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a b s t r a c t 

Modeling hydrogen-air flames is challenging for several reasons. Due to its high diffusivity and reac- 

tivity, the combustion properties of hydrogen are substantially different from conventional hydrocarbon 

fuels. Besides differential diffusion and flame stretch, which play an important role in hydrogen combus- 

tion, the prediction of ignition events is also relevant for the safety and control of combustors operating 

with hydrogen. To address these effects with a manifold-based method, a novel flamelet progress variable 

(FPV) model is presented which consists of a tabulated manifold and a coupling strategy. In contrast to 

prior work, the manifold is coupled to the CFD simulation by transporting major species and enthalpy 

instead of transporting the flamelet control variables only. A closure approach is developed to employ a 

mixture-averaged diffusion model accounting for exact diffusion coefficients. Furthermore, a novel tab- 

ulation strategy is presented which is based on a recently published composition space model (CSM). 

The CSM is used for computing and tabulating flamelets which are consistently blended with constant- 

pressure homogeneous ignition solutions at elevated temperatures. The FPV model is validated for planar 

and curved hydrogen-air premixed flames across a range of equivalence ratios ( 0 . 7 ≤ φ ≤ 1 . 4 ). The lat- 

ter are ignited by an energy deposition followed by an outward propagation as cylindrical or spherical 

expanding flames. It is shown that the FPV model accurately recovers the characteristics of the forced ig- 

nition process in both quiescent mixtures and a counterflow configuration, as well as the flame structures 

and propagation speed of the outwardly propagating hydrogen-air flames. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

For the transition towards zero-carbon energy systems, hydro- 

en is an intensively discussed energy carrier of increasing rel- 

vance [1] . When generated with renewable energy sources via 

lectrolysis, so-called green hydrogen can be directly used as a fuel 

r further processed to create synthetic fuels such as dimethyl 

ther (DME) and ammonia [1–3] . As a fuel, hydrogen leads to a 

rastic change in combustion characteristics due to its high diffu- 

ivity and reactivity [3] . This entails not only changes in the com- 

ustor equipment but also challenges for the modeling approaches 

hat are used to design such devices [1,2] . 

Computational fluid dynamics (CFD) has become an essential 

ool in optimizing combustion facilities not only with regard to 

mproving efficiency, control, and safety but also to reduce pol- 
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utants [1] . However, simulations of practical combustion devices 

esolving all relevant scales and employing detailed reaction mech- 

nisms (direct numerical simulation, DNS) will remain an excep- 

ion due to their tremendous computational cost. Therefore, DNS 

tudies are restricted to academic configurations and will remain 

o in the near future [4] , which has motivated the development 

f a variety of modeling approaches [5–10] . While approaches are 

vailable to reduce chemical reaction mechanisms [11] , flamelet- 

ased models are a promising alternative to account for detailed 

inetics at a reasonable computational cost. Popular methods are 

he Flamelet/Progress Variable (FPV) approach [12] , Flamelet Gen- 

rated Manifolds (FGM) [10] , or the Flame Prolongation for ILDM 

FPI) model [6] . In general, these models are based on the assump- 

ion that a turbulent flame can be considered a statistical ensemble 

f one-dimensional laminar flamelets [5] . By this means, flamelet 

anifolds are coupled to CFD simulations providing detailed ki- 

etic information but requiring only the transport of a reduced 

et of scalars. These flamelet manifolds are usually generated by 

re-computing one-dimensional flame structures which are param- 
. 

odeling of forced ignition and flame propagation in hydrogen-air 
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terized by variables accounting for different physical effects, and 

hese parameters are used for tabulation. Commonly used variables 

re the mixture fraction Z, the progress variable Y c and often also 

nthalpy h to capture non-adiabatic effects [13] . 

Comprehensive overviews of modeling concepts and their usage 

n turbulent applications can be found elsewhere [4,8] . 

Flamelet models were originally developed for non-premixed 

ombustion [5,14] , while FGM has its origins in premixed com- 

ustion [10] . First derived for unity Lewis number diffusion, both 

pproaches were later extended to cover differential diffusion 

ffects, which describe the separation of initially correlated scalars 

n a flow due to different molecular diffusion properties [6,7,9,15–

7] . This effect is particularly important in mixtures containing 

ydrogen [16,18] . Capturing differential diffusion with flamelet- 

ased modeling approaches still poses a considerable challenge. 

omprehensive diffusion models which are capable of describ- 

ng differential diffusion, such as the mixture-averaged diffusion 

odel, require gradient information for all species to accurately 

redict the species’ molecular diffusion fluxes. This is a particular 

hallenge in flamelet-based approaches since not all species gradi- 

nts are available and only a reduced set of scalars is transported 

n the coupled CFD simulation. Therefore, closures are required. 

Next, previous manifold-based modeling approaches are re- 

iewed which have attempted to incorporate differential diffusion 

ffects for premixed flames. Thereafter, modeling approaches for 

gnition phenomena are discussed. de Swart et al. [15] developed 

 FGM model for lean premixed methane-air flames including a 

iscussion on the effects of adding hydrogen. In their model, the 

uthors utilize a preferential diffusion coefficient for the progress 

ariable and the closure of molecular diffusive fluxes is partly re- 

lized by obtaining gradient information of the control variables 

rom tabulated 1D flames. Donini et al. [19] extended this model 

o include non-adiabatic conditions found in premixed laminar 

ethane/air flames with heat loss and also turbulent gas turbine 

pplications [20] . Later, Zhang et al. [21] discussed stratification 

ffects in lean and stoichiometric methane-air flames and com- 

ared the approach developed by Donini et al. [20] to a FGM model 

here stretch effects are expressed by a second mixture fraction 

nstead of accounting for enthalpy variations in the flamelet man- 

fold. Recently, the modeling approaches utilized by [15,19] were 

evisited by Mukundakumar et al. [22] to describe differential dif- 

usion effects in laminar 2D hydrogen-air premixed flames. The au- 

hors introduced improvements compared to the previous model 

y Donini et al. [19] and compared both models to direct chem- 

stry solutions with non-unity but constant Lewis numbers. Al- 

hough the new model exhibited a better performance, significant 

eviations in important flame characteristics such as the flame 

eight and heat release rate were still found. Another modeling 

pproach was presented by Schlup and Blanquart [17] , who cap- 

ured curvature effects in lean premixed hydrogen-air flames by 

xtending the transport equation of the mixture fraction and us- 

ng flamelet manifolds based on unstretched flamelets. With the 

ssumption of single-step chemistry, the authors were able to re- 

ate the diffusive flux of the mixture fraction to the diffusive trans- 

ort of the progress variable. In their study, Schlup and Blanquart 

17] focused on adiabatic premixed flames and did not include 

nthalpy as a flamelet parameter. The aforementioned modeling 

pproaches share the common attribute that the control param- 

ters, often composite variables such as the mixture fraction and 

rogress variable, are transported directly in the CFD, which re- 

uires additional modeling effort with respect to their diffusivity 

or Lewis number). Recently, progress has been made with a hy- 

rid transported-tabulated chemistry method (HTTC) in order to 

educe the size of the flamelet manifold [23–25] . In this model, 

 reduced set of major species is transported and only interme- 

iate species are tabulated using mixture fraction and progress 
2 
ariable as control variables. The reduced manifold is coupled 

