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Fundamental combustion characteristics of laminar ultra-lean hydrogen/air flames

Nicolas Villenave, Seif Zitouni, Pierre Brequigny, Fabrice Foucher
Univ. Orléans, INSA-CVL, PRISME, EA-4229, F-45072, Orléans, France

ABSTRACT
Ultra-lean hydrogen spark ignition engines is a rising solution to mitigate global warming. However, there
is a lack of laminar burning velocity measurements under (ultra-)lean conditions at ambient pressure and
temperature, which are crucial for validating or optimizing chemical models. Laminar flame speed and burnt
Markstein lengths were measured at Pu = 0.1 MPa, Tu = 303 K and ϕ = 0.28 - 0.6, using a constant-pressure
spherical bomb. Thus, laminar flame speed showed reasonable agreement with existing literature datasets.
However, the evaluated kinetic mechanisms tended to globally underpredict these values. In addition, significant
decrease in burnt Markstein length was observed as the mixture becomes leaner, in accordance with the reduction
in Lewis number in the ultra-lean region. Comparison between burnt Markstein length theoretical predictions
and measured values shows that the model considering overall activation energy and thermal flame thickness
highlights quantitative and qualitative agreement with present work.

1. Introduction

In order to limit the global median surface tem-
perature increase by 2050, the European parliament
announced the end of fossil-based engine commer-
cialization for 2035. The use of green e-fuels to burn,
such as hydrogen, is a part of the solution. Hydrogen
combustion present many advantages such as wide
flammability range, high burning rate, high flame
temperature and no CO2 emission. In comparison
with diesel and gasoline-fueled internal combustion
engines (ICEs), hydrogen internal combustion en-
gines (H2ICEs) offers a 10% higher brake and ther-
mal efficiency. Thereby, H2ICEs appears to be cru-
cial to maintain road transport activities, especially
for heavy-duty vehicules. Hydrogen spark ignition
engines (H2SIEs) are considered to operate at ultra-
lean conditions with a fuel-air ratio (ϕ) below 0.4
to ensure near-zero nitric oxides (NOx: NO, NO2)
and pollutant emissions (N2O). Especially, NOx are
precursors to acid rain while N2O holds a greater
warming power than CO2. Under these conditions,
hydrogen combustion is still under study, especially
because of abnormal combustion phenomenon such
as misfire, knock, auto-ignition and pre-ignition. To
better understand the complex behavior of ultra-lean
hydrogen combustion, the experimental investigation
of laminar burning velocity is needed to validate or
improve detailed hydrogen chemical models under
H2SIEs conditions.

Laminar burning velocity (S0
L) is an essential

property, providing insights about the exothermicity
and reactivity of the combustion process. Further-
more, it is a basis of turbulent combustion modeling
for designing efficient and environmentally friendly
combustion systems [1]. However, measuring the
laminar flame speed of lean hydrogen mixtures is
challenging due to the presence of thermo-diffusive
instabilities. The Lewis number Le = Dth/Dm,
characterizes the competition between thermal dif-
fusion (Dth), which stabilizes the flame, and mass
diffusion (Dm), which destabilizes it, across the flame
front [1]. In the case of a lean hydrogen flame, Le
is less than unity, indicating strong preferential dif-
fusion and favoring the formation of cellular struc-
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tures [1]. Only limited studies have conducted ex-
perimental measurements of laminar flame speeds for
lean and ultra-lean hydrogen mixtures. Most part of
these studies are not recent and do not use the most
consistent extrapolation method defined later in this
work. Taylor [2], Aung et al. [3], Kwon et al. [4],
Lamoureux et al. [5], Verhelst et al. [6], Bradley et
al. [7], Kuznetsov et al. [8] measured lean laminar
flame speeds for lean and ultra-lean H2/air flames
at NTP conditions (Tu = 300 ± 3 K and Pu = 0.1
± 0.001 MPa), using the linear-stretch extrapolation
model, while Dayma et al. [9], Beeckmann et al.
[10], Bauwens et al. [11] and Xie et al. [12] used the
non-linear model. Noteworthily that leanest laminar
flame speeds were measured using the linear model
which is not suitable.

