sensitive to the 

urvature change than to the change of strain rate. From the bot- 
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Fig. 15. Change of fractional heat release from key reactions along (a) K s and (b) K c isolines for stoichiometric H 2 /air flame. 
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om to the top boundary of the parameter space, the fractional 

eat release of reaction A1 is increased by 50%. Reactions A2: 

 + O 2 ( + M ) = HO 2 ( + M ) and A3: H + OH + M = H 2 O + M are both

adical-radical recombination reactions. Therefore, both strain and 

urvature have similar effects on the fractional heat release from 

eactions A2 and A3. From the bottom-left to the top-right bound- 

ry, the fractional heat release from reaction A2 decreases by a 

actor around 2 and the fractional heat release from reaction A3 

ncreases by a factor around 6. Similar results are obtained for sto- 

chiometric and fuel-rich H 2 /air flames and the contours are not 

hown here. 

These results indicate that the relative importance of different 

eaction steps in heat release alters under the influence of strain 

nd curvature. It is not surprising that the reaction rates change 

nder the effects of stretch rate and preferential diffusion, but 

he question is that why do relative importance of certain reac- 

ions increase and others decrease? To illustrate it, we transform 

he κ- K s parameter space into K s - K c parameter space and plot 

he change of integrated heat release rate (HRR) (i.e. q k ) and frac- 

ional HRR (i.e. q k / q tota l ) by dominant reactions with K s along iso-

ine K c = −20 0 0 1/s in Fig. 11 . The total stretch rate K = K s + K c in-

reases with K s along the K c isoline. As shown before in Fig. 1 , for

uel-lean flames with Lewis number smaller than unity, the tem- 

erature and radical concentrations are increased by finite levels of 

tretch rate. Therefore, the reaction rate as well as the integrated 

RR by each reaction increases monotonically with K s along K c iso- 

ine in Fig. 11 (a). However, since the reaction rates have different 

ependencies on the temperature and radical concentrations, the 

ntegrated HRR by each reaction shows different sensitivities to the 

hange of stretch rate. For example, the integrated HRR by A3 in- 

reases more rapidly than all the other reactions. That is because 
11 
or reaction A3: H + OH + M = H 2 O + M , the reaction rate depends

argely on the H and OH radical concentrations. As shown in Fig. 1 ,

he mole concentrations of H and OH have the largest increase 

mong all the radicals when stretch rate is increased. Therefore, 

he relative importance of A3 in heat release increases with the 

train rate, while the fractional heat releases of other reactions de- 

rease with the strain rate (see Fig. 11 (b)). This indicates that re- 

ction A3 plays more important role in heat release under higher 

tretch rates. In the work of Aspden et al. [8] , the different sensi-

ivities of reaction rates to the radical concentration change were 

lso observed at different tem peratures, which caused a decor- 

elation between fuel consumption and heat release. Besides, a 

imilar enhancement in A3 was also observed for high Karlovitz 

umbers. 

In summary, the stretch-chemistry interactions alter chemical 

athway by following steps: First, the stretch and preferential dif- 

usion effects alter local composition and temperature within the 

eaction zone. Then, the altered temperature and radical concen- 

rations change the reaction rates of chemical reactions. Due to dif- 

erent dependencies, reaction rates show different sensitivities to 

he temperature and radical concentration change. Therefore, the 

elative importance of different reactions and chemical pathways 

hange. 

The important flame properties, burning velocity and peak tem- 

erature, of fuel-lean H 2 /air flames in the strain-curvature param- 

ter space are further illustrated in Fig. 12 . Burning velocity is cru- 

ial to the combustion efficiency and the peak flame temperature 

s closely related to NOx emission in hydrogen combustion. 

Due to the differential diffusion effects, positive stretch 

trengthens flames with Lewis number less than unity. As shown 

n Fig. 12 , the burning velocity is strongly correlated with strain 
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Fig. 16. Change of fractional heat release from key reactions along (a) K s and (b) K c isolines for fuel-rich H 2 /air flame with φ = 5.1. 
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ate while it shows a relatively weak response with curvature. 

rom the left to the right boundary of the parameter space, the 

urning velocity is increased by a factor of 5. Furthermore, it is ob- 

erved that the peak temperature increases substantially with in- 

reasing K S and κ . 

