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A B S T R A C T

Lean H2/O2/He laminar spherical flames expanding after spark ignition in the center of a large cruciform burner 
are investigated using high-speed Schlieren imaging technique. When processing the images, dependencies of 
equivalent flame radii <Rf> on time are extracted and unperturbed laminar flame speeds SL

0 are evaluated 
adopting four state-of-the-art flame-speed-correction methods. The experimental conditions cover lean mixtures 
at three equivalence ratios (ϕ = 0.3, 0.45, and 0.6), three pressures (P = 1, 3, and 5 atm), and two unburned gas 
temperatures (Tu = 300 and 400 K). Besides, the flame speeds are computed adopting seven state-of-the-art 
chemical mechanisms. The obtained results show, first, that substitution of nitrogen with helium offers the 
opportunity to suppress diffusional-thermal instability under the studied conditions and to measure speeds of 
lean hydrogen laminar flames in wider ranges of equivalence ratios and pressures. Second, substitution of ni
trogen with helium results in significantly reducing the influence of non-linear (with respect to flame stretch 
rate) effects on differences between the observed and unperturbed laminar flame speeds, thus substantially 
improving accuracy of evaluation of SL

0 in lean hydrogen mixtures. Third, none of the tested chemical models 
predict all the experimental data, with differences between measured and computed SL

0 being particularly large in 
preheated (Tu = 400 K) moderately lean (ϕ = 0.45) flames under elevated pressures (P = 3 and 5 atm). Since 
chemical kinetic mechanisms of lean hydrogen burning have not yet been tested against experimental data on SL

0, 
obtained at Tu = 400 K, the present results call for further assessment and development of such models for 
elevated temperature conditions, which occur, e.g., in piston engines. Fourth, differences between the measured 
and computed flame speeds could in part be attributed to limitations of the adopted transport models, thus 
calling for further assessment and development of them also.

1. Introduction

The threat of global warming makes hydrogen a very promising fuel 
for future combustion engines [1,2]. In particular, green hydrogen, 
produced through water electrolysis powered by renewable electricity, 
is an electro-fuel (e-fuel) [3] with zero CO2 emissions and is increasingly 
recognized as a key energy carrier for future transportation engines and 
power generation gas turbines [4]. Besides, operation of such engines 
and gas turbines in a lean premixed combustion mode can significantly 
reduce nitrogen oxide emissions [5]. To efficiently take these advan
tages of hydrogen and to rapidly develop future ultra clean, highly 
efficient, and safe H2-fueled piston engines and gas turbines, various 
research and development (R&D) tools should be used hand in hand. 
From this perspective, knowledge of basic combustion characteristics of 

lean hydrogen-air mixtures is strongly required to advance numerical 
simulations as an efficient tool for R&D of H2-fueled engines and gas 
turbines.

The planar, one-dimensional, fully developed laminar flame speed 
[6] (or unperturbed laminar flame speed S0

L for brevity) is one of such 
combustion characteristics. This speed is difficult to measure in lean 
hydrogen-air mixtures even under room conditions, with this task being 
much more challenging under elevated pressures and temperatures 
associated with burning in piston engines and gas turbines. Unless ac
curate values of S0

L are known under such conditions, chemical mecha
nisms of hydrogen burning are hardly accepted to be well validated. 
Accordingly, state-of-the-art models of turbulent flame propagation in 
engines and gas turbines, which rely often on such chemical mecha
nisms, do not seem to be a predictive research tool.
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The aforesaid difficulty and challenge stem from significant differ
ences in molecular diffusivities of hydrogen, oxygen, and heat. Due to 
these differences, lean hydrogen-air laminar flames are prone to 
diffusional-thermal instability [6], which makes flame surface cellular, 
increases its area, and, hence, impedes accurately measuring S0

L . While 
(i) this instability can be suppressed by sufficiently high stretch rates and 
(ii) there are known various methods [7–11] for extrapolating experi
mental data on speeds SL of laminar flames stabilized by stretch rates to 
the unstretched S0

L , none of these methods performs well in lean 
hydrogen-air mixtures. The point is that these methods do not allow 
accurate prediction of non-linear (with respect to flame stretch rate) 
effects, which are significant in lean hydrogen-air flames stabilized by 
stretch rates. For instance, recent complex-chemistry numerical simu
lations of (i) unperturbed planar flames and (ii) expanding spherical 
flames have shown that application of any of these methods to the latter 
flames results in substantially overestimating the extrapolated value of 
unstretched laminar flame speed when compared to S0

L obtained directly 
from the former flame [8, Fig. 1]. Therefore, experimental data on S0

L 
obtained from sufficiently lean (equivalence ratio ϕ ≤ 0.6) H2-air mix
tures are rare and highly scattered even under room conditions [11, 
Figs. 27 and 28].

Under elevated pressures, the situation is even worse, because an 
increase in pressure is known to promote the occurrence of hydrody
namic (Darrieus-Landau, DL) instability [6,12–14]. Specifically, the 
range of perturbation wavelengths that make the flame unstable is 
increased with decreasing flame thickness. For instance, a critical 
flame-kernel radius associated with the appearance of cellular flame 
surface is decreased with increasing pressure, with all other things being 
equal [14]. Due to the interaction of DL instability and 
diffusional-thermal effects, which further expand the range of pertur
bation wavelengths that make laminar flames unstable, data on S0

L of 
lean hydrogen-air mixtures, measured at P > 1 atm, are rare, highly 
scattered, and limited to quite moderate pressures of few atmospheres 
[11, Fig. 32a].

Nevertheless, chemical mechanisms of hydrogen burning could be 
assessed using experimental data on S0

L , obtained at room or higher 
pressures, if the influence of diffusional-thermal instability on laminar 
flame speeds is mitigated by substituting nitrogen in the air with helium. 
Since molecular diffusivities of H2 and He are comparable with one 
another and are significantly higher than molecular diffusivities of O2 or 
N2, lean hydrogen-oxygen-helium mixtures are characterized by Lewis 
numbers Le = α/DH2 sufficiently close to (while slightly smaller than) 
unity, e.g., see Table 1 in Sect. 2.4. Here, α and DH2 are the molecular 
thermal diffusivity of a lean mixture and the molecular diffusivity of 
hydrogen in that mixture. Since diffusional-thermal instability of a 
laminar flame is mitigated by an increase in Le and does not occur if Le 
< Lecr < 1 [6,15–19], this instability is expected to be much less (if any) 
pronounced in lean H2-O2-He mixtures when compared to lean 
hydrogen-air ones under the same conditions (i.e., the same equivalence 
ratio ϕ, the same pressure P, and the same unburned gas temperature 

Tu).
Indeed, Tse et al. [20, Fig. 2a] experimentally demonstrated that 

surfaces of expanding spherical laminar flames were smooth in a 
moderately lean (ϕ = 0.7) H2-O2-He mixture at P = 3 atm. At P = 5 atm, 
diffusional-thermal instability of such flames was claimed to be sup
pressed, whereas large-scale wrinkles observed in Schlieren images of 
the flame surfaces [20, Fig. 2b] were attributed to DL instability, which 
was known to be controlled by the density ratio, laminar flame speed 
and thickness [6,12,13], but was not directly affected by differences in 
molecular transport coefficients of He and N2. Subsequently, Burke et al. 
[21] reported values of S0

L obtained from expanding spherical H2-O2-He 
flames at P ≤ 10 atm (ϕ = 0.3 or 0.5) and P ≤ 25 atm (ϕ = 0.7), with 
Tu = 295 K in all these cases. It is worth noting that the influence of He 
on differences between measured stretched and extrapolated unper
turbed laminar flame speeds was not investigated in Refs. [20,21], while 
substitution of nitrogen with helium is expected not only to suppress 
diffusional-thermal instability, but also to reduce the magnitude of the 
non-linear stretch effects [22], which is still poorly predicted in lean 
hydrogen-air mixtures [8]. Such a reduction is directly associated with 
an increase in Le and stems also from the opportunity to obtain a larger 
laminar flame kernel with a smooth surface. Since the magnitude of the 
non-linear effects is inversely proportional to flame radius [22], they are 
less pronounced for larger flame kernels..

