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This study measures the characteristics of expanding hydrogen/air premixed turbulent flames over a wide range
of equivalence ratios, ¢ (0.5 to 1.5) and root-mean-square (r.m.s) turbulent velocities, ' (1 m/s to 9 m/s), using a
fan-stirred combustion vessel with high-speed schlieren imaging. These experimental conditions enable the
exploration of both Lewis number and turbulence intensity effects on turbulent flame propagation in hydrogen/
air flames, addressing a research gap related to flame behavior under relatively high turbulent intensities (u' > 4
m/s). Pressure oscillations were observed after peak pressure when u' exceeded 5 m/s, with their amplitude
increasing with increasing u. Hydrogen/air mixtures with lower effective Lewis numbers, Leys exhibited
enhanced turbulent flame acceleration compared to those with higher Ley, as indicated by the increase in the
normalized turbulent flame propagation speed (Sy/Ss) with decreasing Le.g across all flame radii. The influence
of Lewis number on turbulent flame acceleration diminished when Le,y large than unity. The scaling of these
normalized turbulent flame speeds with the Reynolds number, Rer followed a power-law trend, with improved
correlation when Rer was normalized by Le,s. The mean representative flame propagation velocity, Uz_qs
determined for flame radii between 15 mm and 50 mm, increased with both ¢ and u/, reaching a maximum of
approximately 27 m/s at u' = 9 m/s and ¢ = 1.5. Based on the present experimental data and existing literature
on hydrogen/air flames, two correlations are proposed to cover a wide range of Le,s and u'. One is correlated
with the Karlovitz stretch factor, K and the other with turbulent flame Reynolds number normalized by effective
Lewis number (Rer/Le.z) both showing excellent agreement with the data, with R? values of 0.95.

characteristics of laminar premixed hydrogen flames, such as laminar
burning velocity [7-10], Markstein length/number [7-9], and cellular
instability [8,9] over a wide range of temperatures, pressures, and/or
equivalence ratios. However, understanding laminar flame behavior
alone is insufficient for evaluating the combustion stability of hydrogen
in practical systems, such as combustion engines and gas turbines, as

1. Introduction

Hydrogen has emerged as an effective energy carrier, drawing
attention for its advantages, including zero carbon emissions, high

laminar burning velocity, broad flammability range, and high mass-
based heating value, making it highly attractive for clean energy ap-
plications [1]. As a carbon-free fuel, hydrogen may play a crucial role in
decarbonizing power sector, especially in internal combustion (IC) en-
gines [2,3] and gas turbines [4,5]. Despite its benefits, hydrogen’s high
reactivity also presents safety challenges, especially the risk of
deflagration-to-detonation transition (DDT), which is a critical explo-
sion scenario [6]. Thus, understanding the fundamental combustion
characteristics of premixed hydrogen flames is essential for its deploy-
ment in combustion engines, gas turbines, and risk assessment.
Extensive studies [7-10] have been conducted to measure the key
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most combustion and explosion events occur under turbulent condi-
tions. Unlike laminar flames, turbulent flames interact with turbulent
eddies that may distort and wrinkle the flame front, thereby increasing
its surface area. The increased flame surface area enhances the burning
rate and hence leads to accelerated flame propagation. It is essential to
study the hydrogen combustion in turbulent flows to advance hydrogen
utilization in realistic energy systems.

Turbulent premixed hydrogen flames in fan-stirred combustion
vessels have been investigated [11-14]. For instance, Goulier et al. [11]
measured turbulent hydrogen/air flames at root-mean-square turbulent
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Nomenclature Ss unstretched laminar flame speed (m/s)
t time (s)
a empirical correction factor T temperature (K)
A flame surface area (m?); mixture strength factor Tod adiabatic flame temperature (K)
c mean progress variable T, unburnt temperature (K)
Da Damkdhler number, Da = (L /u)(5; /u;) U mean flow velocity (m/s); ratio of u,/uy’
f fan speed (rpm) u root-mean-square turbulent velocity (m/s)
K Karlovitz stretch factor, K = (u' /4)(6 /w) u unstretched laminar burning velocity (m/s)
Ka Karlovitz number, (%) 2 ug turbulent burning veloc%ty (m{s)
Uz—o5 turbulent burning velocity at ¢ = 0.5 (m/s)