Fig. 13 shows the scatter plot of fractional heat release for key 

eactions of H 2 /air flames with different equivalence ratios. The 

catter is equidistantly extracted from strain-curvature parameter 

pace and plotted as a function of Karlovitz number, which con- 

ists of the influence of both flame curvature and flow field strain 

ate (i.e. Ka = K δ/ S L where K = K s + K c ). It is observed that the frac-

ional heat release of reactions A1-A3 have large scatter for fuel- 

ean H 2 /air flames. This implies that K s and K c have distinct effects 

pon flame chemistry and the fractional heat release of key reac- 

ions is sensitive to the combination of K s and K c . Figs. 13 (b) and

ig. 13 (c) show that the points collapse into a smaller region for 

he stoichiometric case and even into a single curve at negative 

a for fuel-rich H 2 /air flames. This phenomenon could be caused 

y two reasons. First, the region of negative curvature is narrower 

or stoichiometric and fuel-rich H 2 /air flames than for the fuel-lean 

ase, which can be observed in Fig. 8 . Second, the displacement 

peed increases with negative flame stretch for flames with Lewis 

umber greater than unity. With a larger value of S d , curvature has 

ore dominant effect on flame chemistry since the curvature in- 

uced stretch is K c = S d κ . Nevertheless, it is noted that large scat-

er is observed around zero Karlovitz number for fuel-rich flames 

n Fig. 13 (c). This implies that the effects of K s and K c on chemical

athway are still not identical. Fig. 13 indicates that a single-valued 

arlovitz number is sufficient to characterize the flame chemistry 

or fuel-rich flames with a negative flame stretch, while more spe- 
12 
ific information is needed in terms of strain and curvature for the 

uel-lean and stoichiometric H 2 /air flames. 

To demonstrate the individual influence of K s and K c , we trans- 

orm the κ- K s parameter space into the K s - K c parameter space and

lot the fraction heat release from key reactions along the K s and 

 c isolines. Fig. 14 shows the results for H 2 /air flames with φ = 0.4. 

t zero strain rate of K s = 0 s − 1 and zero curvature of K c = 0 s − 1 

solid lines in Fig. 14 ), the flame is subjected to a stretch rate only

ue to propagation of curved flame and flow strain rate, respec- 

ively. It is shown that the fractional heat release of reaction A1 is 

ominated by K c , while that of reactions A2 and A3 are affected 

oth by K s and K c . This conclusion still holds for K s = 50 0 0 and

0,0 0 0 s − 1 and K c = −20 0 0 and 20 0 0 s − 1 , where the stretch

ate has contributions from both K s and K c . 

Similar analysis is performed for stoichiometric H 2 /air flames. 

ig. 15 (b) indicates that the strain rate has little effect on the frac- 

ional heat release from reactions B1-B4 for different K c . This is 

urther demonstrated by Fig. 15 (a) where results for different strain 

ates of K s = 0, −10 0 0 and 30 0 0 s − 1 almost collapse into a sin-

le curve. Therefore, the fractional heat release is nearly indepen- 

ent of the flow field strain rate. For reactions B1 and B2, slight 

ariation is observed in the change of fractional heat release with 

 c ; while obvious change is observed for reactions B3 and B4 in 

ig. 15 (a) . 

Fig. 16 shows similar results for fuel-rich H 2 /air flame with 

= 5.1. The fractional heat release from reactions C1, C2 and C4 

s shown to have low sensitivity to both K s and K c . The fractional

eat release from reactions C3 and C5 is obviously affected by K c : 

hen the flame curvature increases from K c = −17,0 0 0 s − 1 to 

 c = 0 s − 1 , the fractional heat release from reactions C3 increases 
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y about 100% and the fractional heat release from reactions C5 in- 

reases to about 1/3. 