It is worth noting that due to a high diffusivity of He, dilution of a 
reacting mixture with it results in increasing laminar flame thickness, 
thus mitigating DL instability. Accordingly, He was also used for 
measuring laminar flame speeds under elevated pressures and elevated 
temperatures in experiments with syngas [23], C1-C4 hydrocarbons 
[24], or methane-hydrogen blends [25]. However, the influence of He 
on the magnitude of the non-linear stretch effects was not addressed in 
the cited papers either.

Despite (i) rapidly growing interest in hydrogen burning in engines 
and (ii) the high potential of substitution of N2 with He for measuring S0

L 
of lean hydrogen flames at various pressures [20,21], this substitution 
method has yet been rarely used for lean burning of H2. Accordingly, the 
present work aims at further advancing the method by reporting new 
experimental data obtained from lean expanding spherical laminar 
H2-O2-He flames at ϕ = 0.3, 0.45, or 0.6; P = 1, 3, or 5 atm; and Tu =

300 or 400 K. Specifically, the work aims not only at further demon
strating suppression of diffusional-thermal instability of laminar flames 
in lean H2-O2-He mixtures [20,21], but also at showing that differences 
in values of S0

L , calculated by applying different extrapolation techniques 
[7–11] to measured dependencies of the flame radius Rf on time t, are 
quite moderate under the studied conditions. In addition, the present 
experimental data are adopted to assess several state-of-the-art chemical 
mechanisms of hydrogen burning [26–32], most of that were developed 
after publication of Refs. [20,21].

In the next section, the adopted experimental and numerical tech
niques are described. Measured results are reported and discussed in 
Section 3, where these results are also used to test various chemical 

Table 1 
Experimental conditions and measured data.

N Mixture composition ϕ XHe P, 
atm

Tu, 
K

Tb, 
K

σ δ0
L , mm Le Pe

1 0.6H2+O2+5He 0.30 5.00 5 400 1361 3.24 0.37 0.86 122
2 0.9H2+O2+8.88He 0.45 8.88 1 300 1211 3.88 1.82 0.92 25
3 0.9H2+O2+8.44He 0.45 8.44 3 300 1247 4.00 0.95 0.91 47
4 0.9H2+O2+8.44He 0.45 8.44 5 300 1247 4.00 1.55 0.91 29
5 0.9H2+O2+7.05He 0.45 7.05 5 300 1383 4.40 0.36 0.88 125
6 0.9H2+O2+8.88He 0.45 8.88 1 400 1311 3.13 1.30 0.92 35
7 0.9H2+O2+8.44He 0.45 8.44 3 400 1346 3.22 0.48 0.91 94
8 0.9H2+O2+8.44He 0.45 8.44 5 400 1346 3.22 0.39 0.91 115
9 1.2H2+O2+8.44He 0.60 8.44 3 300 1520 4.81 0.33 0.89 136
10 1.2H2+O2+8.44He 0.60 8.44 5 300 1520 4.81 0.22 0.89 205
11 1.2H2+O2+8.44He 0.60 8.44 5 400 1618 3.82 0.17 0.89 265
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mechanisms. Conclusions are summarized in Section 4.

2. Methods

2.1. Experiments

Centrally-ignited, outwardly-expanding lean H2/O2/He laminar 
spherical flames at three different values of equivalence ratio (ϕ = 0.3, 
0.45, and 0.6) under elevated pressure (P = 1, 3, or 5 atm) and tem
perature (Tu = 300 or 400 K) conditions were experimentally investi
gated using a constant-pressure, constant-temperature, dual-chamber 
cruciform burner to extract unstretched laminar flame speeds. The high- 
pressure cruciform burner and its associated diagnostic techniques have 
been detailed in Refs. [9,33–39]. For completeness, a brief description of 
the burner follows.

The inner 3D cruciform burner was constructed by a large cylindrical 
steel pipe placed horizontally with four cylindrical steel pipes perpen
dicularly aligned and symmetrically welded around the central part of 
the inner burner, which was resided in a huge outer pressure vessel. The 
intersecting central volume of the 3D cruciform burner is nearly 
spherical and has a minimum diameter of about 300 mm. Two identical 
counter-rotating fans driven by two 10 HP motors together with two 
identical heated perforated plates are adopted to mix fuel and air before 
ignition using a pair of cantilevered pin-to-pin spark electrodes. Four 
large pressure-released valves are symmetrically installed on the top and 
bottom vertical pipes of the cruciform burner, allowing a spherical 
laminar premixed flame to expand at a constant pressure condition. For 
high temperature experiments, there are twenty surface heaters that 
cover around the cruciform burner alongside the two perforated plate 
heaters, capable of generating a central uniform constant high- 
temperature volume of 100×100×100 mm with only 1◦C variation for 
spherical flame speed measurements (please see Refs. [36,38] and [39, 
Fig. 10] for detailed treatment).

Thus, when compared to quasi-spherical vessels used commonly to 
explore expanding spherical laminar flames, e.g., see review articles [11,
40], the cruciform burner has three major peculiarities: (i) a big outer 
chamber, which allows us to safely investigate high-pressure combus
tion (such a burner design was pioneered by Tse et al. [20]), (ii) four 
pressure-releasing valves built on the walls of the inner chamber to 
retain a constant pressure inside it [33], and (iii) the preheating tools 
[36,38] described above. These peculiarities expand the range of 
feasible experimental conditions, but weakly (if any) affect precision of 
measurements of S0

L . Note that we have used the cruciform burner to 
measure laminar flame speeds which are consistent with data published 
by other groups, detailed in Refs. [9,34,36,38].