L integral length scale of combustion vessel (20 mm) Uz o5 representative flame propagation velocity at ¢ = 0.5 (m/s)
Lees effective Lewis number Uz_g5 mean representative flame propagation velocity, evaluated
Lep Lewis numbers of the deficient reactant over e, = 15-50 mm (m/s)
Leg Lewis numbers of the excess reactant
Lg Markstein length for strain Greek symbols
Mag, Markstein length for strain, L /8 a thermal diffusivity (m?/s) and coefficient constant
n power constant ﬂ coefficient constant
P pressure (MPa) 0 tip angle of the progress variable contour
Py initial pressure (MPa) 8 laminar flame thickness (m)
P, perimeter length of the turbulent flame contour; pressure 74 sphericity

at the end of explosion (MPa) X acceleration factor (Uz_o.5/u;)
Ry diameter of the combustion vessel (190 mm) v unburned gas kinematic viscosity (m?/s)
Tsch flame front radius obtained by high-speed schlieren system 12

(mm) p) Taylor length scale (m), 1 = L <%)
Te=05 flame radius at ¢ = 0.5 n Kolmogorov length scale
Rer Reynolds number, Rer = (' /u;)/(rsch /1) p density (kg/m>)
Re; Reynolds number based on L, Re; = % Pu unburned gas density (kg/m3)
Ssch flame propagtion speed based on schlieren flame radius Db burned gas density (kg/m>)

(m/s) Pe—05 density at the ¢ = 0.5 surface (kg/m®)
Sech mean flame propagation speed evaluated over ry;, = 15-50 4 thermal expansion ratio, o = p,/py,

mm (m/s) ¢ equivalence ratio

velocities (1) from 0.6 to 2.8 m/s. Their findings indicate that the tur-
bulent flame propagation speed increases with flame radius and higher
turbulence intensity significantly enhances the turbulent flame speed.
Kitagawa et al. [12] assessed the effects of pressure and v’ (0.8 and 1.59
m/s) on turbulent flames and found that increasing both pressure and u
enhances the turbulent burning velocity. Zhao et al. [13] studied the
effects of molecular transport on turbulent flame propagation, with v’ =
0.89 and 2.66 m/s. They found that the molecular transport has a sig-
nificant promotion on the turbulent burning velocity. Furthermore,
Nguyen et al. [14] measured premixed lean hydrogen/air flames with u
being 1.6 and 4 m/s and observed that spherical flames exhibit
self-similar propagation behavior.

Although high v’ conditions (> 4 m/s) are ubiquitous in practical
combustion systems, including combustion engines and some pre-DDT
phenomena in hazard management [15], the turbulent flame dy-
namics at such conditions remains not well studied, possibly limited by
fan speed and size constraints. Subject to higher turbulence intensities,
hydrogen flames may transition out of the flamelet regime and enter the
regime of distributed reaction zone, potentially resulting in altered
flame structure and propagation. It also remains unclear whether tur-
bulent hydrogen flames continue to exhibit self-similar propagation
with high «'. Additionally, given that turbulent hydrogen flames span a
wide range of effective Lewis numbers, high turbulence intensities may
amplify differential diffusion effects, leading to modulated flame front
behaviors. Therefore, the first objective of the present study is to
investigate the flame propagation behavior of turbulent hydrogen/air
flames at high turbulence intensities.

The correlations for turbulent flame have been extensively devel-
oped, which facilitate the prediction of burning rates or flame propa-
gation speed under various turbulent conditions, incorporating different

parameters, e.g., Karlovitz stretch factor (K), Damkohler number (Da),
and Reynolds number (Rer). These correlations, often derived from
experimental data, are widely used as inputs in turbulent combustion
models for both Large Eddy Simulations (LES) and Reynolds-Averaged
Navier-Stokes (RANS) simulations, enabling predictions of turbulent
flame propagation [16,17]. Several turbulent burning velocity correla-
tions, along with the corresponding definitions of turbulent burning
velocity are summarized in Table 1. It should be noted that the turbulent
burning velocity defined in these studies is an apparent quantity, rep-
resenting the combined effects of chemical reaction and turbulent
entrainment of fresh reactants into the flame brush on the overall flame
front propagation. Abdel-Gayed et al. [18] reported that the ratio of the
turbulent to laminar burning velocity, 1, /u;, is correlated with the ratio
of u'/u; and a Karlovitz stretch factor defined as K = (u' /1)(&; /u;). Here,

Table 1
Turbulent burning velocity correlations in [18-21,23,24].