Thereby, this study aims to achieve several objec-
tives concerning lean and ultra-lean outwardly prop-
agating premixed spherical flames at NTP condi-
tions: First, provide new laminar burning velocity
measurements by employing the most relevant ex-
trapolation method, as suggested by previous works,
in order to fill the knowledge gap in peer-reviewed
experimental datasets. Second, validate detailed hy-
drogen/air chemistry models and identify the most
accurate kinetic mechanisms. Third, investigate the
influence of stretch related behavior by validating al-
ready existing theoretical models that predict flame
sensitivity to intrinsic instabilities.

2. Methods

2.1 Experimental methods

Flame speed propagation was measured using a
stainless-steel constant-pressure spherical chamber
fully described in [13]. The mixture is premixed
using a four-blade fan before ignition and H2, O2,
and N2 were injected at the same time with a Cori-
olis Mass Flowmeter (deviation of 1%). Tempera-
ture and pressure were respectively measured with
a K-type thermocouple (± 1%) and a piezoelectric
pressure transducer (deviation of 2%). For each con-
dition, tests were repeated three times in order to
minimize random errors. The flame front propa-
gation is captured with an optical Z-type Schlieren
method. The flame front evolution is recorded with
a High-Speed Phantom V1610. Frames rate, snap-



shot dimension, and spatial resolution were respec-
tively fixed to 19 000 fps, 768 x 768 pixels, and 0.091
mm/pixel. The recorded flame front propagation is
processed by a MATLAB script using edge-detection
algorithms.

2.2 Uncertainty quantification

Determination of experimental uncertainties is
crucial to ensure accurate S0

L. Uncertainty calcula-
tion follows the Moffat methodology [14]. The uncer-
tainty for unstretched flame speed (S0

b ) is estimated
by calculating temperature, pressure, imaging, sta-
tistical and radiation error:
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Temperature and pressure error are estimated us-
ing Duva et al. [15] laminar burning velocity correla-
tion. Radiation error is due to the radiative transfer
from the outwardly propagating spherical flame. Yu
et al. [16] correlation predicts an uncertainty of S0

b of
12.5% for the lowest ϕ down to 0.5% for the highest
ϕ. Uncertainty linked to the imaging was estimated
2.5%. Finally the statistical error and is calculated
as: ((∆S0

b )/S
0
b )stat = (t95%σSTD)/

√
N where t95% is

the value of the Student’s t-distribution for N = 3
tests in a 95% confidence interval. Overall the error
does not exceed 2.6%.

2.3 Theoretical specifications

Schlieren imaging allows to determine stretched
flame speed Sb = dRf/dt from the burnt gas to
the fresh gas. Stretch rate K = 2Sb/Rf measures
flame surface deformation (A) as it propagates and
is purely produced by curvature effect in the case of
an expanding spherical flame [1]. The unstretched
flame speed (S0

b ) is determined through extrapola-
tion methods. Wu and Law [17] empirically char-
acterized the importance of K in the calculation of
S0
b and Dowdy et al. [18] derived the linear stretch

model (LS), considering low-stretched flame (Le ≈
1) Sb = S0

b − LbK where Lb is a phenomenological
parameter measuring the flame sensitivity to stretch
[1]. Frankel and Sivashinsky [20] mathematically
determined the linear curvature model (LC) from
Markstein study [19] considering thermal expansion
and non-equidiffusion Sb = S0

b (1 − (2Lb)/Rf ). Fi-
nally, based on Kelley and Law [21] study, the non-
linear model (NL) adapted for highly-stretched flame
(Le << 1) (Sb/S

0
b )

2 ln(Sb/S
0
b )

2 = −2(LbK)/S0
b .