The experimental procedures to measure laminar flame speeds at 
400 K are listed by the following sequence steps. (i) All 20 surface 
heaters around the surface of the cruciform burner are turned on with a 
temperature of 160◦C for four hours. (ii) The two perforated plate 
heaters, which are carefully welded by a very long narrow serpentine 
heating strip in-between arrays of 10 mm holes (see Ref. [36]), are 
turned on and set to a temperature of 250o C. (iii) The inner cruciform 
burner is then vacuumed and the appropriate mole fractions of lean 
H2/O2/He mixtures are injected into the heated burner using the partial 
pressure method to the wanted pressure (P = 1, 3, or 5 atm). (iv) A pair 
of specially designed fans are counter-rotated at a fan frequency of f =
30 Hz for four minutes to well mix the injected gases. Besides, when the 
two counter-rotating fan-stirred streams pass through the two perfo
rated plate heaters, an efficient turbulent heat convection can be 
generated allowing a uniform temperature distribution in the experi
mentation domain. (v) Right after four-minute mixing, the fans are 
turned off, the turbulence decays rapidly, and the lean H2/O2/He 
mixture is in quiescence within 10 seconds. The mixture is ignited at 10 s 
after the fan turn-off to assure a uniform temperature distribution in the 
domain of experimentation during the laminar flame propagation, as 

detailed in Ref. [36]. (vi) The time evolutions of centrally ignited, 
outwardly expanding spherical flames are recorded using Schlieren 
technique by a CMOS high-speed camera (Phantom 711) operated at 10, 
000 frames/s with 800×800 pixels. Each Schlieren flame image is pro
cessed by adopting the Canny Edge Detection method to obtain an area 
A(t) enveloped by the flame and its radius 

〈
Rf (t)

〉
= [A(t)/π]0.5. The 

uncertainty in determining the flame radius is estimated to be one pixel, 
i.e., about 0.16 mm. The measurements are restricted to 

〈
Rf (t)

〉
< 50 

mm, i.e., the measured flame radius is always smaller than 1/6 diameter 
of the chamber to satisfy a widely accepted criterion [41] of spherical 
flame propagation under constant pressure conditions in a confined 
volume. Laminar flame speeds reported in the following were obtained 
by analyzing data measured at 10 mm <

〈
Rf (t)

〉
< 45 mm to avoid the 

ignition influence in the early stage of laminar flame development and 
confinement effects [41] at large 

〈
Rf (t)

〉
. More detailed information can 

be found in our previous paper [9].

2.2. Data processing

As discussed in detail elsewhere [7–11], there are known several 
extrapolation methods for extracting values of S0

L by processing 
Rf (t)-curves obtained from expanding spherical flames. Since all these 
methods are based on perturbation theories that differently treat 
non-linear (with respect to the perturbation magnitude) effects, differ
ences in values of S0

L yielded by different methods characterize impor
tance of the non-linear effects. In the following, we will present results 
calculated adopting four widely used methods that are based on Acti
vation Energy Asymptotic (AEA) theories of stretched laminar flames 
with single-step chemistry.

First, some AEA theories [17,22,42,43] consider the case of (i) weak 
stretch rate, i.e., ε ≡ τ0

c ṡ≪1, and (ii) small differences between Lewis 
number and unity and predict the following linear relation 

SL = S0
L − Lṡ + S0

LO
(
ε2) (1) 

between stretched flame speed SL and flame stretch rate ṡ. Here, τ0
c =

δ0
L/S0

L and δ0
L are unperturbed laminar flame time scale and thickness, 

respectively, L designates Markstein length, which value depends on the 
choice of an iso-scalar surface associated with the flame front [22]. 
Applications of Eq. (1) to processing experimental data obtained from 
stretched flames were pioneered by Wu and Law [44] who studied 
steady strained laminar flames. When applied to expanding spherical 
flames, Eq. (1) is commonly adopted in the following form [22,43] 

SL,b ≡
dRf

dt
= σS0

L − Lb
2
Rf

dRf

dt
+ σS0

LO
(
ε2), (2) 

where the subscript b refers to quantities measured either with respect to 
(SL,b) or in (Lb) combustion products, the stretch rate ṡ = 2R− 1

f dRf/dt, 
and σ = ρu/ρb is the density ratio. As shown by Dowdy et al. [45], Eq. (2)
has the following exact analytical solution 

t = t∗ +
1
S0

L

[

Rf − R∗
f +2Lbln

(
Rf

R∗
f

)]

=
1
S0

L

(
Rf +2LblnRf

)
+ t∗1 (3) 

if small terms on the order of ε2 are omitted. Here, the time t∗ and the 
flame radius R∗

f = Rf (t∗) correspond to “initial” conditions, which could 

be associated with any measured point Rf (t), and t∗1 = t∗ −
(

R∗
f +

2LblnR∗
f

)
/S0

L . Results obtained from expanding spherical laminar flames 

were often processed adopting Eq. (3), e.g., see Refs. [7–9,11,45–47].
Second, since non-linear (with respect to ε ≡ τ0

c ṡ≪1) terms are not 
retained in Eqs. (1) and (2) [17,22,42,43], the same theoretical result 
may be rewritten in the following form [22,48] 
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SL,b ≡
dRf

dt
= σS0

L

(

1 −
2Lb

Rf

)

+ σS0
LO
(
ε2), (4) 

which is similar to the seminal hypothesis by Markstein [49]. Equation 
(4) has the following exact analytical solution [50] 

t = t∗ +
1

σS0
L

[

Rf − R∗
f +2Lbln

(
Rf − 2Lb

R∗
f − 2Lb

)]

=
1

σS0
L

[
Rf +2Lbln

(
Rf − 2Lb

)]
+ t∗2 (5) 

if small terms on the order of ε2 are omitted. Here, t∗2 = t∗ −
[
R∗

f +

2Lbln
(

R∗
f − 2Lb

)]
/S0

L . Since the difference between Eqs. (2) and (4)

σS0
L − Lb

2
Rf

dRf

dt
− σS0

L

(

1 −
2Lb

Rf

)

=
2Lb

Rf

(

σS0
L −

dRf

dt

)

= σS0
LO
(
ε2) (6) 

is of the second order with respect to ε≪1, differences between values of 
S0

L , obtained using Eqs. (3) and (5), directly characterize magnitude of 
non-linear (with respect to ε≪1) effects.

Another AEA theory of “slowly varying” stretched laminar flames 
was developed [51,52] by allowing for significant differences in Le and 
unity, but assuming that a product of a small perturbation magnitude 
and a high normalized activation energy is of unity order. The theory 
yields 
(

SL,b

σS0
L

)2

ln

(
SL,b

σS0
L

)2

= −
4Lb

Rf

SL,b

σS0
L
+

2Lb

SL,b

dSL,b

dRf
, (7) 

which reduces to both Eq. (2) and Eq. (4) if ε→0. Kelley and Law [53] 
have (i) neglected the last term in Eq. (7) by assuming that expanding 
spherical flames propagate ‘‘in a quasi-steady manner’’ and (ii) reported 
the following exact analytical solution 

t = t∗3 +
2Lb

σS0
L

⎡

⎢
⎣

∫∞

lnξ2

e− z

z
dz −

1
ξ2lnξ

⎤

⎥
⎦, ξlnξ = −

2Lb

Rf
(8) 

to the so-truncated Eq. (7) with SL,b = dRf/dt. Here, the dimensional 
constant t∗3 is required to satisfy initial conditions. Results obtained from 
expanding spherical laminar flames were often processed adopting Eq. 
(8) also, e.g., see Refs. [7–9,11,54–56].