Study Correlation Definition of u,
Abdel-Gayed  u/u ~u /u u = (drien /d0)(py /py)
etal. [18]
Kobayashi uJuy ~ [(u’/ul)/(p/po)]o'% u, = U sin (0/2)
etal. [19]

Bradley et al.
[20]
Bradley et al.

u/uy’ ~ 0.88(KLe) 3 ue = (dreen /dt)(py /py)

u/u = U~ aK’, aand g are u =

[21] function of Maj. (4/3)7Ro>  (p,/p)dP/dt
(Pe —Po) - 27rsen?(1 — cosa)
Chaudhuri (drgen /dt) /Ss ~ Rer®* N.A.
et al. [23]
Liuetal [24]  u.—os5/u ~ Da®s U —05 =

(dre o5 /dO)(py/pz —0.5)
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u, is calculated as (dren/dt)(py/p,), Where 7oy =+/A/x is the
burned-area-equivalent flame radius, A is the projected burned area, and
Pu/ Py is the unburned-to-burned density ratio. In the definition of K, 4 is
the Taylor length scale and y; is the laminar burning velocity.
Kobayashi et al. [19] proposed the correlation: u, /u~
[(u /1) /(P/Py)]°3® from stabilized Bunsen-type turbulent methane/air
flames. In this case, u, is defined as U sin (6/2), where U is the mean flow
velocity at the nozzle outlet and 6 is the tip angle of the progress variable

(c) contour. Bradley et al. [20] considered the Lewis number and stretch

rate and proposed u; /i = 0.88(KLe) *3, where 1 is the effective r.m.s

turbulent velocity. Later, based on extensive measurements, Bradley
et al. [21] further derived a general U-K correlation to highlight strain
rate Markstein number, Ma,, effects on turbulent burning velocity: U =
u;/u;’ = aK?, while constants a and f are functions of the May,. In their
analysis, u; was derived from the pressure rise rate and the
burned-area-equivalent flame radius measured from schlieren images
[21]. The parameter Mas; is defined as the ratio of the strain-rate-based
Markstein length, L to the laminar flame thickness, §; as described in
[22]. Given the large uncertainties in hydrogen/air Mas, [9], this Mas
based correlation is of limited reliability for hydrogen.

Chaudhuri et al. [23] found that the development of spherical tur-
bulent flames follows a half-power law. The evolution of normalized
flame propagation speed from turbulent to laminar, (dryy, /dt) /Ss, col-
lapses onto a single power-law of the instantaneous turbulent flame
Reynolds number, Rer, as (dryy /dt)/S; ~ Rer®>* for methane flames
with a Lewis number close to unity, which indicates self-similar prop-
agation. The Reynolds number is defined as Rer = (v /u) /(rsen /1),
where S; is the unstretched laminar flame speed. Liu et al. [24] incor-
porated the Damkohler number (Da) into a half-power law correlation,
expressed as U;z_s/U ~ Da’. Here u,z_s denotes the turbulent
burning velocity evaluated at the flame radius corresponding to the
half-burning-surface location ¢ = 0.5, and is defined as u,; o5 =
(drz —os /dt)(py/pz _o5)- Recently, Nguyen et al. [14] reported that the
correlations from Kobayashi et al. [19], Chaudhuri et al. [23], and Liu
et al. [24] can be improved by scaling effective Lewis number (Le.y) as a
grouping parameter. This suggests that the Lewis number effects on
turbulent combustion cannot be neglected. However, to the best of our
knowledge, these correlations have been developed from a specific
range of turbulence intensities, particularly at relatively low u/, and
hence their applicability beyond these ranges is unclear. Therefore, the
second objective of the present study is to propose representative flame
propagation velocity correlations for hydrogen/air mixtures applicable
to a wide range of turbulence intensities, from low to high.