o a compressible CFD solver where mixture properties are cal- 

ulated based on the retrieved species composition. This model 

as validated against freely propagating flames of large hydro- 

arbons (e.g. kerosene) [23] and a partially premixed methane-air 

ame [24,25] using a mixture-averaged approach. A manifold pro- 

ongation was utilized to account for effects beyond the flamma- 

ility limits, however, deviations remained in species profiles such 

s H 2 O and CO [25] . The concept is promising to improve the pre-

iction of flamelet-based models by transporting major species in- 

tead of conventional control variables. Gierth et al. [16] presented 

 similar approach for non-premixed combustion in order to cap- 

ure differential diffusion effects in an LES of a non-piloted, non- 

remixed turbulent oxy-fuel flame. Noting that the fuel consisted 

f two components with significantly different diffusivities (45 vol- 

 CH 4 and 55 vol-% H 2 ), the transport of major species consid- 

rably improved the model predictions for the flame structure in 

omparison to conventional coupling strategies. In summary, al- 

hough considerable progress has been made, no generic solu- 

ion has been presented for capturing differential diffusion with 

amelet-based approaches. 

With respect to ignition phenomena, the majority of flamelet- 

ased models were developed in the context of non-premixed 

ombustion. While recent experiments [26–28] and direct numeri- 

al simulations [29–32] comprehensively discussed forced ignition 

rocesses in laminar and turbulent premixed combustion, flamelet 

odeling of premixed ignition phenomena is not addressed as 

xtensively in the literature. Recently, Malé et al. [33] discussed 

he characteristics of an unsteady representative flamelet model 

y means of a-priori analysis for premixed propane jets ignited 

y hot products. Tang et al. [34] developed a comprehensive ig- 

ition model which was validated for methane-air non-premixed 

ames in cross flow configurations and later also for alterna- 

ive jet fuels [35] . In their work, the authors developed an ad- 

anced tabulation method combining flamelets from both coun- 

erflow flames and homogeneous reactors, further incorporating 

he stochastic nature of ignition processes by using a Monte-Carlo 

ethod in their coupled calculations. Although the the model by 

ang et al. [34] performed well for modeling the ignition of hydro- 

arbon flames, it relies on unity Lewis number assumptions and 

s therefore not directly applicable to hydrogen ignition. Differen- 

ial diffusion aspects in flamelet modeling of auto-igniting non- 

remixed flames were discussed by Abtahizadeh et al. [36] . The 

uthors extended the transport equations for mixture fraction and 

rogress variable and used their model to investigate the auto- 

gnition of non-premixed hydrogen-enriched methane flames. 

In this work, we present a novel flamelet-based model which 

aptures forced ignition and flame propagation in hydrogen-air 

ixtures for equivalence ratios ranging from 0 . 7 ≤ φ ≤ 1 . 4 . To the

uthors’ knowledge, so far no studies have been carried out fo- 

using on the flamelet modeling of the forced ignition of pre- 

ixed hydrogen-air mixtures with detailed diffusion modeling. 

he coupling of the flamelet manifold to the CFD simulation 

s realized by the transport of major species and enthalpy in- 

tead of transporting the conventional flamelet control variables 

in a similar manner as [16,25] ). The major species are then uti- 

ized to reconstruct the Bilger mixture fraction Z Bilger [37] and 

he progress variable Y c to access the tabulated manifold. By 

his means, the model captures differential diffusion and curva- 

ure effects. Figure 1 shows the range of effective Lewis num- 

ers [38] covered by the investigated cases: for the lean hydrogen- 

ir mixture, hydrogen is the deficient reactant and Le eff ≈ 0 . 5 . 

or the rich hydrogen-air mixtures, oxygen is the deficient re- 

ctant, leading to an effective Lewis number larger than unity 

 Le eff ≈ 1 . 4 ). Additionally, a stoichiometric case with Le eff ≈ 0 . 95 is

tudied. 
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Fig. 1. Effective Lewis number Le eff of hydrogen-air mixtures with varying equiva- 

lence ratios evaluated from the inner layer of unstretched planar flames according 

to the asymptotic theory of Matalon et al. [38] . The effective Lewis numbers of the 

mixtures addressed in this work are highlighted by red stars. 
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The flamelet manifold is constructed using a recently developed 

omposition space model (CSM) [39–42] which allows to blend 

ystematically between unstretched premixed flames and constant 

ressure ignition for the tabulation. 

The paper is structured as follows: first, transport equations for 

pecies and enthalpy are derived and discussed with respect to re- 

uired closures. Second, modeling aspects are outlined regarding 

he tabulation strategy and the generation of the flamelet mani- 

old. Thereafter, the model is validated against a set of hydrogen- 

ir flame configurations such as quasi-steady planar flames and 

ransient expanding curved flames in both quiescent mixtures and 

he counterflow configuration. Both global combustion properties 

nd local flame structures of flames with different equivalence ra- 

ios are discussed. The paper ends with a conclusion. 

. Numerical methodology 

In this section, the governing equations of the transported 

uantities are presented and the required closures are discussed. 

hereafter, the parametrization and the generation of the tabulated 

anifold is described. Finally, the CFD setup is briefly explained. 

.1. Flamelet coupling 

For the standard FPV model [12] , one-dimensional flame struc- 

ures are tabulated and parameterized by the mixture fraction Z

nd progress variable Y c . While the transport equations of these 

ontrol variables can easily be derived for unity Lewis num- 

er diffusion, considerable modeling effort is required when de- 

cribing differential diffusion using more complex diffusion mod- 

ls [15,17,19,22] . The utilization of the Bilger mixture fraction [37] , 

hich is based on elemental mass fractions, improves the perfor- 

ance of flamelet approaches [16,17,19,22] . However, as the mix- 

ure fraction and progress variable are variables that are defined 

ased on several reactive species, it is challenging to describe 

heir transport without introducing additional modeling assump- 

ions [9,17] . 

An exact transport equation for the Bilger mixture fraction was 

resented by Sutherland et al. [43] . However, this formulation con- 

ains diffusive fluxes of all species, meaning that its numerical so- 

ution requires either a-priori knowledge about the scalar fields 

f all species or a closure based on assumptions about the flame 

tructure [17,22] . Hence, by prescribing additional simplifications it 
3 
s possible to derive transport equations for the mixture fraction 

hich do not contain any source terms. However, this can lead 

o a decoupling of the local species composition from the mixture 

raction, which can introduce additional modeling errors in flames 

mpacted by strong differential diffusion effects. 