The above results in Figs. 14–16 indicate that for fuel-lean 

 2 /air flames, both K s and K c have a non-negligible effect on the 

ame chemistry; for stoichiometric flames, K c has a more signifi- 

ant effect than K s ; while for fuel-rich flames, both K s and K c have

oderate effects on the flame chemistry. Overall, flame chem- 

stry shows a higher sensitivity to the stretch originating from the 

urved flame propagation than flow field strain rate. This is reason- 

ble as the flame curvature is related to the direction of species 

oncentration gradient around the reaction zone and is primarily 

orrelated with mass diffusion rates [38] . Therefore, highly diffu- 

ive species such as H and H 2 can be easily focused by curva- 

ure effects to enhance the reaction rates and to alter the chem- 

cal pathway. The curvature effect induced by the high diffusivi- 

ies of H 2 and H is further justified by transport budget analysis in 

ppendix D . 

Usually data from counterflow flame solutions are used in tur- 

ulent combustion modelling [38] . However, the counterflow flame 

nly has positive strain while it has zero curvature. On the isosur- 

ace of the turbulent flame, local flame segments can be subjected 

o different combinations of strain and curvature [7] . Therefore, the 

bove results indicate that for hydrogen/air flame, it might be in- 

alid to use steady strained flames with zero curvature to describe 

he local chemistry in turbulent flames. 

. Conclusions 

In this study, one-dimensional simulations in physical space 

onsidering detailed chemistry and transport are conducted to as- 

ess the effects of stretch-chemistry interaction on chemical path- 

ays in premixed H 2 /air flames. Both inwardly and outwardly 

ropagating spherical flames (IPF and OPF) with negative and pos- 

tive stretch rate, respectively, are investigated for H 2 /air mixtures 

ith different equivalence ratios (or different effective Lewis num- 

ers). Due to the coupling between preferential diffusion (charac- 

erized by the Lewis number) and stretch rate, the spherical flame 

ropagation speed strongly depends on the stretch rate. For dif- 

erent equivalence ratios, the change of fractional heat release and 

adical production with the stretch rate is found to follow the same 

rend as the spherical flame propagation speed. The relative roles 

f dominant elementary reactions such as H + O 2 ( + M ) = HO 2 

 + M ), H 2 + OH 

= H + H 2 O and H + O 2 = O + OH vary with the

ewis number. In IPF and OPF, the negative and positive stretch 

ates have opposite effects on the chemical pathway. Besides, the 

hemical pathways obtained for OPF are compared with these for 

aminar counterflow flame and turbulent flame. Qualitative agree- 

ent is observed though there is quantitative difference due to 

he different combinations of strain and curvature embodied in the 

tretch rate. 

To further analyze the individual effects of the stretch com- 

onents originating from hydrodynamic strain and curved flame 

ropagation on the chemical pathway, a composition space model 

s used. It is demonstrated that K s and K c have different effects 

n flame chemistry. Due to the high diffusivity of H 2 and H, 

he chemical pathway shows a higher sensitivity to K c than K s . 

 single-valued Karlovitz number is sufficient to characterize the 

ame chemistry for fuel-rich flames with negative flame stretch, 

hile more specific information is required in terms of strain and 

urvature for modelling the fuel-lean and stoichiometric H 2 /air 

ames. 

Here we only consider the oxidation pathway of hydrogen. In 

uture works, it would be interesting to consider hydrocarbon fu- 

ls, for which the chemical pathways might have different sensitiv- 

ty to K s and K c . Besides, it is noted that flame chemistry is also af-
13 
ected by excess energy deposition during the forced-ignition pro- 

ess, which is not included in the CSM. Hence, it would be of great 

nterest take into account the influence of ignition in the composi- 

ion space and to study the stretch effects on flame chemistry dur- 

ng the forced ignition process. Furthermore, it is noted that we 

onsider atmospheric pressure in this work. It is well known that 

he hydrogen oxidation and the reaction pathway strongly depend 

n pressure. Therefore, it would be interesting to take into account 

he influence of pressure on the stretch-chemistry interaction and 

hemical pathway in future works. 
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ppendix A. Physical space reconstruction 