Then, through the different methods, S0
b can be

determined by extrapolating the values of Sb at
zero stretch (K = 0). Finally, laminar burning
velocity is evaluated considering thermal expansion
S0
L = (ρb/ρu)S

0
b [1]. Both thermal and kinetic

flame thickness are used to characterize flame front
width. Thermal flame thickness is derived from
temperature profile δth = (Tad − Tu)/(dT/dx)max

while kinetic flame thickness depends on diffusion
properties δk = λ/(ρucpS

0
L) [1]. Overall activation

energy (Ea) is determined through the differential

Ea/R = ∂ ln(ρuS
0
L)/∂ (1/Tad) [1], with R the specific

gas constant, and calculated by varying the unburnt
temperature. Zel’dovich number corresponds to di-
mensionless activation energy and is important to de-
termine as it is used in various models. Two different
formulations are proposed. The classical formulation
β1 = (Ea(Tad − Tu))/(RT 2

ad) [1] and the Müller et
al. [22] approximation β2 = (4 (Tad−Tu)/(Tad−T 0)
with T 0 the inner layer temperature. Lewis number
using the effective formulation Lei = 1 + ((Leexc −
1) + (Ledef − 1)Ai)/(1 + Ai) is calculated as in [36]
with Ai = 1 + βi (1/ϕ − 1). The Lewis number
Leexc/Ledef corresponds to the excedent/deficient
reactant Lewis number LeO2/LeH2 .

Chen et al. [23, 24] and Bechtold and Matalon
[25] highlights relationships between Le, β and the
burnt Makstein length Lb. On one hand, Chen and
Wu derived an analytical model presented in to com-
pute Lb,Chen with Eq. (2).

LbChen,i =

(
1

Lei
−
(
βi

2

)(
1

Lei
− 1

))
σ δk (2)

with i = 1, 2, respectively to βi formulation. On
the other hand Bechtold and Matalon [25] deduced
an other Lb formulation Eq. (2) as :
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with: γ1 = (2σ)/(
√
σ+1) and γ2 = (4/(σ−1))(

√
σ−

1 − ln((
√
σ + 1)/2). Here γ1 and γ2 are parameters

that depend on thermal expansion σ = ρb/ρu.

2.4 Numerical simulation

Given the simplified one-dimensional spherical
geometry of the outwardly propagating flame and
the absence of interactions between the flame and
the combustion chamber on the experimental mea-
surement ranges, it is possible to perform one-
dimensional simulations. For this purpose, numer-
ical simulations were conducted using the 1D freely-
propagating premixed flat flame model with CAN-
TERA software [26]. The employed numerical ap-
proach for resolution utilizes the finite difference
method with a second-order upwind discretization
scheme. Adaptive grid is employed to enhance con-
vergence on a 20 cm grid length. Laminar burning
velocity calculation takes into account the Soret ef-
fect and preferential diffusion, which becomes signif-
icant for H2/air mixtures (Le < 1). Relative tol-
erance for steady-state problem and time stepping
resolution were 1.0e-8 and 1.0e-15 respectively. Dif-
ferent old-to-recent relevant kinetic mechanisms were
appraised to perform numerical simulation: Hong et
al., Burke et al. [28], Kéromnès et al. [29], San
Diego university [31], Alekseev et al. [30], Konnov et
al. [32], Mei et al. [33] and Sun et al. [34].

3. Results and Discussion

Laminar burning velocity (S0
L) were measured us-

ing different extrapolation models. Fig. 1 displays



the measured S0
L of (ultra-)lean H2/air flames, along-

side peer-reviewed datasets. Good agreement is ex-
hibited between measured values and literature re-
sults, when the same extrapolation method is con-
sidered. However, values obtained using the NL are
lower than those obtained with the LS and LC mod-
els due to the non-linear impact of stretch on flame
propagation consideration for Le < 1. A compari-
son was also realized between the measured S0

L and
various H2/air appraised chemical models. It was
observed that the overall simulations underestimates
S0
L values except for Lamoureux et al. [5]. Accord-

ing to the simulation, S0
L better agreement was found

with those extracted using the NL. Kinetic mecha-
nisms proposed by Kéromnès et al. [29], Alekseev et
al. [30], and Mei et al [33] exhibits best agreement
with the measured data while Hong et al. [27] and
Sun et al. [34] shows significant deviations.

Fig. 1 Laminar burning velocity S0
L measurements

under (ultra-)lean conditions at NTP. Comparison
with peer-reviewed datasets at and appraised kinetic
mechanisms at nominally similar conditions.