To achieve the above two objectives, we used the fan-stirred com-
bustion vessel equipped with high-speed schlieren imaging system to
measure turbulent flame propagation over a range of ¢’ from 0 to 9 m/s
and ¢ from 0.5 to 1.5. New correlations were developed, considering K
and Rer/Leys. The novelty of this work lies in the measurement of tur-
bulent hydrogen flames under full range of u' (1-9 m/s) conditions and
development of correlations applicable for a wider range of turbulence
intensities. The remainder of the manuscript is organized as follows:
Section 2 describes experimental setup. In Section 3, the results on
turbulent flame propagation and representative flame propagation ve-
locity correlations are presented and discussed. The main findings are
summarized in Section 4.

2. Experimental setup

Experimental studies of hydrogen/air turbulent premixed flames
were conducted in the Leeds fan-stirred spherical combustion vessel,
utilizing high-speed schlieren imaging system. Detailed specifications of
the combustion vessel and schlieren system are provided in Ref. [7].
Briefly, the vessel has a 380 mm internal diameter and a volume of 30
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Table 2

Experimental conditions of hydrogen/air mixtures (T = 300 K, P = 0.1 MPa).
¢ u u Leyy 1] S/wy(ms) o= Tad y(x

(m/s)  (m/ (mm) PulPo x) 10°°
s) m?/s)

0.5 0,1, 0.67 0.51 0.41 0.61 5.02 1646 1.88
0.7 3,5, 1.41 0.69 0.34 0.24 5.96 2022 1.99
0.8 7,9 1.88 0.83 0.33 0.18 6.37 2178 2.05
0.9 2.03 1.03 0.33 0.16 6.66 2306 2.10
1.0 2.35 1.46 0.33 0.14 6.85 2390 2.16
1.1 2.45 1.88 0.33 0.13 6.90 2402 2.21
1.2 2.64 2.01 0.32 0.12 6.84 2371 2.26
1.5 2.89 2.47 0.30 0.10 6.53 2249 2.41

liters. Optical access is provided by two opposing 150-mm-diameter
quartz windows, and ignition is initiated by a centrally located spark
plug. Turbulence is generated by four eight-bladed fans powered by 8
kW motors, arranged tetrahedrally, with independent speed controls
accurate to £ 5 % to ensure uniform and isotropic turbulence in the
vessel central region. The turbulent flows within the combustion vessel
were quantified in a previous study [25] using Particle Image Veloc-
imetry (PIV). It was observed that the ¢’ (m/s) within the vessel increases
linearly with the fan rotational speed, f (rpm), i.e.,

U = 0.00124f. 1

The pressure during combustion was measured using a Kistler 701A
dynamic pressure transducer, mounted flush to the vessel inner wall.
The signal was amplified and recorded by a Kistler 5007 charge ampli-
fier at a 50 kHz sampling rate. Turbulent flame images were captured
using schlieren photography with a tungsten lamp, two lenses, and a
high-speed DANTEC SpeedSense 2640 camera at 20,000-60,000 fps.
The resolution was 512 x 512 pixels, with each pixel at 0.263 mm.
Flame schlieren images were processed in MATLAB using a binarizing-
thresholding technique to accurately capture the two-dimensional pro-
jection of the burned area, A and the flame contour. Following the
approach in Refs. [11-14,16], the burned area-equivalent flame radius
isdefined asry, = \/m The turbulent flame speed on the burned side,
Ssen, is calculated as dryp/dt. To ensure repeatability and quantify un-
certainty, each condition was tested in three independent experiments.