Fourth, Kelley et al. [10] have retained the last term in Eq. (7) and 
expanded this equation in powers of 2Lb/Rf as follows: 

SL,b

σS0
L

{

1+
2Lb

Rf
+

(
2Lb

Rf

)2

+
2
3

(
2Lb

Rf

)3

+O
[(

2Lb

Rf

)4]}

= 1. (9) 

In the limit of ε→0, Eq. (9) reduces to Eq. (3), (5), or (7). If the fourth- 
order terms with respect to 2Lb/Rf ≪1 are omitted, the exact analytical 
solution to Eq. (9) with SL,b = dRf/dt reads [10] 

t =
Rf

σS0
L

{

1+
2Lb

Rf
ln

(
Rf

R∗
f ,4

)

−

(
2Lb

Rf

)2

−
1
3

(
2Lb

Rf

)3
}

. (10) 

Here, the dimensional constant R∗
f ,4 is required to satisfy initial 

conditions. Results obtained from expanding spherical laminar flames 
were often processed adopting Eq. (10) also, e.g., see Refs. [8,9,11,57,
58].

In the present work, Eqs. (3), (5), (8), and (10) are applied to pro
cessing the measured 

〈
Rf
〉
(t)-curves following Ref. [9]. Specifically, an 

interval of Lb,min < Lb < Lb,max is divided into 200 equal bins where Lb,min 

= − 15 mm and Lb,max = 5 mm. So large values of Lb,min and Lb,max are set 
in order for the best-fitting values of Lb to be within the interval Lb,min <

Lb < Lb,max for all processing methods in all cases. Accordingly, results 
reported in the following are not changed when Lb,min is further 

decreased or Lb,max is further increased. Subsequently, for each Lb-bin, (i) 
the two parameters, i.e., S0

L and either t∗1, t∗2, and t∗3 in Eqs. (3), (5), and 
(8), respectively, or R∗

f ,4 in Eq. (10), are determined by applying these 
linear equations together with the least square fit to the measured 
〈
Rf
〉
(t)-curves and (ii) rms errors of the obtained approximations are 

calculated as follows: 

Δ2 =
1

N − j1 + 1
∑N

j1

[〈
Rf
〉(

tj
)
− Ran

F
(
tj
)]2

. (11) 

Here, 
〈
Rf
〉(

tj
)

is the measured flame radius, Ran
F
(
tj
)

refer to analytical 
solutions given by Eqs. (3), (5), (8), and (10), N is the total number of 
measurement instants for a single run, j is the number of each single 
instant, and j1 > 1 corresponds to the first measurement instant when 
〈
Rf
〉
> 10 mm. Thus, data obtained from small flame kernels (

〈
Rf
〉
< 10 

mm) are omitted to avoid the influence of spark ignition. Finally, a set of 
Lb, S0

L(Lb) and t∗n(Lb) or R∗
f ,4(Lb) that yield the smallest Δ(Lb) for Lb,min <

Lb < Lb,max is selected. Such best-fitting values of Lb are always far from 
the boundaries Lb,min and Lb,max. The reader interested in further details is 
referred to Ref. [9]. This method is independently applied to each 
measured 

〈
Rf
〉
(t)-curve, followed by averaging the obtained values of S0

L 

and Lb over five runs.

2.3. Simulations

Stationary, one-dimensional, planar, adiabatic laminar premixed 
flames are numerically simulated adopting seven state-of-the-art 
detailed chemical mechanisms [26–32] and running PREMIX module 
[59] of CHEMKIN-2 package [60]. The numerical grid is automatically 
refined when a normalized slope of computed variables exceeds 0.02 at 
any point. The flames are described with common transport equations 
for mass, momentum, energy, and species concentrations [59] and by 
the ideal gas state equation. In the studied case, governing partial dif
ferential transport equations degenerate to a set of non-linear ordinary 
differential equations, which are iteratively solved. Molecular mass and 
heat transfer is described adopting multicomponent transport model 
[59], with Soret effect being also considered.

2.4. Conditions

Set numbers and experimental conditions are summarized in Table 1, 
where XHe is the number of helium atoms per oxygen molecule in the 
mixture, Tb is the adiabatic combustion temperature, the laminar flame 
thickness δ0

L = (Tb − Tu)/max|dT /dx| has been computed using Konnov’s 
mechanism [32], and Peclet number Pe = Rf/δ0

L is estimated for the 
largest flame radius Rf = 45 mm used to evaluate S0

L . In most cases, 
XHe > 8, but the mole fraction of He is reduced in cases 1 and 5 to in
crease laminar flame speed and to mitigate buoyancy effects, addressed 
in the next section. In all studied flames, Lewis number is about 0.9, 
varying from 0.86 in the leanest mixture (case 1) to 0.92 in case 2. Note 
that the critical Lewis number Lecr < 1, which bounds the domain Le <

Lecr of diffusional-thermal instability, is not known for the studied 
mixtures.

3. Results and discussion

3.1. Experimental data

Typical images of the studied H2/O2/He laminar flames are shown in 
Figs. 1-4. Here, a single representative case is selected for each set of 
conditions. In case 4, the flame shape is significantly deformed due to 
buoyancy effects, as the laminar flame speed is expected to be low under 
such conditions. Accordingly, case 4 will not be considered in the rest of 
the paper. In case 3, large flame kernels are moved up due to buoyancy 
effects, but the kernel shape remains quasi-spherical, and its surface is 
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still smooth. Accordingly, Eqs. (3), (5), (8), and (10) are applied to 
processing the raw data obtained in this case and the best-fitting values 
of S0

L and Lb are reported for completeness. Nevertheless, results ob
tained in case 3 will not be used to draw conclusions summarized in Sect. 
4, because the influence of buoyancy on the measured 

〈
Rf
〉
(t)-curves 

could be substantial. In other cases, the flame surfaces look spherical and 
smooth, thus indicating that substitution of nitrogen with helium can 
suppress diffusional-thermal instability and enable accurate measure
ments of laminar flame speeds in lean hydrogen mixtures under elevated 
pressures reached in the present work.

In cases 6-8, which are most challenging for chemical models, as 
discussed in Sect. 3.2, flame surfaces are always smooth, see Fig. 3. 
However, few large-scale cells are observed in images of flame 1, see 
Fig. 1, flames 3 and 5, see Fig. 2, flames 9 and 10, see Fig. 4. Following 
Tse et al. [20], such cells are associated with hydrodynamic instability 
[6,12,13] that arises due to the density drop across a laminar flame and, 
consequently, cannot be fully suppressed by substituting N2 with He 
(even if this method mitigates the instability [23–25]). To support this 
association, images of two lean H2/O2/N2 laminar flames are reported in 
Fig. 5 (since combustion of these mixtures were studied in an earlier 
paper [61], the interested reader is referred to it for further details). As 
these flames are subject not only to hydrodynamic instability, but also to 
diffusional-thermal one, much smaller cells (when compared to 
H2/O2/He mixtures) are well seen in Fig. 5, contrary to Figs. 1-4. Sig
nificant differences in cell sizes [13,14,22,62] associated with the two 
instabilities stem from the facts that (i) the range of perturbation length 
scales capable for triggering laminar flame instabilities is significantly 
wider for the diffusional-thermal one and (ii) the length scale associated 
with the peak growth rate of the diffusional-thermal instability is 
significantly smaller [63, Fig. 3].