The burned Markstein length Lb serves as an in-
dicator of flame’s propensity to thermo-diffusional
(TD) and Darrieus-Landau (DL) instabilities. In this
work, measured Lb, displayed in Fig. 2, are com-
pared with other measurements from the literature,
for nominally identical conditions. Few experimental
data are available for H2/air mixtures at ϕ < 0.6,
especially using the NL model. Nevertheless, mea-
sured Lb using the LS model shows good agreement
with those extracted from the previous works using
the same method and underlines a linear decrease.
Noteworthily, no specific comparison is available for
Lb measured using the LC model. Finally, Lb mea-
sured using the NL equation are in fair agreement
with those measured by Shu et al. [35] with the same
extrapolation method. Markstein length is exponen-
tially decreasing up to Lb = -25 mm, characterizing a
highly thermo-diffusively unstable flame, indicating
a decreasing Lewis number. It should be highlighted
that authors provides first Lb values in the ultra-lean
region ϕ < 0.4.

In order to better understand this non-linear
stretch-related behaviour, measured Lb from lean
and ultra-lean H2/air expanding flames were com-

Fig. 2 Burnt Markstein lengths Lb measurements un-
der (ultra-)lean conditions at NTP. Comparison with
peer-reviewed datasets.

pared to theoretical Lb given by Chen [23] and
Bechtold and Matalon [25] works. Fig. 3 de-
picts the comparison between LbChen,1 , LbChen,2 ,
LbBM,1 , LbBM,2 and measured Lb. The burnt Mark-
stein LbBM,1 , utilizing the classical β1 Zel’dovich for-
mulation, shows both quantitative and qualitative
agreements with the presented Lb under lean and
ultra-lean conditions, highlighting the significant im-
pact of preferential diffusion on flame propagation.
Other burnt Markstein length formulations, such as
LbChen,1 , LbChen,2 , and LbBM,2 , demonstrate a rea-
sonable qualitative agreement with the measured Lb,
but tends to underpredict Lb at ϕ ≈ 0.3.

Fig. 3 Burnt Markstein lengths Lb measurements un-
der (ultra-)lean conditions at NTP. Comparison with
theoretical models.

To summarize, the Bechtold and Matalon Mark-
stein model, using β1 classic Zel’dovich formulation
is giving a consistent prediction of ultra-lean pre-
mixed H2/air spherical flames sensitivity to stretch.
This is potentially due to two factors. First, the uti-
lization of the thermal flame thickness δth definition.
As a matter of fact, δth is preferable because as it
is directly derived from the flame structure, since
it is determined by the flame temperature profile
and taking into account the preheat zone, transport



properties and heat release [1]. Secondly, the classic
formulation of the Zel’dovich number β1 is adapted
as it is dependent of the overall activation energy,
shifting drastically in the ultra-lean region, and em-
bodying a change in the flame structure [1]. Finally,
when H2/air mixture becomes leaner, burnt Mark-
stein length decreasing drastically, traducing a more
sensitive flame to stretch-related behaviour.

4. Concluding Remarks

The constant pressure expanding spherical flame
method was used to measure S0

b and correspond-
ing Lb in (ultra-)lean H2/air flames at NTP and
using different extrapolation methods. Depending
on the model, differences in S0

L occurs as the mix-
tures becomes leaner due to change in flame dynam-
ics. Present work is in good agreement with peer-
reviewed data and Alekseev et al. [30] and Mei et al.
[33] chemical models displayed the best agreement
with the measured S0

L. Extrapolation equation are
used to determine Lb and leaner mixtures results in a
Lb decrease for the non-linear extrapolation model.
A good agreement with extracted results from the
literature is observed and consistent with Le behav-
ior for (ultra-)lean H2/air flames. In addition, Bech-
told and Matalon [25] theoretic Lb model displayed
a quantitative and qualitative agreement with mea-
sured Lb. It may be due to the overall activation
energy consideration into the classic Zel’dovich for-
mulation and the use of the thermal flame thickness
in LbBM,1 .
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