The experimental conditions and key parameters for hydrogen/air
mixtures in this study are outlined in Table 2. Measurements were
conducted over a wide range of ¢ (0.5-1.5) and ' (0-9 m/s) to inves-
tigate the effects of turbulence intensity on flame propagation across
lean, stoichiometric, and rich conditions. The laminar burning velocity
() is defined by w = (py, /p,) Ss, where S; is the unstretched laminar
flame speed, obtained by linear extrapolation of the laminar flame
propagation speed versus stretch rate to the point of zero stretch rate.
Where p, and p, are the densities of the unburned and burned gases,
respectively. The effective Lewis number (Leys), ranging from 0.51 to
2.47, was evaluated using the weighted average of the Lewis numbers of
the excess and deficient reactants, following Bechtold et al. [26] and
Bouvet et al. [27]:

(LeE — 1) + (Le[) - 1)A

1+A @

Leyy = 1+
Where Ler and Lep are the Lewis numbers of the excess and deficient
reactants, respectively and A is the mixture strength factor. This range of
Ley enables the investigation of Lewis number effects on turbulent
hydrogen flames. The flame thickness § was derived from the temper-
ature profile across the flame and is defined as [28]: § = (Tu —
Ty)/(dT/dx)pe> Where Tqq is the adiabatic flame temperature and T, is
the unburned gas temperature. The ratio &;/y; characteristic chemical
reaction time across the flame thickness.
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3. Results and discussion
3.1. Flame morphology and combustion regime

Fig. 1 presents the high-speed instantaneous schlieren images of both
laminar and turbulent expanding hydrogen/air flames, all at ry;, = 50
mm. The time stamp in each image represents the time elapsed since
ignition. Each column (top to bottom) corresponds to an increasing ¢
from 0.5 to 1.5, with Le.g varying from 0.51 to 2.47. As ¢ increases, the
influence of differential diffusion tends to diminish due to the reduced
role of fast-diffusing hydrogen in rich mixtures [8,9]. Each row (left to
right) represents increasing turbulence intensity, with u' from 0 m/s
(laminar) to 9 m/s demonstrating the effects of turbulence intensity on
flame morphology.

For the laminar flames (first column) with ¢ = 0.5 and 0.7, the flame
front exhibits cellular structures and a wrinkled front due to thermal-
diffusivity (TD) instability, as the Leys is less than unity, 0.51 and
0.69, respectively. This indicates that mass diffusivity is greater than
thermal diffusivity, meaning the faster diffusion of hydrogen compared
to heat can lead to localized variations in temperature and reaction rates
[29]. Increasing ¢ results in an increase in Le., e.g., relatively smooth
and spherical flames are seen at ¢ = 1 and 1.5 corresponding to Ley =
1.46 and 2.47, respectively. A similar phenomenon was observed in
Refs. [8,9].

For a fixed ¢, increasing the u’ leads to progressively more wrinkled,
cellular, and distorted flame surfaces. At ¢ = 0.5, when u' = 1 m/s, the
flame surface becomes moderately wrinkled, and with ¢’ = 3 m/s, more
pronounced cellular structures emerge with a visibly distorted flame

Laminar u’ =1m/s u’

¢ =05

(Leeff=0.51)

¢ =0.7

(Leefr=0.69)

¢=1.0

(Leefr = 1.46)

¢=15
(Leeyr=2.47)
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front. With further increase to u' = 5 and 7 m/s, the flame develops fine-
scale wrinkling and loses spherical symmetry, characterized by a
broadened flame brush and intensified surface irregularity due to
enhanced flame-turbulence interactions. At the maximum u' = 9 m/s,
the flame exhibits the highly irregular morphology, featuring a highly
contorted front and significant flame brush thickening, indicative of
strong turbulence-chemistry coupling and an increased surface area. At
a fixed u/, the flame morphology is also strongly influenced by the
equivalence ratio. As ¢ decreases from 1.5 to 0.5, the flame shows
increased surface wrinkling, distortion, and loss of symmetry. This trend
is attributed to the reduction in u;, which leads to a longer chemical time
scale across the flame thickness, expressed as &;/u;. Consequently, the
Karlovitz stretch factor (K) increases, and the stretching intensity
imposed by turbulence becomes stronger, leading to more pronounced
flame deformation. A second possible explanation is provided by
Howarth et al. [30], which shows that for lean hydrogen flames with a
low Lewis number, turbulence can be coupled with TD instability,
further wrinkling the flame surface.