While Schlieren images presented in Figs. 1-4 do not reveal 
appearance of diffusional-thermal instability (contrary to Fig. 5), this 
qualitative observation requires quantitative support. Typically, the 
appearance of instability during growth of a spherical flame kernel is 
indicated by a rapid increase in the observed flame speed d

〈
Rf
〉
/dt, e.g., 

see Fig. 3 in Ref. [25] or Figs. 9 and 11 in Ref. [64]. Such an effect is 
observed in case 1 and is weakly pronounced in case 5, see Supple
mentary Materials (Figs. S1 and S2). However, the influence of this ef
fect on the values of S0

L reported in Table 2 is weak, as will be shown 
later.

Moreover, since Eqs. (3), (5), (8), and (10) hold for stable laminar 
flames, deviations between the measured 

〈
Rf
〉
(t)-curves and 

Ran
f (t)-curves yielded by these equations can also be adopted to detect 

the onset of flame instability.
Accordingly, in Fig. 6, raw experimental data on 

〈
Rf
〉
(t) are 

compared with fitting curves computed using Eqs. (3) and (5) for each 

run (different colors) in four cases. The corresponding values of S0
L and 

the Markstein number Mab = Lb/δL, averaged over five runs, are re
ported in Table 2, which shows that the magnitudes1 |Mab| are the 
largest in cases 3, 8, and 11. Accordingly, differences in the measured 
SL(t) and the extrapolated S0

L are expected to be most pronounced in 
these three cases, which, consequently, seem to be most challenging. For 
these reasons, Figs. 6(b), 6(c), and 6(d) show 

〈
Rf
〉
(t)-curves obtained in 

these three cases, respectively. Figure 6(a) reports results obtained from 
the leanest flames (case 1), whose surfaces are weakly wrinkled, see 
Fig. 2. The 

〈
Rf
〉
(t)-curves obtained in other six cases (2, 5-7, 9, and 10) 

using Eqs. (3) and (5) and the 
〈
Rf
〉
(t)-curves obtained in all cases using 

Eqs. (8) and (10) are not presented for brevity and because these results 
are very similar to results plotted in Figs. 6(a), 6(c), and 6(d). The 
following points are worth noting.

First, there are substantial differences between 
〈
Rf
〉
(t)-curves 

measured in different runs, e.g., see Fig. 6(c). This phenomenon is well 
known, e.g., see Fig. 3 in Ref. [65] or Fig. 3(a) in Ref. [66], and could be 
attributed to random perturbations of the initial kernel shape during 
spark ignition, variations in energy released by the spark, variations in 
the equivalence ratio, etc. For instance, the values of S0

L obtained in cases 
8 and 11 yield the following estimate dS0

L/dϕ ≈ 600 cm/s. Accordingly, 
if ϕ = 0.6 ± 0.0006, variations in S0

L can be as large as 0.4 cm/s solely 
due to so-small (0.1%) variations in the equivalence ratio. To mitigate 
this well-known effect, data obtained from expanding spherical laminar 
flames are commonly averaged over several runs (five in the present 
study). This standard method results in quite moderate rms magnitudes 
of variations in the measured laminar flame speeds, as shown in Table 2. 
While these rms values are expected to further decrease with increasing 
number of runs, even the reported rms magnitudes are comparable with 
uncertainties calculated by Xiouris et al. [23] using a more sophisticated 
method, see Table 2 in the cited paper.

Second, in all cases presented in Fig. 6 and in other six cases (not 
shown for brevity), the raw experimental data plotted in symbols are 
very well fitted using both Eqs. (3) and (5) in each run, see curves plotted 
in solid and dashed lines, respectively, and note again that results ob
tained in different runs are plotted using different colors. In all these 
cases, differences between symbols (experimental data) and solid or 
dashed line, corresponding to Eq. (3) or (5), respectively, are hardly 
visible with the naked eye.

To quantify this agreement, the coefficient of determination R2 was 
calculated for each run and each fitting method. In all studied cases 
(with the exception of case 4, which is not analyzed due to strong 
buoyancy effects), the obtained values of R2 are very close to unity. For 
instance, the difference 

(
1 − R2

m
)

reported in the right-hand column in 
Table 2 shows the largest (over five runs and four processing methods) 

Fig. 1. Typical images of lean H2/O2/He laminar flames characterized by ϕ = 0.3. Case 1: XHe = 5.0, P = 5 atm, Tu = 400 K.

1 It is worth stressing that the values of Mab are reported for completeness 
and to select cases characterized by the largest |Mab| and, therefore, associated 
with the most pronounced non-linear effects. The present study aims solely at 
exploring unperturbed laminar flame speeds, rather than Markstein numbers.
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values of 
(
1 − R2

m
)
, i.e., in all other 19 data sets (for a single mixture), R2 

is closer to unity. These numbers clearly show excellent quantitative 
agreement between the experimental data and the curves yielded by 
Eqs. (3), (5), (8), and (10). Since these equations hold for stable laminar 
flames and do not allow for buoyancy effects, the extremely small dif
ferences 

(
1 − R2

m
)

prove that the influence of laminar flame instabilities 

on the measured 
〈
Rf
〉
(t)-curves was weak in all ten considered cases. 

This weak influence of DL instability on the studied flames is consistent 
with moderate values of Peclet numbers, reported in Table 1. For com
parison, the critical values of Peclet number, associated with significant 
influence of DL instability on laminar flames, are typically higher, e.g., 
larger than 350 [67, Fig. 11], larger than 1000 [68, Fig. 5], or as large as 
1660 [25].

Fig. 2. Typical images of lean H2/O2/He laminar flames characterized by ϕ = 0.45 and Tu = 300 K. Case numbers are reported in figure legends.

Table 2 
Measured data.

N S0
L , cm/s 

Eq. (3)

S0
L , cm/s 

Eq. (5)

S0
L , cm/s 

Eq. (8)

S0
L , cm/s 

Eq. (10)

ΔS0
L , cm/s Mab 

Eq. (3)

Mab 

Eq. (5)

Mab 

Eq. (8)

Mab 

Eq. (10)

1 − R2
m

1 21.8±0.8 21.8±0.7 21.9±0.8 21.8±0.8 0.17 0.3±0.5 0.2±0.5 0.2±0.5 0.2±0.5 10− 4

2 19±1 19±1 19±1 19±1 0.35 -0.5±0.1 -0.6±0.2 -0.6±0.2 -0.6±0.2 10− 4

3 8.1±0.5 7.3±0.4 6.8±0.3 7.6±0.4 1.7 -2.8±0.2 -5.4±0.6 -8.3±1 4.5±0.4 6⋅10− 4

5 24.1±0.5 24.0±0.5 24.0±0.6 24.0±0.5 0.22 0.06±0.8
±0.9 ±0.9 ±0.9 3⋅10− 5

6 59±1 59±1 59±1 59±1 0.58 0.3±0.8 0.3±0.6 0.2±0.8 0.3±0.6 7⋅10− 6

7 24.9±0.7 24.8±0.7 24.8±0.6 24.8±0.7 0.23 -1.4±0.3 -1.7±0.4 -1.8±0.5 -1.7±0.4 10− 5