Contrary to previous flamelet-based approaches, in this work 

quations for major species ( H 2 , O 2 , H 2 O ) are solved instead of

ransporting the control variables mixture fraction and progress 

ariable. These three species are chosen, since they comprise the 

redominant part of the elemental mass fractions of H and O. The 

pecies further correspond to reactants and products, respectively, 

nd are thereby indicative of the reaction progress. For more com- 

lex fuels mathematical criteria can be utilized to identify the rel- 

vant major species [23] . The conventional species transport equa- 

ion reads: 

∂ρY k 
∂t 

= − ∂ 

∂x i 
( ρu i Y k ) −

∂ 

∂x i 

(
ρY k V k,i 

)
+ ˙ ω k , (1) 

ith the density ρ , velocity u i , diffusive flux ρY k V k,i and source 

erm ˙ ω k . For a mixture-averaged diffusion model, the diffusive flux 

an be expressed as: 

Y k V k,i = − α

Le k 

∂Y k 
∂x i 

− α

Le k 

Y k 

M̄ 

∂ M̄ 

∂x i 
, (2) 

ith the mean molecular mass of the mixture M̄ and the ther- 

al diffusivity α = λ/c p where λ corresponds to the thermal con- 

uctivity and c p the heat capacity of the mixture. Furthermore, to 

ompute the Lewis number Le k = α/ (ρD m,k ) , the mixture-averaged 

iffusion coefficient of species k, D m,k , is used. For later applica- 

ion in the coupled CFD simulation, the source terms and Lewis 

umbers for all major species are stored in the tabulated mani- 

old described below. The gradient of M̄ is found to be negligible 

ompared to the mass fraction gradient and is therefore not taken 

nto account in this work. This assumption was similarly made by 

ther authors [17] . Thermal diffusion is not taken into considera- 

ion since Liang et al. [31] showed that it has a negligible effect on 

gnition characteristics and leads only to small changes in flame 

ropagation for the range of equivalence ratios investigated here. 

To describe non-adiabatic effects during the forced ignition pro- 

ess, a transport equation for enthalpy is solved: 

∂ 

∂t 
(ρh ) + 

∂ 

∂x i 
( ρu i h ) = (3) 

∂ 

∂x i 

[ 

α
∂h 

∂x i 
−

N s ∑ 

k =1 

(
h k 

(
ρY k V k,i + α

∂Y k 
∂x i 

))] 

+ q ign , 

here q ign represents a source term which is formulated as [44] : 

 ign (r, t) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

E ign 

π
n 
2 r n 

ign 
τign 

exp 

[ 

−
(

r 

r ign 

)2 
] 

if t < τign , 

0 if t ≥ τign . 

(4) 

t is parameterized by the energy E ign deposited during the time 

ign in the region spanned by the radius r ign . The exponent n is 

eeded to account for different hotspot topologies, where n = 2 

orresponds to cylindrical hotspots and n = 3 to spherical hotspots. 

he change in topology also affects the unit of the supplied energy 

 ign , which is J/m (J) for cylindrical (spherical) configurations. 

Note that closure is needed for the enthalpy since its transport 

s affected by all species. Although radicals (e.g. H) contribute little 

o the elemental balance, they can contribute substantially to the 

ixture’s enthalpy of formation. Therefore, all species gradients 

eed to be considered for the closure of the enthalpy equation. 

hile gradients of transported species are directly available in the 

FD calculation, all other species gradients are tabulated using 1D 
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amelets and stored in the lookup table. Major radical concentra- 

ions, as well as their respective gradients, are primarily found in 

he reaction zone. Hence, although the enthalpy closure relies on 

D flamelet structures, this closure is particularly required in the 

icinity of thin reaction zones where flamelet modeling yields ac- 

urate results. 

In the proposed modeling approach, differential diffusion ef- 

ects outside the thin reaction zone are captured by the transport 

f major species. It has been shown by Han et al. [18] that the

erformance of flamelet models can be improved by transporting 

dditional scalars. However, not all transported scalars should be 

sed to parameterize the flamelet manifold since this would lead 

o substantial memory requirements due to the increased manifold 

imensionality. Therefore, the structure of the flamelet manifold is 

ept consistent with conventional tabulation strategies by utilizing 

n approximate version of the Bilger mixture fraction, which is de- 

ned based on the transported species only. Conceptually, a similar 

pproach was used by Butz et al. [45] , who compared LES results 

o Raman/Rayleigh measurements of methane-air flames showing 

ulti regime characteristics. In their work, the authors approxi- 

ated the Bilger mixture fraction by Raman species. Furthermore, 

ierth et al. [16] showed that the approximation of the Bilger mix- 

ure fraction by transporting major species leads to an improved 

rediction of differential diffusion effects in flamelet LES of non- 

remixed oxy-fuel flames. For the hydrogen-air flames examined 

n this work, the approximated Z Bilger is found to recover the same 

haracteristics as the original version. It is emphasized that no sig- 

ificant modeling error is introduced by using this modified con- 

rol parameter, since the two variants of the Bilger mixture fraction 

re closely correlated. A consistent coupling of the flamelet man- 

fold to the CFD solver is then realized by also using the approx- 

mated Bilger mixture fraction as the control variable for the tab- 

lation of the manifold. Furthermore, the progress variable can be 

irectly evaluated from the transported species. Thereby, the trans- 

orted scalars lead to self-contained coupling between the CFD 

olver and the flamelet manifold. Note that the progress variable is 

efined as the linear combination Y c = Y H 2 O − Y H 2 − Y O 2 . This defi- 

ition was found to be suitable over a large range of equivalence 

atio with slight non-monotonicity in the post-oxidation zones for 

ery rich flames. This aspect could be further improved by apply- 

ng regularization methods to retrieve optimized Y c definitions for 

ertain operating conditions [46–48] , which is however beyond the 

cope of this study. 