The degree of turbulent flame surface wrinkling can be quantified
using sphericity, y defined as:

W = 47A/P2, 3)

where P, is the perimeter length of the turbulent flame envelope. The
flame envelope is defined as the outermost visible flame boundary
extracted from schlieren images, with the P, calculated by summing the
number of edge pixels along the envelope and multiplying by the pixel
size. y = 1 indicates a perfectly spherical flame with no wrinkling, while
y < 1 means wrinkling and/or distortion.

=3m/s u’=5m/s u”=7m/s u’=9m/s

2.2 ms|

Fig. 1. schlieren images of hydrogen/air premixed flames with varying equivalence ratios ¢ and turbulence intensities u'.

$=05
$=0.71
¢=1 A
=15

oo o >

o
o
Os.
o
[e]

s, (mm)

Py, (mm)

Fig. 2. Flame sphericity as a function of flame radius for hydrogen/air turbulent flames with different (a) turbulence intensities ' and (b) equivalence ratios ¢.
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Fig. 3. Hydrogen/air premixed turbulent flame on Peters-Borghi [32] diagram.
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Fig. 2 shows the change of turbulent flame sphericity with ryp,
highlighting the effects of v’ in Fig. 2(a) and ¢ in 2 (b). Generally, as the
flame radius increases, y decreases non-linearly across all v and ¢
conditions, indicating increased flame wrinkling. This trend occurs
because a larger radius encompasses a greater volume of turbulence,
allowing more turbulent eddies to interact with and distort the flame
front. In Fig. 2(a), increasing u' reduces the flame sphericity at all radii
due to interactions with stronger, faster-moving turbulent eddies that
disrupt the flame’s sphericity. This is more evident at higher turbulent
intensities (u' > 5 m/s), where y decreases more significantly with ryy,
compared to the more gradual reduction at lower turbulent intensities
(@ =1 and 3 m/s). A similar trend was observed by Zhang et al. [31] in
an IC engine, where higher engine speeds reduced flame sphericity. In
contrast, Fig. 2(b) shows that at a fixed turbulence intensity (e.g., U= 5
m/s), increasing ¢ enhances flame sphericity with a lower degree of
wrinkling. This trend is attributed to the increase in 1; at higher ¢, which
reduces the chemical reaction time across the flame thickness (as shown
in Table 1), thereby reducing the flame’s exposure time to turbulent
distortions.

Fig. 3 summarizes all our measurements in the Peters-Borghi dia-
gram to classify turbulent combustion regimes. The integral length scale,

0.7 T T T r
$=0.5

0.6 1
=05
B
g
s 0.4
4 0.3 —— laminar™
A —u'=1mss

0.2 —u'=3mis

—u'=5mss
0.1 ——u'=7mi, |
. . . —u"=9m/s(a) . . . .
0 10 20 30 40 50 0 2 4 6 8 10 12

Time after ignition (ms)

Time after ignition (ms)

Fig. 4. Impact of (a) u' and (b) ¢ on the pressure evolution of the combustion vessel.

60| =05
50 -
E 40t
E
§307
) laminar
= 20 u'=Ims |
u'=3mss
10 u'=5mis |
&8 u'=7mss
0E L ”(=9m/s(a 0B L \ \ . L \ 0 L L L
0 1 2 3 4 5 6 7 8 9 00 0S5 1.0 1.5 20 25 30 35 00 1.0

Time after ignition (ms)

1.5 2.0
Time after ignition (ms)

2.5

Ssch (m/s)

Fyen (mm)

Fch (mm)

Fch (mm)

Fig. 5. Time history of flame radius, i, and change of Sy, with ryy at different turbulence intensities and equivalence ratios.
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Fig. 6. Normalized turbulent flame speed, Sy/Ss, against ry, for increasing Le.y.