8 17.2±0.9 17.0±0.8 17.0±0.7 17.0±0.8 0.67 -3.0±0.8 -4±1 -4.5±1.5 -4±1 5⋅10− 5

9 66±2 66±2 66±2 66±2 0.41 -1.3±0.2 -1.5±0.3 -1.5±0.3 -1.5±0.3 2⋅10− 6

10 44±2 44±2 45±2 45±2 0.26 -0.5±0.9 -0.5±0.9 -0.3±1 -0.5±0.9 2⋅10− 6

11 106.8±0.6 106.9±0.7 106.4±0.7 106.9±0.7 1.0 2.0±0.6 1.9±0.6 1.7±0.4 1.9±0.6 5⋅10− 6
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To further support the weak influence of DL instability on the re
ported values of S0

L , the same data were processed using a truncated 
range of flame radii, i.e., 

〈
Rf (t)

〉
< 35 mm. Since DL instability appears 

when flame kernels are sufficiently large, this truncation method is ex
pected to yield smaller values of S0

L (if DL instability plays a role) when 
compared to the data reported in Table 2 and obtained at 

〈
Rf (t)

〉
< 45 

mm. In case 1, such differences are noted, i.e., the values of S0
L obtained 

using Eqs. (3), (5), (8), and (10) at 
〈
Rf (t)

〉
< 35 mm are equal to 20.7 

±0.6, 20.6±0.6, 20.6±0.6, and 20.6±0.6, respectively. However, these 
differences are small, i.e., the counterpart flame speeds reported in 
Table 2 are larger by approximately 5%, with the uncertainty intervals 
overlapping. Such differences are smaller than 2.5% in case 5 and are 
significantly smaller in cases 2 and 6-11. These numbers are consistent 
with figures presented in Supplementary Materials, which show that a 
weak increase in d

〈
Rf
〉
/dt with further decreasing small stretch rates is 

also observed in case 5, but such an effect is not detected in other cases.
It is also of interest that 

(
1 − R2

m
)
≪1 even for mixture 3, thus 

implying a minor effect of buoyancy on S0
L reported in Table 2. Never

theless, it is worth noting that 
(
1 − R2

m
)

is significantly larger for this 
mixture when compared to other nine mixtures, thus implying some 
influence of buoyancy on the reported flame speed in case 3.

Third, the curves presented in Figs. 6(a), 6(c), and 6(d), as well as 
curves obtained in the other six cases (not shown) look like straight 
lines, thus, implying that non-linear effects, i.e., non-linear terms 
omitted in Eq. (2), (4), (7), or (9), play a minor role under the present 
experimental conditions. In cases 1, 2, and 5-11, this minor role is 
quantified using small values of the largest (over five runs and four 
methods for every single mixture) difference ΔS0

L between the speeds S0
L , 

yielded by Eqs. (3), (5), (8), and (10), see the sixth column in Table 2. 
These largest differences characterize data-processing uncertainties 
analyzed by Xiouris et al. [23] using other methods under different 
conditions. Such uncertainties are also characterized by 1 − R2

m, see the 
rightest column in Table 2.

The small values of ΔS0
L and 1 − R2

m show that the substitution of 
nitrogen with helium offers the opportunity to overcome another 
fundamental difficulty in measuring laminar flame speeds of lean 
hydrogen-air mixtures, i.e., significant influence of the non-linear effects 
[8] on the difference in SL(t) and S0

L . These findings can be explained 
using AEA theories of stretched laminar premixed flames. According to 
such theories, [10,15–18,22,42,43,51,52], (i) magnitude of non-linear 
effects is increased by |Lb|, e.g., non-linear terms in Eqs. (6) and (9)
are directly proportional to Lb, and (ii) Lb < 0 in lean hydrogen-air 
flames (Le < 1) due to a negative term that is proportional to Ze(Le −

1), where Ze is Zel’dovich number. Therefore, when N2 is substituted 
with He, (i) Lewis number is increased, i.e., goes to unity, (ii) the 
magnitudes of the negative terms (Le − 1) and Ze(Le − 1) are decreased, 
and, consequently, (iii) Markstein length Lb < 0 goes to zero, i.e., the 
magnitude of Lb is decreased. As a result, the non-linear effects are less 
pronounced for smaller |Lb|. Moreover, since the range of radii of stable 
flames (i.e., flames whose surfaces are smooth) is substantially increased 
due to substitution of N2 with He, the ratio of |Lb|/Rf is further 
decreased. Consequently, the non-linear effects are mitigated.

It is worth noting, however, that the case design adopted in the 
present work does not guarantee that such non-linear effects play a 
minor role under other conditions, e.g., leaner mixtures or higher 
pressures. To resolve the problem, S0

L could be evaluated by (i) running 
unsteady complex-chemistry numerical simulations of expanding 
spherical flames and (ii) applying the computed SL,b(ṡ)-curves to pro
cessing experimental data presented in the same form, as proposed by 
Wang et al. [69], see also more recent papers [23–25]. However, this 
advanced method has not yet been applied to lean (ϕ ≤ 0.6) hydrogen 
flames to the best of the present authors’ knowledge. In cases 1, 2, and 
5-11, this method is not required, because the non-linear effects are 

reduced due to the case design.
Nevertheless, the discussed non-linear effects appear to play a role in 

case 3. Indeed, first, the measured 
〈
Rf
〉
(t)-curves seem to have a weakly 

pronounced non-linear shape, see Fig. 6(b). Second, the values of S0
L , 

yielded by Eqs. (3) and (8), are substantially (about 17 %) different in 
this case. Third, ΔS0

L is significantly larger than in other cases. Fourth, 
the values of Mab yielded by Eqs. (3), (5), (8), and (10) are significantly 
different, whereas intervals of scatter of Mab overlap for all these 
equations in cases 1, 2, and 5-11. Fifth, dependencies of the observed 
flame speed σ− 1dRf/dt on stretch rate, computed using Eqs. (5), (8), and 
(10), are weakly non-linear in case 3, see Fig. 7(a). In other cases, the 
counterpart curves are almost linear, e.g., see Figs. 7(b)-7(d), which 
show results obtained from mixtures 7, 8, and 11. These three cases are 
selected, because they are characterized by three next-to-the-largest |
Mab| in Table 2. Accordingly, in six other mixtures, the non-linear effects 
are less pronounced (not shown for brevity).

The emphasized features of case 3 are (at least in part) are associated 
with buoyancy effects, which are indicated by asymmetry of images of 
the flame surface, see Fig. 2b. Buoyancy effects seem to play a role in this 
case, because laminar flame speed obtained in case 3 is significantly 
smaller than the speeds of other explored flames (with the exception of 
case 4). Accordingly, Richardson number Ri =

(
1 − σ− 1)gRf/S2

L , esti
mated for the largest flame radius 

〈
Rf
〉
= 45 mm and invoking S0

L re
ported in the second column in Table 2, is as large as 50 in case 3. In 
other cases (with the exception of case 4), Ri < 10. Here, g is gravita
tional acceleration. It is worth noting that while high values of Ri are 
commonly associated with significant buoyancy effects, a critical value 
of Ri that bounds a domain of importance of such effects is not known for 
spherically expanding laminar flames. Since (i) measurements of 
laminar flame speeds are routinely performed for moderately lean (ϕ =

0.75) methane-air mixture under room conditions using spherical 
bombs [11, Fig. 34] and (ii) Ri = 11 under such conditions if Rf = 45 
mm, the aforementioned critical value of Ri is expected to be substan
tially larger than 10.

