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ABSTRACT
Intrinsically fast hydrogen-air premixed flames can be

rendered much faster in turbulence. Understanding how tur-
bulence affects the displacement speeds Sd in lean hydrogen-
air flames is crucial for systematically developing hydrogen-
based gas turbines and spark ignition engines. This paper
presents fundamental insights into the variation of Sd by in-
vestigating how the disrupted flame structure affects Sd and
vice-versa. To that end, we investigate three DNS cases of
lean hydrogen-air mixtures with effective Lewis numbers (Le)
ranging from about 0.5 to 1, over Karlovitz number (Ka) range
of 100 to 1000. Suitable comparisons are made with the clos-
est canonical laminar flame configurations at identical mixture
conditions, elucidating their suitability and limitations in ex-
pounding turbulent flame properties. We focus on the statisti-
cal variation of Sd and the changes in flame structure at near-
zero curvature surface locations, which are most probable and
represent the average flame structure in large Ka flames. We
find that lean hydrogen flames, on average, could be thinned
or thickened with respect to their standard laminar counterpart
but always thickened compared to the corresponding strained
laminar flames at equal average tangential strain-rate condi-
tions. While turbulent straining enhances the Sd in most parts
of the highly lean premixed flames through Le effects, on av-
erage, the enhancement is different from those achieved in
strained laminar flames due to local flame thickening. This
thickening is primarily due to reversal in the direction of the Sd
underpinned by ubiquitous, non-local, cylindrical flame-flame
interaction events occurring within the flame structure in these
large Ka flames.

Introduction
Hydrogen is considered a promising alternative fuel to

achieve sustainable energy solutions for both transportation
and stationary applications. Ultra-lean premixed combustion
of hydrogen has the potential of achieving high efficiency and
low NOx emissions (Gkantonas et al. (2023)), but some critical
challenges need to be overcome before its full implementation
in practical engineering systems. One notable issue is the ex-
tremely high flame speed that often occurs erratically in the
presence of strong turbulence, leading to flashbacks and dam-
age to the injector system. A similar situation is encountered
for SI engines where high flame speed and reactivity of strati-
fied hydrogen-air mixtures may result in pre-ignition.

These issues have revived research interests in the
diffusive-thermal instability theory (Zeldovich (2014)) rele-
vant to lean hydrogen-air premixed flames. Recent compu-

tational studies have further explored its implications in the
context of high Reynolds number conditions for atmospheric
and high-pressure hydrogen flames (Song et al. (2021, 2022);
Chu et al. (2023); Rieth et al. (2022, 2023); Howarth et al.
(2023); Lee et al. (2023)), in which the local flame zones are
subjected to significantly higher strain and curvatures. The
overarching findings of these recent studies suggest that the
diffusive-thermal instability of ultra-lean hydrogen may lead
to significantly increased burning rates by the preferential dif-
fusion of hydrogen into the reaction zones.

The present study attempts to explain the flame speed en-
hancement of lean hydrogen-air turbulent flames by combining
Le effects in tangentially strained flames with flame thicken-
ing caused by non-local flame-flame interaction in instability-
free conditions. Earlier studies on local flame displacement
speeds investigated the effect of local curvature and strain
(Echekki & Chen (1996); Peters et al. (1998)) and Lewis
number (Chakraborty & Cant (2005)) in turbulent flame con-
text. More recently, a Lagrangian analysis of flame particles
(Chaudhuri (2015)) from their genesis to annihilation (Dave
et al. (2018)) showed that for moderate Ka, near-unity Le
flames, flame-flame interaction leading to annihilation at large
negative local curvatures κ results in very large excursions of
the density-weighted flame displacement speed S̃d over its un-
stretched, standard laminar value SL.

A theoretical analysis of the interacting preheat zones
of cylindrical, laminar, premixed, inwardly propagating flame
(IPF) extended and quantified (Dave & Chaudhuri (2020)) the
curvature-based scaling (Peters (2000)). At very large Ka, the
flame-flame interaction becomes highly frequent and localized
at the iso-surface level (Yuvraj et al. (2023)), but the curvature-
based scaling was found to remain valid statistically (Yuvraj
et al. (2022)). The surprising finding that a simple 1D laminar
flame model could successfully describe the statistically aver-
aged S̃d characteristics at large negative κ in turbulence may
be explained by the considering that: 1) flame-flame interac-
tion is a fast event during which the local turbulence remains
frozen, 2) at large κ , local flame structures are near or sub-
Kolmogorov length scales, and 3) turbulence folds the prop-
agating flame surfaces into a locally cylindrical form (Pope
et al. (1989); Yuvraj et al. (2023)). These findings suggested
that, while the flame-flame interaction may exhibit many com-
plex topologies (Griffiths et al. (2015); Brouzet et al. (2019);
Trivedi et al. (2019)), an IPF configuration can serve as a
canonical model to describe the statistical behavior of ⟨S̃d ∣κ⟩
at large negative curvature for near-unity Le cases.