.2. Flamelet manifold generation and tabulation 

In this work, a composition space model (CSM) is used to gen- 

rate the flamelet manifold. The CSM can describe the flame struc- 

ures of different canonical premixed flame configurations as well 

s the limiting case of homogeneous ignition at constant pres- 

ure with only one set of equations [39,40] . Compared to canonical 

ames, which are expressed and solved in physical space, the gov- 

rning equations of the CSM are solved directly along the reaction 

rogress variable Y c , which spans the composition space [40,41] . 

he set of equations contains equations for the mass fractions of 

he species ( Eq. 5 ), the temperature equation ( Eq. 6 ), and an equa-

ion for the progress variable gradient g c ( Eq. 7 ). The latter links

he physical space and the composition space coordinate to the 

ame surface [40] : 

∂Y k 
∂τ

= −g c 
∂ 

∂Y c 

(
g c ρY k ̃  V k 

)
+ g c 

∂ 

∂Y c 

(
g c ρY c ̃  V c 

)∂Y k 
∂Y c 

+ ρg c κ

(
Y k ̃  V k − Y c ̃  V c 

∂Y k 
∂Y c 

)
− ˙ ω c 

∂Y k 
∂Y c 

+ ˙ ω k , (5) 

fl

4 
ρ
∂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 
Y 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 
, (6) 

 = −g 2 c 

∂ 2 

∂ Y c 
2 

(
g c ρY c ̃  V c 

)
+ g 2 c 

∂ 

∂Y c 

(
κ ρY c ̃  V c 

)
− ˙ ω c 

∂g c 

∂Y c 
+ g c 

∂ ˙ ω c 

∂Y c 
+ ρK s g c , (7) 

here ˜ V i represents the diffusion velocity of species i with re- 

pect to the Y c -composition space, λ is the heat conductivity, c p 
s the heat capacity and ˙ ω T is the heat release rate. Further, 

train K s = ∇ t · u t − ( u · n c ) κc , and curvature κc = −∇ · n c can be 

upplied as external parameters, where ∇ t · u t represents flame- 

angential straining by the flow and n c is the flame-normal unit 

ector [40–42] . In this work, the CSM is utilized to tabulate un- 

tretched flames ( g c > 0 ) and homogeneous ignition with constant 

ressure. The set of equations describes homogeneous ignition in 

he limit of g c → 0 when all diffusive terms vanish [39] . 

A large set of hydrogen-air flames is calculated across a range 

f equivalence ratios 0 . 35 ≤ φ ≤ 2 . 0 and temperature levels 300 K ≤
 u ≤ 3500 K . Additionally, the enthalpy of the fresh gases is reduced 

sing exhaust gas recirculation (EGR) [49] . For diffusion modeling, 

 mixture-averaged approach [50] is used. For low temperatures in 

he fresh gas, the CSM recovers the properties of an unstretched 

remixed flame (deflagration limit, eigenvalue s L ), but at higher 

emperatures, it transitions toward the ignition limit. In this con- 

ext, the g c solution represents the relation between composition 

pace and physical space. The one-dimensional physical space co- 

rdinate x can be reconstructed from the progress variable gradient 

s: 

 (Y c ) = 

∫ Y c 

Y c, min 

d Y c 

g c 
. (8) 

t is noted that single CSM solutions can be directly compared 

o canonical flame configurations by means of this coordinate. In 

ore complex flame configurations, such comparisons could be re- 

lized by reconstruction of a flame-attached coordinate following 

he progress variable gradient. On the other hand, solutions corre- 

ponding to homogeneous reactors represent an asymptotic limit 

esulting in a zero-dimensional structure where all diffusive terms 

anish at the limit g c → 0 [40,41] . In this case, similarly to the re-

onstruction of the physical space coordinate, a temporal coordi- 

ate can be reconstructed by the integration of the progress vari- 

ble source term. 

Figure 2 shows examples of flamelets which are used to gener- 

te the tabulated manifold. 

The equivalence ratio is kept constant ( φ = 0 . 7 ) to focus on

nthalpy variation along the progress variable dimension. Further, 

he line styles are varied according to the characteristics of the 

amelets. For high enthalpy levels, the conditions correspond to 

onstant-pressure homogeneous ignition (dotted lines). Note that 

ery high fresh gas temperatures above 30 0 0K would suggest the 

se of the more complex plasma physics. However, plasma chem- 

stry species quickly recombine to electrically neutral species and 

re therefore neglected in this work [51] . At these conditions 

he flamelet solutions mainly correspond to dissociation reactions 

ithout significant temperature increase. Preheated unstretched 

amelets, which correspond to freely propagating flames (FP), are 
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Fig. 2. Characteristics of flamelets with varying enthalpy levels and φ = 0 . 7 which are used for table generation. Conceptual differences between flamelets are highlighted 

by different line styles for planar freely propagating flames with exhaust gas re-circulation (FP+EGR, dashed lines), planar freely propagating flames (FP, solid lines), and 

homogeneous ignition at constant pressure (hReactor, dotted lines). 
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ndicated by solid lines. Finally, the lower enthalpy boundary is ex- 

ended by adding unstretched flamelets with EGR. The latter is re- 

uired to ensure that all thermo-chemical states found in the ad- 

ressed flame configuration are covered in the flamelet manifold, 

ince flame topologies subject to significant differential diffusion 

an exhibit large enthalpy variations. Overall, a consistent variation 

n thermo-chemical quantities such as the temperature and species 

ass fractions is observed. Additionally, the normalized progress 

ariable gradient profiles are shown which are also affected by en- 

halpy variation and illustrate the relationship between physical 

nd composition space (see Eq. 8 ). This can also be observed in 

he enthalpy gradient ∇h closure used for the closure of Eq. 3 : 

h closure = 

N s ∑ 

k =1 

(
h k 

(
ρY k V k,i + α

∂Y k 
∂x i 

))
∀ k 	∈ { H 2 , O 2 , H 2 O } . (9) 

It is computed for every flamelet using the reconstructed phys- 

cal coordinate x . This gradient shows increasing amplitudes for 

igher enthalpy levels as both the progress variable gradient and 

he amount of radical mass fractions change. Note that, despite in- 

reasing enthalpy gradients, no intersections between neighboring 

amelet solutions are found. 

The size of multidimensional tabulated manifolds can easily ex- 

eed the available memory. This can be circumvented without any 

oss of accuracy by using a memory abstraction layer, for which the 

amelet manifold needs to be generated along normalized vari- 

bles [52,53] . To generate the flamelet manifold along the desired 

ontrol variables, the initial set of flame calculations ( ψ(φ, h, Y c ) )

s first mapped to the approximate Bilger mixture fraction. It is de- 

ned by a coupling function between the fuel (index 1) and oxi- 

izer (index 0) [37] : 

 Bilger = 

β − β0 

β1 − β0 

(10) 

hese coupling functions depend on the elemental mass fractions 

 l contained in the mixture, 

= 

N e ∑ 

l=1 

γl 

N s ∑ 

k =1 

a l,k M l Y k 
M k 

(11) 
5 
here γl represents a weighting factor of element l, M l ( M k ) cor- 

esponds to the molecular weight of element l (species k ), and a l,k 
o the number of element l in species k . Note that the weighting 

actors γl are not unique [43] . In this work, the weights are cho- 

en in agreement with Bilger et al. [37] . Furthermore, only major 

pecies, which are also transported in the CFD calculation, are used 

o calculate the coupling function β . 

Second, the enthalpy h is mapped to the normalized enthalpy 

 norm 

: 

 norm 

= 

h − h min (Z Bilger , Y c ) 

h max (Z Bilger , Y c ) − h min (Z Bilger , Y c ) 
. (12) 

inally, the flamelet manifold is mapped to a normalized progress 

ariable: 

 = 

Y c − Y c, min (Z Bilger , H norm 

) 

Y c, max (Z Bilger , H norm 

) − Y c, min (Z Bilger , H norm 

) 
. (13) 

his leads to the final flamelet manifold parametrization 

(Z Bilger , H norm 

, c) . 