Physical space reconstruction is done by inverting the transfor- 

ation between progress variable Y c and physical coordinate r ′ : 

 

′ = 

∫ Y c, max 

Y c, min 

d Y c 

g c 
(A1) 

Special attention should be paid to the upper and lower lim- 

ts of the integral since the progress variable gradient g c is equal 

o zero at the boundaries of the CSM, resulting in infinite value 

f the integral. Though this reconstructed coordinate does not ac- 

ount for curvature effect, the topological information is already 

ontained in the CSM by the prescribed curvature value. The flame 

oordinate r can be obtained by superposing the curvature value 

nd the reconstructed physical coordinate is: 

 = 

2 

κ
+ 

(
r ′ | ˙ ω T ,max − r ′ 

)
(A2) 

here r ′ | ˙ ω T ,max corresponds to the radius at the maximum heat re- 

ease rate. This value is taken as reference since the representative 

alue for curvature κ is also extracted at the position of maximum 

eat release rate in spherical flames. 

ppendix B. Curvature reconstruction 

In CSM, the flame structure of OPF and IPF is recovered by 

rescribing constant values for strain and curvature in Eqs. (3 –5 ), 

hile they are different in the physical space. Here we demon- 

trate that the modelling assumption of using constant represen- 

ative values for strain and curvature is valid in determining the 

ame structure. The curvature profile can be reconstructed via the 

econstructed flame radius r : 

re = 

2 

r 
(B1) 

Fig. B1 (a) shows the profiles of constant curvature and recon- 

tructed curvature in composition space. The reconstructed curva- 

ure remains constant in most parts of the progress variable do- 

ain and only shows differences in the preheat and post oxidation 

https://doi.org/10.13039/501100001809
https://doi.org/10.13039/501100001736
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Fig. B1. Change of (a) flame curvature κ , (b) progress variable gradient g c , and (c) OH mass fraction Y OH with the progress variable with constant curvature (solid lines) and 

reconstructed curvature (dashed lines). 
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one. Furthermore, Fig. B1 (b) and Fig. B1 (c) show that using the 

econstructed curvature profile as input parameter has negligible 

nfluence on the flame structure in the composition space. There- 

ore, using constant curvature values in the composition space is 

alid while the reconstructed profile is only needed for the trans- 

ormation back to physical space. 

ppendix C. Flame structure analysis 

Here we compare flame structures of canonical flame configu- 

ations to corresponding results from the CSM and assess the igni- 

ion effect and back support effect. Fig. C1 shows temperature, heat 

elease rate, H 2 mass fraction and H mass fraction profiles for OPF 

ith very small flame radii (corresponding to large Karlovitz num- 

ers). In general, good agreement is observed between the canon- 

cal flame solutions in the physical space and those from the CSM, 

ndicating that constant values for strain and curvature can be used 

n CSM. The ignition effect is visible in H and H 2 mass fraction pro-
ig. C1. Flame structures for H 2 /air flames with φ = 0.4, 1.0 and 5.1. The solid lines are 

he CSM. 

14 
les. At the center with strong ignition effect, H 2 diffuses toward 

he high temperature region at the center (i.e. r = 0 m). Diffusive 

ux turns around when the center cools down. This effect is not 

ncluded in the CSM, and thereby discrepancy is observed in H 2 

ass fractions in preheat zone and also in front of the preheat 

one for stoichiometric and fuel-rich H 2 /air flames. For fuel-lean 

ase, higher H radical concentration at the center is caused by ig- 

ition energy deposition. The ignition effect is important during 

he early propagation of OPF and has a large effect on the chem- 

cal pathways at large Karlovitz numbers, which can be seen in 

ig. 7 . 