In this study, we extend the IPF analysis to character-
ize the S̃d behavior of very large Ka ∼ O(100− 1000) lean
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hydrogen-air premixed �ames, for which theLe is in the range
of 0.5 - 1.0. It is hypothesized that the present con�gurations
are nearly free of the intrinsic diffusive-thermal instability ef-
fect due to very largeKa (Chaudhuriet al. (2011); Chomiak
& Lipatnikov (2023)), yet such a con�guration may provide
insights into the observed anomaly of large �ame speed en-
hancement of the turbulent, lean hydrogen-air �ames. The
main research questions of the study are: (a) Can the large neg-
ativek behavior of ultra-lean hydrogen-air premixed turbulent
�ames be described by the laminar cylindrical �ame model?
(b) To what extent is̀ ÇSde enhanced beyondSL for non-unity
Le hydrogen-air premixed �ames atKa � 100? (c) What is
the �ame thickening mechanism in intense turbulence, and its
implications on thè ÇSde? These questions are addressed by
analyzing three direct numerical simulation (DNS) datasets at
differentLe (Matalonet al. (2003)) andKa.

Methodology

Table 1. Non-dimensional parameters for the DNS datasets.

Case Ret Ka f Lee f f

Le05Ka100 799.6 115.4 0.4 0.48

Le08Ka1000 699.5 1125.7 0.7 0.76

Le1Ka100 996.2 100.1 0.81 0.93

Table 1 presents the details of the DNS cases comprising
of statistically planar, lean H2-air turbulent premixed �ame at
atmospheric pressure. Le05Ka100 and Le1Ka100 are com-
puted using an open-source reacting �ow DNS solver called
the Pencil Code (Brandenburget al.(2018)). Le08Ka1000 was
previously generated and investigated (Songet al. (2021); Yu-
vraj et al. (2022, 2023)) (named as F2) but included here for
additional insights. For the present scope of work, the leanest
case Le05Ka100 is of particular interest. A detailed chemi-
cal mechanism with 9 species and 21 reactions by Liet al.
(2004) was used to model the H2-air chemistry. The DNS
is performed by superimposing homogeneous isotropic turbu-
lence generated in a cube on the mean �ow and fed through
the inlet of a cuboidal domain to interact with an initial pla-
nar laminar �ame. The Navier-Stokes characteristic boundary
conditions (NSCBC) were imposed in the in�ow and out�ow
direction, with periodic boundary conditions in the transverse
directions. As for the model analysis, one-dimensional simu-
lations for cylindrical, laminar, premixed, inwardly propagat-
ing �ames (IPF) and symmetric, laminar, premixed, counter
�ow �ames (CFF) (Law (2006)) with reactant mixtures enter-
ing from both inlets at varying inlet velocities for the latter,
were also performed using the Pencil Code and Chemkin, re-
spectively, after ensuring that both solvers produce solutions
identical to the standard laminar case.

Results
The local displacement speed,Sd is evaluated from the

DNS data from the right-hand side of the energy equation:
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Figure 1. Flame surface (c0 � 0:2) for (a) Le05Ka100 (b)
Le08Ka1000 (c) Le1Ka100 colored byÇSd~SL.

wherel œ, Vk, hk and �wk are the thermal conductivity of the
mixture, the molecular diffusion velocity, enthalpy, and net
production rate of thekth species at a given isotherm, respec-
tively. Cp;k andCp are the constant-pressure speci�c heat for
thekth species and for the bulk mixture, respectively.

Here we use a progress variablec de�ned as a function
of temperature asc � ˆT � Tu•~ˆTX

b � Tu• , whereTX
b is the adi-

abatic �ame temperature. While the actual burned gas tem-
perature of the lean �ames may be different fromTX

b , con-
sidering that the temperature on an iso-mass fraction surface
may change even more and that the �ame speed depends most
strongly on temperature (Law (2006)), temperature-basedc is
adopted as in Chaudhuriet al. (2017). It has been ascertained
that results with the progress variable based on hydrogen mass
fraction,cY � 1� YH2~YH2;u, are qualitatively similar to all the
results presented in this paper. Recognizing the caveats pre-
sented in (Howarth & Aspden (2022)) due to super-adiabatic
temperatures, the analysis is restricted toc B0:8.

Figure 1 presents the iso-surfacec � c0 wherec0 � 0:2
colored with normalized density weighted �ame displacement
speed,r Sd~r uSL � ÇSd~SL at a given time instant.ÇSd~SL attains
a value up to �ve at the large negatively curved trailing edge of
the �ame surfaces for all cases due to �ame-�ame interaction.
Le05Ka100 showsÇSd~SL A 1 for most parts of the iso-scalar
surface, in contrast to Le08Ka1000 and Le1Ka100, for which
most of the regions on the �ame surface haveÇSd � SL. The
widespread enhancement of averageÇSd for Le05Ka100 is also
evident from Fig. 2, which presents the joint probability den-
sity function (JPDF) ofÇSd~SL versus the non-dimensional cur-
vature,kdL for Le05Ka100 atc0 � 0:05, 0:2, 0:4 and 0:6. The
blue line shows its normalized conditional mean for a givenk ,
` ÇSdSk e~SL. The vertical dotted red lines indicate`kdLe� 0 for
all c0. The IPF simulation results are overlaid in solid black
lines with black circular symbols, and the corresponding an-
alytical model: ÇSd � � 2 Ça0k in dashed black line. The two
overarching observations are the following: 1) The blue curve
` ÇSdSk e~SL asymptotically matches the IPF simulation as well
as the analytical model prediction forkdL P � 1 for all c0. The
slope of` ÇSdSk eof the asymptotic limit increases withc0, con-
sistent with the IPF and model prediction. 2) The horizontal
solid red line and the red arrow indicate the net enhancement
of ÉSd;0 � ` ÇSdSk � 0eby several factors overSL. This observation
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