The variation in enthalpy over the progress variable directly af- 

ects the table lookup, since the minimum and maximum values 

re interdependent and can only be estimated iteratively, resulting 

n a time-consuming lookup procedure [10] . On the other hand, 

hen unity Lewis number diffusion is used, a two-step lookup can 

e used for tabulated manifolds built along the same variables due 

o the decoupled normalization of enthalpy and the progress vari- 

ble [54] . Establishing a similar procedure, flamelet manifolds that 

ccount for differential diffusion must be constructed such that 

he minimum and maximum enthalpy values can be determined 

ndependently of the progress variable. Therefore, to increase the 

fficiency of the lookup, the lower boundary of the table is ex- 

rapolated to there is a constant minimum enthalpy level. The up- 

er limit of the enthalpy dimension is already independent of the 

rogress variable since it corresponds to CSM calculations of ho- 

ogeneous ignition, which exhibit constant enthalpy levels. 

Finally, a patch for the source terms of the major species is in- 

roduced which is analogous to modeling approaches utilized for 

on-premixed ignition phenomena [34,55,56] . A non-zero source 

erm ˙ ω i > 0 is imposed for the transported species at the fresh gas 

oundary of the manifold ( c = 0 ) to obtain an accurate prediction
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Fig. 3. Schematic overview of the coupling between transported quantities in a low-Mach CFD simulation and flamelet manifold. 
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f the ignition process. A conceivable alternative approach could 

e to extend the size of the tabulated manifold, e.g. by resolving 

n ignition progress variable based on ignition markers such as 

O 2 and H 2 O 2 [34] , which would add considerable memory over- 

ead and is avoided by the aforementioned approach. The patched 

ource terms are determined from an integration method devel- 

ped for non-premixed ignition by Sun et al. [ 56 , Sec. 3.2.4.] which

s adapted here for premixed ignition phenomena: 

˙  ∗i, init (Z Bilger , H norm 

≥ H norm , crit ) = (14) ∫ c init 

0 ˙ ω i, trans (Z Bilger , H norm 

, c) d c ∫ c init 

0 d c 
∀ c ∈ [ 0 , c init ] , 

here c init represents a threshold that is set to a small value (here, 

 init = 10 −9 is used). By this means, ignitable mixtures can ignite 

ven if chemical source terms of the transported species are zero 

or fresh gas conditions and would not lead to an ignition event 

therwise [56] . The source term patch according to Eq. (14) is re- 

tricted to high enthalpy levels only ( H norm , crit ) which correspond 

o the conditions relevant for ignition. 

The aforementioned modeling specifics are schematically sum- 

arized in Fig. 3 , showing the coupling between the transported 

calars and the flamelet manifold. The figure also outlines tabu- 

ated quantities (e.g. Lewis numbers and source terms of major 

pecies) which are required for the transport equations solved in 

ow-Mach CFD simulation. Note that, coupling flamelet manifolds 

o compressible CFD solvers require more refined modeling ap- 

roaches [25,57] . 

.3. Numerical setup 

In this work, two different modeling approaches are used: the 

ew flamelet model is applied in coupled simulations (FPV) and, 

or comparison, fully resolved direct chemistry calculations (DC) 

re conducted. The DC simulations serve as reference results to val- 

date the new FPV model. 

The FPV simulations are performed in an OpenFOAM frame- 

ork [16,49,58] using second-order discretization in time and 

pace. First, one-dimensional planar flames are computed to ver- 

fy the modeling approach. These flames are initialized by burned 

roducts at equilibrium at one end of the domain and by fresh 

ixture ( T u = 300 K , p = 1 atm ) in the remaining domain. The

volving flame then propagates through the domain with a length 

f L = 3 cm discretized by 40 0 0 uniform cells. Second, the ignition

nd the flame propagation of cylindrical and spherical expanding 

ames in quiescent mixtures is investigated. Finally, the ignition 

f the spherical flame is also studied in a counterflow flow field. 

he computational domains are shown schematically in Fig. 4 . The 

D domains, which are used to study the ignition in quiescent 
6 
ixtures, exhibit an edge length of L = 15 mm and 1350 equidis- 

ant cells in both directions, resulting in a uniform mesh with 1.82 

illion cells and a cell size of �mesh = 11 μm . While the same 

rid sizes are used for cylindrical and spherical flames, the specific 

ame configurations are realized by applying different symmetry 

onditions. 

Cylindrical flames are computed in a 2D plane, applying cyclic 

oundary conditions at the edges along of which the flame evolves 

 x = 0 , y = 0 ). Spherical flames are obtained by applying axisym-

etric boundary conditions to a wedge-shaped domain at y = 0 

nd planar symmetry at x = 0 . For both cases an atmospheric out- 

et condition is applied at x = L and y = L . The computational do-

ain used to study ignition in a counterflow flow field exhibits an 

dge length of L = 20 mm in axial and R = 30 mm in radial direc- 

ion and a uniform mesh with a cell size of �mesh = 25 μm is used. 

nlet boundary conditions are applied along both radial patches 

 x = L/ 2 and x = −L/ 2 ), by prescribing a uniform inlet velocity U in 

nd the composition of the fresh mixture. Axisymmetric bound- 

ry conditions are applied at the domain center ( y = 0 ) and an

tmospheric outlet condition is prescribed at y = R . The hotspot 

sed to ignite the mixture is defined according to Eq. 4 with a 

ize of r ign = 0 . 2 mm for τign = 0 . 2 ms . For a quantitative compar- 

son, flame structures are extracted along the diagonal of the do- 

ain. 

The fully resolved DC simulations are performed utilizing estab- 

ished one-dimensional models. A one-dimensional in-house flame 

olver [59] is used to compute direct chemistry reference solu- 

ions for planar flames, while the A-SURF code is used for curved 

ames [60,61] . The governing equations are revisited in the sup- 

lementary material. Additionally, the two-dimensional counter- 

ow DC data is generated based on OpenFOAM [62,63] , which 

s coupled with Cantera [64] for the evaluation of the reaction 

ates and transport properties. For all calculations, a detailed hy- 

rogen reaction mechanism [65] is used in combination with a 

ixture-averaged diffusion model [50] However, it is noted that 

hermal/Soret diffusion can become increasingly important for very 

ean H 2 -air flames [66] . 

. Results and discussion 

The proposed FPV model is validated against a set of flame 

onfigurations by comparing both global flame properties and 

ocal flame structures with corresponding calculations using di- 

ect chemistry (DC) simulations. The complexity of the flames 

s successively increased, starting with one-dimensional freely- 

ropagating planar flames ( Sec. 3.1 ). Then, 2D cylindrically ex- 

anding flames ( Sec. 3.2 ), spherically expanding flames ( Sec. 3.3 ) 

nd ignition counterflow flames ( Sec. 3.4 ) are addressed and in all 

onfigurations ignition is initiated with a fixed energy deposition. 
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Fig. 4. Schematic representation of the computational domains used in OpenFOAM. Cylindrical flame on the left, spherical flame in the middle and the counterflow flame 

on the right. 