Fig. C2 shows the flame structure analysis results for IPF. Due 

o the back support by hot products, more H 2 is observed in the 

ame structure for H 2 /air flames with φ = 5.1. Back support ef- 

ect is less pronounced than ignition effect. Therefore, much better 

greement is obtained for fuel-lean and stoichiometric IPF, which 

an be seen from the flame structure analysis in Fig. C2 and the 

hemical pathway comparison in Fig. 7 . 
results for OPF in the physical space while the dashed lines represent results from 
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Fig. C2. Flame structures for H 2 /air flames with φ = 0.4, 1.0 and 5.1. The solid lines are results for IPF in the physical space while the dashed lines represent results from 

the CSM. 
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ppendix D. Transport budget analysis 

In this appendix, we conduct a transport budget analysis to 

how the curvature effect induced by high diffusivities of H 2 and 

. Here, the transport equation for the i th species is considered: 

∂ Y i 
∂τ

= −g c 
∂ 

∂ Y c 

(
g c ρY i ̃  V i 

)
+ g c 

∂ 

∂ Y c 

(
g c ρY c ̃  V c 

) ∂ Y i 
∂ Y c 

+ ρg c κ

(
Y i ̃  V i − Y c ̃  V c 

∂ Y i 
∂ Y c 

)
− ˙ ω c 

∂ Y i 
∂ Y c 

+ ˙ ω i (D1) 

here −g c 
∂ 

∂ Y c 
( g c ρY i ̃  V i ) + g c 

∂ 
∂ Y c 

( g c ρY c ̃  V c ) 
∂ Y i 
∂ Y c 

and 

g c κ( Y i ̃  V i − Y c ̃  V c 
∂ Y i 
∂ Y c 

) denote the flame normal diffusion and 

urvature induced diffusion, respectively. − ˙ ω c 
∂ Y i 
∂ Y c 

is a drift term 

nd ˙ ω i represents the contribution from reaction. 

Figures D1–3 show the budget analysis results of H 2 , H and H 2 O

or fuel-rich H /air flames with different stretch conditions. For a 
2 

Fig. D1. H 2 budget analysis for fuel-rich H 2 /air flames with φ = 5.1. (a) K s = −10 0 0 1/

15 
teady flame, the terms on the right-hand side are well balanced 

ith each other. The flame curvature is related to the direction of 

pecies concentration gradient around the reaction zone and is pri- 

arily correlated with mass diffusion rates. Therefore, curvature 

nduced diffusion plays an important role in the transport of highly 

iffusive species such as H and H 2 . However, for large molecules 

uch as H 2 O, the curvature induced diffusion term almost equals 

ero, as shown in Fig. D3 . 

For fuel-rich mixtures with Lewis number greater than unity, 

ames are weakened by positive stretch. In Figures D1–3 , the Lewis 

umber effect is clearly visible. When the strain rate is decreased 

rom K S = 0 1/s to −10 0 0 1/s (from Figs. D1–3 (b) to Figs. D1–3 (a)),

he absolute value of source term increases. When the curvature is 

ncreased from κ= −20 0 0 1/m to 30 0 1/m (from Figs. D1–3 (b) to

igs. D1 –3 (c)), the absolute value of source term decreases. There- 

ore, the diffusion terms and drift terms change accordingly. It is 

oted that for H and H, the relative importance of curvature in- 
s, κ = −20 0 0 1/m, (b) K s = 0 1/s, κ = −20 0 0 1/m, (c) K s = 0 1/s, κ = 300 1/m. 
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Fig. D2. H budget analysis for fuel-rich H 2 /air flames with φ = 5.1. (a) K s = −10 0 0 1/s, κ = −20 0 0 1/m, (b) K s = 0 1/s, κ = −20 0 0 1/m, (c) K s = 0 1/s, κ = 300 1/m. 

Fig. D3. H 2 O budget analysis for fuel-rich H 2 /air flames with φ = 5.1. (a) K s = −10 0 0 1/s, κ = −20 0 0 1/m, (b) K s = 0 1/s, κ = −20 0 0 1/m, (c) K s = 0 1/s, κ = 300 1/m. 
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