In summary, while the substitution of N2 with He does not allow us to 
resolve all issues associated with measurements of speeds of lean 
hydrogen laminar flames, this method does offer the opportunity to 
measure S0

L at substantially low equivalence ratios and under elevated 
pressures. Such data are useful for assessing various detailed chemical 
mechanisms of hydrogen combustion, as illustrated in the next 
subsection.

3.2. Assessment of various chemical mechanisms

Values of S0
L measured in the present work are compared with the 

speeds S0
L computed using seven detailed chemical mechanisms in 

Table 3, where 

ϵ =
⌈
S0

L,sim − S0
L,exp

⌉/
S0

L,exp (12) 

designates relative difference between the measured S0
L,exp and the 

computed S0
L,sim. Note that the results yielded by mechanisms of Metcalfe 

et al. [30] and Goswami et al. [31] are reported in the same column, 
because these results are identical for all H2/O2/He mixtures addressed 
in the present work.

Table 3 shows that none of the used chemical mechanisms can 
accurately predict the measured data, with the relative difference ϵ 
being large in many cases. Differences between S0

L computed using 
different mechanisms are also large for certain H2/O2/He mixtures, e.g., 
cf. results yielded by mechanisms [29] and [30]. At the same tempera
ture Tu = 400 K (or Tu = 300 K), the largest (for various pressures) 
relative difference ϵ between experimental and numerical data is smaller 
for ϕ = 0.60 when compared to ϕ = 0.30 (ϕ = 0.45, respectively).

In cases 7 and 8 (ϕ = 0.45, Tu = 400 K, P = 3 and 5 atm, respec
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tively), values of ϵ reported in Table 3 are significantly larger than the 
rms scatter of the measured data or the data-processing uncertainties 
ΔS0

L , see Table 2. Therefore, the used mechanisms poorly predict the 
present experimental data obtained from preheated lean H2/O2/He 
mixture under elevated pressures. Specifically, the mechanisms result in 
significantly overestimating S0

L . These differences between measured 
data and computed flame speeds cannot be attributed to experimental 
uncertainties, because, in cases 7 and 8, Eqs. (3), (7), (8), and (10) fit the 
measured data very well (R2 ≅ 1) and yield close averaged values of S0

L , 
with the largest difference ΔS0

L being small. These differences cannot be 
attributed to instability and buoyancy effects, because (i) typical flame 
images presented in Fig. 3 show smooth spherical flame surfaces, but do 
not indicate convection of the flame kernels, and (ii) observed flame 
speeds SL,b monotonically decrease with increasing 

〈
Rf
〉
, see Supple

mental Materials, cases 7 and 8. Moreover, if flame instability played a 
role, the measured flame speeds would be overestimated, contrary to 
results reported in Table 3. This negative test outcome could be 

attributed to eventual limitations of these mechanisms and seems to be 
in line with recent findings by Han et al. [70, p. 9] who recommended 
updating “temperature dependence of the rate expressions” for certain 
reactions included in most chemical mechanisms of hydrogen burning. 
Besides, the large values of ϵ could be attributed to eventual limitations 
of the commonly used transport models for He-containing mixtures, as 
discussed below.

As reviewed by Brown et al. [71] and by Konnov et al. [11], majority 
of chemical models adopted in simulations of laminar flames, including 
models developed in Refs. [26–31], involve Sandia transport database 
[72] created using 12-6 Lennard-Jones potential to calculate diffusion 
coefficients. Limitations of this approach are known since the work by 
Paul and Warnatz [73], can result in underestimation of molecular 
diffusion coefficients [74], and are of importance for prediction 
extinction phenomena [75]. Therefore, binary diffusion coefficients are 
often computed from first principles adopting quantum scattering cal
culations, as reviewed by Brown et al. [71]. For combustion 

Table 3 
Laminar flame speeds computed for the present experimental conditions.

N exp simulations

[26] [27] [28] [29] [30,31] [32]

S0
L , cm/s S0

L , cm/s ϵ S0
L , cm/s ϵ S0

L , cm/s ϵ S0
L , cm/s ϵ S0

L , cm/s ϵ S0
L , cm/s ϵ

1 21.8 25.3 0.16 21.7 0.004 25.4 0.16 31.5 0.44 21.4 0.02 27.9 0.28
2 19 26.4 0.40 23.3 0.23 27.9 0.47 31.2 0.64 23.2 0.22 26.4 0.40
3 8.1 10.5 0.29 8.17 0.009 12.2 0.51 14.9 0.84 9.17 0.13 12.9 0.59
5 24.0 22.4 0.07 19.8 0.18 22.6 0.06 27.4 0.14 19.6 0.18 23.4 0.03
6 59 72.7 0.23 66.6 0.13 73.9 0.25 80.1 0.36 64.7 0.10 68.6 0.16
7 25 48.3 0.93 43.5 0.74 49.8 0.99 57.1 1.28 42.7 0.71 48.8 0.95
8 17.2 28.2 0.64 24.4 0.42 30.1 0.75 36.1 1.10 24.7 0.44 31.4 0.82
9 66 66.7 0.01 63.8 0.03 65.2 0.01 72.6 0.10 61.3 0.07 62.0 0.06
10 44 52.6 0.20 50.3 0.14 51.1 0.16 58.7 0.33 48.1 0.09 49.8 0.13
11 107 116 0.08 112 0.05 112 0.05 125 0.17 107 0.0 108 0.009

Fig. 3. Typical images of lean H2/O2/He laminar flames characterized by ϕ = 0.45 and Tu = 400 K. Case numbers are reported in figure legends.
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applications, Jasper et al. [76,77] created a new transport property 
database by calculating parameters of 12-6 Lennard-Jones potential 
from accurate full-dimensional intermolecular potentials and using 
several first-principles theoretical methods. This database is adopted by 
Konnov in his chemical model [32]. Thus, the entire chemical models 
from Refs. [26–31] and from Ref. [32] involve two different transport 
databases from Refs. [72,77], respectively. Accordingly, extra simula
tions were performed by combining chemical mechanisms and ther
modynamic databases from Refs. [26–31] with the transport database 

from Refs. [32,77]. Obtained results are reported in Table 4, where an 
asterisk is added after reference numbers to indicate that the model is 
changed.

Comparison of results presented in Tables 3 and 4 shows that such a 
change of the transport database results in reducing (i) S0

L in all studied 
cases and (ii) the difference ϵ in majority of cases. Nevertheless, ϵ is still 
high in case 7 or 8, i.e., at Tu = 400 K, ϕ = 0.45, and P = 3 or 5 atm, 
respectively. It is worth stressing that this exercise does not aim at 
recommending the adopted change of transport database. Even if results 

Fig. 4. Typical images of lean H2/O2/He laminar flames characterized by ϕ = 0.60. Case numbers are reported in figure legends.

Fig. 5. Typical images of lean H2/O2/N2 laminar flames characterized by ϕ = 0.45 and Tu = 300 K. Mixture composition and pressure are specified in figure legends.
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computed for lean H2/O2/He mixtures are improved, the trend could be 
opposite for other mixtures. Therefore, the discussed exercise aims 
solely at demonstrating that the reported difference between measured 
and computed data can stem not only from eventual limitations of 
chemical mechanisms but also from eventual limitations of transport 
models, which could play a more important role in lean H2/O2/He 
flames when compared to hydrogen-air ones. This seems to be a disad
vantage of substitution of nitrogen with helium for assessing chemical 
mechanisms of hydrogen burning against laminar flame speeds 
measured in lean mixtures. The issue requires further studies.