Fig. 5. Flame structure comparison between the fully-coupled FPV model (red) and the DC solution (black) of a freely propagating planar hydrogen-air flame with φ = 0 . 7 . 

The profiles along the physical space coordinate X are shown for the control parameters of the flamelet manifold ( Z Bilger , h, Y c ; top row), the temperature T , the velocity u 

and the hydrogen source term ˙ ω H2 (second row) and various species mass fractions (bottom rows). 
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inally, the capability of the FPV model to predict the minimum 

gnition energy ( Sec. 3.5 ) is evaluated. In these configurations 

he FPV model led to a reduction of the computational cost by 

n order of magnitude. Even though the number of transport 

quations being solved is only halved, the interpolation of mixture 

roperties and source terms from the manifold is faster than their 

stimation based on a detailed reaction mechanism. 

.1. Freely propagating planar flames 

Characteristics of freely propagating flames are investigated in 

rder to verify and validate the FPV model. While local flame 

tructures are discussed here, it is noted that the flamelet approach 

lso predicts the laminar burning velocity in the investigated range 

f equivalence ratios 0 . 7 ≤ φ ≤ 1 . 4 (cf. supplementary material). 
7 
In Fig. 5 , the flame structures of a lean hydrogen-air flame 

 φ = 0 . 7 ) obtained by the FPV model and the DC simulation are

ompared. 

Here, the profiles for the flamelet control variables ( Z Bilger , h, Y c )

re shown along the physical space coordinate X . Additionally, the 

emperature T and the velocity profile u are shown together with 

he hydrogen source term ˙ ω H2 and different species ( H 2 , H 2 O , OH,

, H, HO 2 ). In general, very good agreement is observed for all 

uantities. Specifically, the mixture stratification due to differen- 

ial diffusion is captured well by the FPV model, since the vari- 

tion of both the Bilger mixture fraction and the enthalpy across 

he flame is correctly described. This indicates the feasibility of the 

losures proposed for mixture fraction and enthalpy and highlights 

he model’s general capability to account for differential diffusion 

ffects. Only minor deviations can be found in the absolute values 

f the OH mass fraction on the burned side. Similarly, very good 

greement between the FPV model and DC calculations is observed 
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Fig. 6. Comparison of flame propagation speed d R f 
d t 

(left), gas velocity u g (middle) and flame displacement speed s d (right) in cylindrical expanding flames ignited by an 

energy deposition of E ign = 35 nJ / m with equivalence ratios of φ = 0 . 7 , φ = 1 . 0 and φ = 1 . 4 . 
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or flame structures across the entire range of investigated equiva- 

ence ratios ( 0 . 7 ≤ φ ≤ 1 . 4 ), which are shown for reference in the

upplementary material. 

.2. Cylindrical expanding flames 

The complexity of the flame configuration is increased when 

ylindrical expanding flames (CEFs) are examined; the numerical 

onfiguration is shown in Fig. 4 (left). Notable differences com- 

ared to the freely propagating flame are the unsteadiness, the 

ppearance of curvature and also non-adiabatic effects caused by 

he energy deposition used to ignite the mixture. Additionally, the 

ropagation of the CEF is affected by thermal expansion of the 

urned gases enclosed by the flame front. From a modelling point 

f view, the thermo-chemical state of the burned gases needs to be 

orrectly predicted, while it also affects the unburned side of the 

ame through the flow field. Further modeling challenges include 

he prediction of ignition caused by energy deposition and captur- 

ng the development from the hotspot to a self-sustained flame. 

The transient evolution of the flame propagation speed from ig- 

ition to a quasi-steady flame propagation, which is obtained by 

he FPV model and the DC simulations, is shown in Fig. 6 . Each

ow corresponds to different equivalence ratios and ignition is ini- 

iated with a fixed energy deposition E ign = 35 nJ / m in all cases. 

The flame propagation speed d R f / d t ( Fig. 6 , left) observed in

xpanding flames is a result of both thermal expansion and self- 

ustained flame propagation. It can be decomposed according to: 

d R f 

d t 
= u g + s d , (15) 

here u g is the gas velocity (unburned side) which results from 

hermal expansion of the hot products ( Fig. 6 , middle) and s d is

he flame displacement speed ( Fig. 6 , right) [67] . Here, d R / d t is
f 

8 
stimated by tracking the location of the maximum progress vari- 

ble source term. The gas velocity is defined as the peak velocity 

alue found on the unburned side of the flame, while the com- 

ustion products have a zero velocity [67] . The flame displacement 

peed results from the difference in the other two velocities. 

In Fig. 6 , the initial increase in flame propagation speed marks 

he point of ignition where thermal expansion and chemical re- 

ctions also show a strong increase. This is followed by a decay 

uring the transition of the ignition kernel to the self-sustained 

ame propagation, where the flame propagation speed becomes 

onstant. 

In general, favorable agreement is observed between the FPV 

odel and the DC reference solution for all propagation phases 

nd for all addressed equivalence ratios. Further, the onset of igni- 

ion is captured accurately by the FPV model, while the peak veloc- 

ties are slightly underestimated. The FPV model tends to slightly 

nderpredict the propagation speed during the transition from ig- 

ition to self-sustained flame propagation. It is highlighted that the 

bserved offset can be related to thermal expansion (cf. u g ), since 

he flame displacement speed shows very good agreement. Hence, 

he underpredicted gas velocity leads to the lower flame propaga- 

ion speed 

d R f 
d t 

. However, the deviation in the flame propagation 

peed is less than 1 % for the rich CEF, while a slightly larger devi-

tion can be observed for the lean and stoichiometric cases. Given 

hat modeling errors do accumulate during the transient evolu- 

ion from ignition kernel formation to self-sustained flame prop- 

gation, the highest difference of 7 % in the gas velocity for the 

ean hydrogen-air flame is considered to be small. 

The cause of this offset is investigated in the supplementary 

aterial, where the detailed flame structure is analyzed. In case of 

he FPV result, it is found that the temperature profile is shifted to- 

ards leaner mixtures, with the largest shift close to the unburned 

ide, which indicates a close link between the slightly underpre- 

icted gas velocity and the observed deviations in mixture com- 
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Fig. 7. Comparison of flame propagation speed d R f 
d t 

, gas velocity u g and flame displacement speed s d in spherical expanding flames ignited by an energy deposition of 

E ign = 0 . 15 mJ with equivalence ratios of φ = 0 . 7 , φ = 1 . 0 and φ = 1 . 4 . 
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osition. The small deviation in Z Bilger results in a shift in density, 

hich then affects the velocity on the unburned side of the flame. 

hile similar shifts in the mixture composition are observed for 

he rich case, the deviations in the flame propagation are smaller, 

ince smaller density gradients are found across the flame front 

flame structures for the stoichiometric and the rich CEF can also 

e found in the supplementary material). 

In general, good agreement is found between the FPV model 

nd the DC simulations not only for flame propagation, but also 

or the local flame structure, with minor deviations in the pre- 

eat zone. This validates the flamelet-based ignition model and the 

odel’s capability to describe non-adiabatic effects. 

.3. Spherical expanding flames 

The FPV model is compared against DC reference results for 

pherical expanding flames (SEFs) with an analogous variation in 

he equivalence ratio from lean to rich; the numerical configura- 

ion is shown in Fig. 4 (middle). Compared to cylindrical flames, 

pherical flames are subject to increased flame stretch. 

In Fig. 7 , the flame speed obtained with the FPV model and 

he DC reference are compared for the transient evolution of the 

EFs with varying equivalence ratio. The same ignition energy of 

 ign = 0 . 15 mJ is used for all flames. While CEFs and SEFs approach 

he same quasi-steady flame propagation, there are notable differ- 

nces in the transition from ignition to propagation. For CEFs, the 

as velocity exhibits a peak, while only a small plateau is observed 

or SEFs. This is related to the larger increase in the flame surface 

ompared to cylindrical flames. The onset of ignition is slightly 

verestimated by the FPV model, as is the position of the peak 

alue of the flame propagation speed 

d R f 
d t 

. Despite this small de- 

iation, the FPV model reproduces the temporal evolution of the 

ropagation of both CEFs and SEFs very well. As previously shown 

or CEFs, differences in propagation speed are caused by the under- 

redicted gas velocity u g and the flame displacement speed shows 
9

ery good agreement. Here, a similar observation can be made for 

he SEFs. 

These differences are further investigated by performing a 

etailed flame structure analysis. In Fig. 8 , the profiles of the 

ontrol parameters of the flamelet manifold, the temperature T , 

elocity u , and hydrogen source term ˙ ω H2 obtained by the flamelet 

odel and the direct chemistry solution are compared for the 

ean SEF ( φ = 0 . 7 ). Further, various species profiles including both 

ajor and minor species are depicted. While the overall variation 

n the mixture fraction is larger compared to the CEF due to more 

ominant stretch effects, the FPV model in general reproduces 

he flame structure very well compared to the DC simulation. 

imilarly to the CEF structure, where small deviations are found in 

he mixture fraction on the burned side and in the velocity profile 

f the unburned side, analogous shifts are also found in the flame 

tructure of the SEF. This confirms that a similar relation between 

he mixture composition, density, and velocity exists for the SEFs. 

he differences between the flame structures of the two topolo- 

ies (cylindrical vs. spherical) can be attributed to the volume 

nclosed on the burned side of the flame. For SEFs, the volume 

f the burned side is smaller, while the area in which the flame 

ropagates is larger. This can also be seen in the mass fraction of 

H and the temperature at the center of the flame, which both 

xhibit smaller values compared to the CEF structure. The SEF 

tructure obtained with the FPV model also agrees well with the 

C reference calculations for stoichiometric and rich conditions. A 

etailed analysis is provided in the supplementary material. 

In general, good agreement is found between the flamelet ap- 

roach and the DC simulations for the flame propagation and local 

ame structure of spherical expanding flames. The observed devi- 

tions result from similar effects to those discussed for CEFs. Note 

hat relative deviations found for SEFs do not differ significantly 

rom those for CEFs despite the increase in flame stretch. The max- 

mum deviation in the flame propagation speed is about 8 % for 

he lean case and less than 2 % for the other cases. Therefore, it can
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Fig. 8. Flame structure comparison of a spherical expanding flame with φ = 0 . 7 ignited by an ignition energy of E ign = 0 . 15 mJ . The profiles along the radial coordinate R 

are shown for the input parameters of the tabulated manifold ( Z Bilger , h, Y c ; top row), the temperature T , the velocity u and the hydrogen source term ˙ ω H2 (second row) and 

various species mass fractions (bottom rows). 

Fig. 9. Comparison of the temporal evolution of flame positions along the axial ( X f ) and radial ( R f ) direction for the igniting counterflow flames with equivalence ratios of 

φ = 0 . 7 , φ = 1 . 0 and φ = 1 . 4 predicted by the DC calculation (black) and the FPV model (red). 
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e concluded that the transport of major species leads to a flexible 

nd robust flamelet model, as all effects caused by the variation in 

he equivalence ratio and the flame topology are reproduced well. 

.4. Igniting counterflow flames 

While the previously discussed flame configurations are used 

o investigate ignition processes in quiescent mixtures, in the fol- 

owing igniting counterflow flames are considered. In comparison 

o the CEF and SEF, the counterflow leads to a deformation of the 

ame kernel with curvature variations along the flame front, addi- 

ional straining of the flame due to the imposed flow field, and an 

symmetric flame front in axial and radial direction. The numerical 

onfiguration is shown in Fig. 4 (right). Note that initially a con- 
10 
erged numerical solution is computed for the steady non-reactive 

ounterflow before the ignition process is initiated by the energy 

eposition ( Eq. 4 ). Further, the global strain rate a g = 4 U in /L [68] is

et to a constant value of a g = 10 0 0 s −1 for all following 

alculations and the same equivalence ratios are considered as be- 

ore ( φ = 0 . 7 , 1.0 and 1.4). 

In Fig. 9 , the temporal evolution of the flame position in axial 

 X f ) and radial direction ( R f ) is shown for the DC reference sim-

lations (black) with varying equivalence ratios and compared to 

he predictions of the FPV model (red). Note that all flames are 

gnited by an ignition energy of E ign = 0 . 15 mJ , analogously to the 

EFs studied in Sec. 3.3 . 

The evolution of the axial flame position X f indicates that the 

ame stabilizes against the imposed flow field, since it asymptot- 
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Fig. 10. Flame structure comparison of a counterflow flame flame with φ = 0 . 7 ignited by an ignition energy of E ign = 0 . 15 mJ . The flame is extracted at the time t = 1 ms 

and color-coded by the Bilger mixture fraction Z Bilger , temperature T , and the OH mass fraction Y OH with color bars given for each row. The flow field is depicted by the 

white arrows. 
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cally approaches a limit around t = 1 ms . On the other hand, the

ame propagates outwards in the radial direction R f and gets ac- 

elerated by the imposed flow field. The comparison of the flame 

ositions between the DC calculation and the FPV model shows 

onsistent trends compared to the flame configurations in quies- 

ent mixtures. The FPV model also predicts a slightly slower flame 

ropagation speed for the counterflow flames, since minor devi- 

tions are visible for the radial flame position. A similar conclu- 

ion can be drawn from the axial flame position, since the flames 

redicted by the FPV model stabilize slightly closer to the domain 

enter, corresponding to a slightly lower axial velocity of the im- 

osed flow field. However, given the challenging flame physics in- 

olving ignition, transient flame propagation, flame curvature, dif- 

erential diffusion, and the interaction with an imposed flow, the 

bserved agreement is remarkable. 