Finally, it is worth noting that the tested chemical models [26–32] 
predict experimental data by Burke et al. [21] better when compared to 
the present experimental data, see Tables 5 and 6. Specifically, models 
by Metcalfe et al. [30], by Goswami et al. [31], and by Burke et al. [27] 
yield small ϵ in most cases. However, the conditions of the present 
measurements and experiments by Burke et al. [21] are substantially 
different. First, preheated mixtures were not investigated by Burke et al. 
[21], whereas the largest disagreement between the present experi
mental data and numerical results is observed at Tu = 400 K. Second, the 
ratio XHe of mole fractions of helium and oxygen in reactants was 
significantly smaller in all measurements by Burke et al. [21] when 
compared to all present cases with the exception of case 5, whose con
ditions (ϕ = 0.45, XHe = 7.05, P = 5 atm, and Tu = 300 K) are com
parable with the conditions of case H (ϕ = 0.50, XHe = 7.75, P = 5 atm, 
and Tu = 295 K) in the study by Burke et al. [21]. In these two cases, the 
measured values of S0

L are also comparable, i.e., 24.7 cm/s in case 5 and 
23.1 cm/s in case H. Despite a lower equivalence ratio, the former flame 
speed could be larger due to a smaller XHe. Moreover, numerical results 
yielded by four mechanisms [26,28,29,32] agree with the present data 
(case 5) better, i.e., ϵ is smaller, whereas other mechanisms [27,30,31] 
agree better with the data obtained by Burke et al. [21] from flame H. 

Therefore, the two sets of data seem to be consistent, as far as they can be 
compared.

4. Conclusions

Unperturbed laminar flame speeds S0
L are evaluated using four 

methods to process 
〈
Rf
〉
-curves obtained from expanding spherical 

laminar lean (ϕ = 0.30, 0.45, and 0.60) H2/O2/He flames at three 
different pressures (P = 1, 3, and 5 atm) and two different temperatures 
(Tu = 300 and 400 K). To the best of the authors’ knowledge, S0

L has not 
yet been measured in so lean preheated hydrogen flames. Moreover, 
laminar flame speeds under conditions listed in Table 1 are computed 
adopting seven state-of-the-art chemical mechanisms. The following 
results are worth emphasizing.

First, in line with earlier experiments by Tse et al. [20] and Burke 
et al. [21], substitution of nitrogen with helium is shown to offer the 
opportunity to suppress diffusional-thermal instability under the studied 
conditions and to measure speeds of lean hydrogen laminar flames in 
wider ranges of equivalence ratios and pressures.

Second, substitution of nitrogen with helium is also shown to offer 
the opportunity to significantly reduce the influence of non-linear (with 
respect to flame stretch rate) effects on differences between the observed 
and unperturbed laminar flame speeds, thus, substantially improving 
accuracy of evaluation of S0

L in lean hydrogen mixtures.
Third, none of the tested chemical models can predict all the 

experimental data, with differences between measured and computed S0
L 

being particularly large in preheated (Tu = 400 K) moderately lean (ϕ =

0.45) flames under elevated pressures (P = 3 and 5 atm). Since chemical 
kinetic mechanisms of lean hydrogen burning have not yet been tested 
against experimental data on S0

L , obtained at Tu = 400 K, the present 

Fig. 6. Dependence of measured flame radius on time counted from spark ignition. Symbols show experimental data. Error bars are not visible, because they are 
smaller than symbols (as small as 0.16 mm, see Sect. 2.1). Results obtained in five different runs are shown in five different colors.
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results call for further assessment and development of such models for 
elevated temperature conditions, which occur, e.g., in piston engines 
and gas turbines.

Fourth, the difference between the measured and computed flame 
speeds could (in part) be attributed to limitations of the adopted 
transport models, thus calling for further assessment and development 
of them.

Finally, as suggested by one of anonymous Reviewers, numerical 
simulations run using varying chemical mechanisms can provide a 
valuable baseline to assess the performance and validity of extrapolation 
models. Since the flame speed-stretch rate relationship is fundamentally 
governed by physical transport phenomena, such simulations can offer a 
controlled framework to directly probe these dependencies, deserving 
further studies.

Fig. 7. Dependence of flame speed σ− 1dRf/dt on stretch rate. Five different colors correspond to five repeated runs.

Table 4 
Laminar flame speeds computed for the present experimental conditions by changing transport model parameter database.

N exp simulations

[26]* [27]* [28]* [29]* [30]* or [31]*

S0
L , cm/s S0

L , cm/s ϵ S0
L , cm/s ϵ S0

L , cm/s ϵ S0
L , cm/s ϵ S0

L , cm/s ϵ

1 21.8 21.0 0.03 18.1 0.17 21.0 0.03 26.3 0.21 17.8 0.19
2 19 22.4 0.18 19.7 0.03 23.9 0.26 26.8 0.41 19.7 0.04
3 8.1 9.02 0.11 7.27 0.10 10.5 0.30 13.1 0.61 8.01 0.01
5 24.7 18.6 0.25 16.3 0.34 18.8 0.24 23.0 0.07 16.2 0.34
6 59 64.2 0.09 58.6 0.007 65.4 0.11 71.5 0.21 56.7 0.04
7 25 41.0 0.64 36.8 0.47 42.7 0.71 49.2 0.97 36.1 0.45
8 17.2 23.1 0.34 20.0 0.16 25.0 0.45 30.1 0.75 20.2 0.18
9 66 58.8 0.11 56.2 0.15 57.5 0.13 64.6 0.02 53.9 0.18
10 44 45.5 0.03 43.3 0.02 44.3 0.01 51.2 0.16 41.4 0.06
11 108 103 0.05 99.7 0.08 99.4 0.08 112 0.04 94.6 0.12

Table 5 
Conditions of experiments by Burke et al. [21].

Case A B C D E F G H I J K L M

ϕ 0.30 0.30 0.30 0.30 0.30 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
XHe 4.0 4.0 4.0 4.0 3.0 7.75 7.75 7.75 7.75 7.75 6.09 6.09 6.09

P, atm 1 2.5 5 10 5 1 2.5 5 7.5 10 1 5 10
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Novelty and significance statement

The novelty of this work consists of (i) presenting new experimental 
data on speeds of lean hydrogen/oxygen/helium laminar flames, with 
such data being never reported for so lean preheated mixtures, (ii) 
demonstrating that substitution of nitrogen with helium offers the op
portunity to suppress diffusional-thermal instability, to significantly 
reduce magnitude of non-linear effects, and, hence, to measure 
unstretched laminar flame speeds in substantially wider ranges of low 
equivalence ratios and pressures, (iii) showing that the state-of-the-art 
chemical models poorly predict the new experimental data obtained 
from preheated lean hydrogen mixtures. The significance of this work is 
that (i) the found disagreement between experimental and numerical 
data calls for further development of chemical models of lean hydrogen 
burning at elevated temperatures and pressures and (ii) the reported 
new data can be used for testing future chemical models.
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