Next, the flame structure of the evolving counterflow flame is 

nalyzed. In Fig. 10 , the contours of the Bilger mixture fraction 

 Bilger , temperature T and the OH radical mass fraction Y OH are 

hown for the DC simulation and the FPV calculation for the lean 

ame( φ = 0 . 7 ) at the time t = 1 ms . Additionally, the flow field is

epicted by white arrows. 

The FPV model predicts a very similar flame shape as ob- 

erved in the DC simulation. This good agreement is also reflected 

n the velocity field which includes the interaction of the flame 

ith the counterflow and represents an integral response to all 

odelling assumptions. Furthermore, all scalar fields shown are in 

ood agreement with the DC reference data and observed devia- 

ions are minor, which is consistent with the previously discussed 

ame configurations. Also, in the counterflow configuration, the 

PV model predicts slightly higher values for Z Bilger on the burned 

ide and the OH mass fraction is slightly overpredicted around the 

tagnation plane ( x = 0 ). The higher OH mass fraction is directly

elated to the shift in Z Bilger , while the temperature does not de- 

ict a sensitive response. A detailed analysis concerning the stoi- 

hiometric and the rich case is provided in the supplementary ma- 

erial, where a similar good agreement is obtained. These findings 
11 
ndicate that also multidimensional effects, which originate from 

he imposed counterflow, can be well recovered by the FPV model. 

.5. Prediction of the minimum ignition energy 

It is shown in the previous sections that the FPV model recov- 

rs the onset of ignition, the subsequent flame propagation and 

he flame structure. Next, the model is used to determine the min- 

mum ignition energy (MIE), which is the threshold value of E ign 

cf. Eq. 4 ) below which no ignition is possible. It is determined 

y performing multiple calculations with varying E ign in a bisec- 

ional approach. The MIE is an important quantity which is related 

o safety aspects (ignition propensity of a gas mixture) and com- 

ustor design; for instance, is can be used to determine whether 

gnition will occur reliably. From a modeling perspective, the near- 

imit ignition event is particularly challenging because of high un- 

teadiness, enthalpy gradients and strong curvature during ignition 

ernel formation. 

In Fig. 11 , the MIEs obtained with the FPV model are compared 

o the direct chemistry solution for all equivalence ratios investi- 

ated and for flame configurations (CEF and SEF). Note that the 

IE obtained in the counterflow configuration is almost identical 

o the one obtained from the SEF (not shown). The MIE is seen to 

ncrease with an increasing equivalence ratio. The FPV model re- 

roduces this trend for both cylindrical and spherical flames, only 

lightly overestimating the absolute values compared to the direct 

hemistry reference solutions. Good agreement is found for the 

IE of the stoichiometric mixtures ( Le eff ≈ 0 . 95 ) and the rich mix- 

ures ( Le eff ≈ 1 . 4 ). Deviations are observed to increase towards the 

ean mixture ( φ = 0 . 7 , Le eff ≈ 0 . 5 ) for both cylindrical and spheri-

al expanding flames. This trend may be related to strong positive 

tretch effects in small spherical ignition kernels associated with 

ewis numbers smaller than unity. Nevertheless, it is noteworthy 

hat the FPV model recovers the MIE with only minor deviations, 

howing that the model can capture stretch effects even during ig- 

ition kernel formation in this near-limit case. 
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Fig. 11. Comparison of minimum ignition energies for different equivalence ratios 

and flame configurations. 
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. Conclusions 

In this work, a novel flamelet-based modeling approach is pre- 

ented which accurately recovers forced ignition and flame prop- 

gation for planar and curved premixed hydrogen-air flames. The 

odel is coupled to a three-dimensional flamelet manifold which 

s parametrized by an approximate Bilger mixture fraction Z Bilger , 

rogress variable Y c and enthalpy h . The table is constructed with 

 recently developed composition space model (CSM) which al- 

ows to blend between unstretched premixed flamelets and con- 

tant pressure homogeneous ignition. Unlike common flamelet ap- 

roaches, enthalpy and a set of major species are transported in 

he CFD. The approximate Bilger mixture fraction and the progress 

ariable are determined from the transported species and then 

tilized for the look-up. While transporting the composite scalars 

 Bilger and Y c requires additional modeling effort with respect to 

heir diffusivity (or Lewis number), the new approach can circum- 

ent such assumptions by tabulating the exact species diffusion co- 

fficients. Furthermore, transporting species instead of control vari- 

bles is advantageous for accurately predicting mixing processes 

way from the thin reaction zone. 

The numerical results verify that the flamelet model can pre- 

ict differential diffusion effects, curvature effects, and the forced 

gnition of premixed hydrogen-air flames across a range of equiv- 

lence ratios (lean to rich) with effective Lewis numbers smaller 

nd greater than unity. This is shown by comparing detailed flame 

tructures, the transient flame evolution (flame speed, displace- 

ent speed), and the ignition delay times to detailed chemistry 

eference calculations. Minor discrepancies only occur in the pre- 

iction of the gas velocity which originates from thermal expan- 

ion and in the flame structure at the radial flame tip of the ig- 

iting counterflow flames. It is further highlighted that the model 

ccurately captures the minimum ignition energies (MIEs, devia- 

ions below 3 %) required to ignite cylindrical or spherical expand- 

ng hydrogen-air flames. Considering the strong diffusivity of hy- 

rogen, which represents a challenge for flamelet-based modeling, 

hese results underline the fidelity of the modeling approach. 

It is further noted that the method is not restricted to hydrogen 

ut can also be transferred to other fuels, which requires modifica- 

ions to the tabulated flames and transported species. While three 

ransported species appear to be sufficient for hydrogen flames, it 

s conceivable that the method requires more transported species 

n case of more complex fuels, which is still significantly less than 

he total amount of species in a detailed reaction mechanism. In 

urn, the computational cost increases compared to conventional 

amelet-based models (usually 2-3 control variables). Ultimately, 
12 
dvantages in accuracy need to be weighed against model perfor- 

ance which should be carefully examined in future work. 

In summary, this work shows that the FPV model exhibits 

romising predictive capabilities for hydrogen flames, where dif- 

erential diffusion needs to be considered. Future studies should 

nvestigate the model’s performance for hydrogen-rich fuel blends 

e.g., CH 4 / H 2 , NH 3 / H 2 ) or large hydrocarbons. Besides this, closures 

or turbulence-chemistry interactions are required when transfer- 

ing the modeling approach to turbulent combustion (e.g. Large 

ddy Simulations, LES) which represents a challenging subject for 

uture research. 
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