L, within the combustion vessel is around 2 cm, based on the estimation
in Ref. [25]. Increasing v’ from 1 m/s to 9 m/s raises the ¥ /y; ratio,
causing the transition across various combustion regimes, including
wrinkled flamelets, corrugated flamelets, and distributed reaction zones.
For v =1 and 3 m/s, the data primarily fall within the flamelet regime,
where the flame structure remains intact and the Karlovitz number Ka <
1. In this regime, the flame thickness is larger than the Kolmogorov
scale, meaning it is embedded in eddies where the flow remains
quasi-laminar, and small-scale turbulence is insufficient to disrupt the
internal flame structure. At higher turbulent intensities (u' > 5 m/s), the
data extend toward the distributed reaction zone, where Ka > 1. In this
regime, the Kolmogorov scale becomes smaller than the flame thickness,
allowing Kolmogorov-scale eddies to penetrate the flame and interact
with its internal structure. Conversely, at a fixed v/, increasing ¢ can shift
the distributed reaction zone back toward the flamelet zone. This is
because increasing ¢ raises u; and decrease &, thereby reducing the v’ /y;
ratio and increasing L/&, shifting the distribution towards the
lower-right, as indicated by the arrow in Fig. 3.

3.2. Turbulence effect on pressure evolution

Fig. 4 shows the evolution of combustion chamber pressure during
the flame propagation process. As depicted in Fig. 4(a), increasing u’
from O to 9 m/s significantly shortens the time from ignition to peak
pressure, reducing it from approximately 40 ms to 4 ms due to the
enhanced burning rate. At higher turbulence intensity (u' > 5 m/s),
pressure oscillations appear after the pressure peak, with oscillation
amplitude increasing as u' rises. Similarly, Fig. 4(b) shows that
increasing ¢ from 0.5 to 1.5 also shortens the ignition-to-peak interval
and results in stronger pressure oscillations. The increasing amplitude of
pressure oscillations is likely due to complex interactions between the
turbulent flame and combustion vessel walls. Higher v’ and ¢ increase
the burning rate and accelerate flame propagation, intensifying these
interactions and generating acoustic waves that reflect within the
chamber, thereby amplifying pressure oscillations [33].

3.3. Turbulent flame propagation speed

The evolutions of the area-equivalent flame radius, ryy, are shown in
Fig. 5(a), (b), and (c), which are respectively from the schlieren imaging
at¢ =0.5, 1 and 1.5. For each condition, three independent experiments
were performed to assess repeatability and quantify experimental un-
certainty. The error bars represent asymmetric uncertainties (upper and
lower limits) derived from these three independent measurements at
representative times and flame radii. In all cases, ry; increase more
rapidly over time as u increases, primarily due to stronger flame

wrinkling caused by higher turbulence, which speeds up flame propa-
gation. Fig. 5(d), (e), and (f) presents the flame propagation speed, S,
as a function of ry;, for various u' at ¢ = 0.5, 1 and 1.5. For a fixed ¢,
increasing u' leads to a rise in Sy, across all flame radii. The increase is
not strictly linear and noticeable fluctuations occur, especially at u'= 9
m/s. Similar variations in turbulent flame propagation speed have also
been reported in previous studies [13,16] Notably, at ¢ = 1, the flame
with = 9 m/s exhibits an Sy, nearly three times greater than that u'=1
m/s across the entire radius range, illustrating the strong influence of
turbulence on flame acceleration. The magnitude of the errors also in-
creases with u/, indicating that uncertainty becomes more pronounced at
higher turbulence intensities. The variation in error bar magnitude
across flame radii indicates that measurement uncertainty is not con-
stant during flame evolution. In all conditions, S, continues to increase
with ry, and no asymptotic or equilibrium propagation speed is
observed, even as the flame expands beyond 60 mm.

The increase of Sy with ryy can be attributed to the progressive
enhancement of flame surface wrinkling during flame expansion.
Referring to Fig. 2, one can see that the flame sphericity continuously
decreases with flame radius. This trend indicates enhanced flame
wrinkling, which increases the flame front surface area and further ac-
celerates the flame propagation speed. Abdel-Gayed et al. [18] and
Bradley et al. [34] reported that a growing flame radius corresponds to
an increase in turbulent flame surface density, resulting in greater flame
front wrinkling. Chaudhuri et al. [23] further linked this acceleration to
an increase in the hydrodynamic length scale and the growth of the
turbulent flame brush thickness during flame propagation.

To quantify the turbulent effects on flame acceleration and eliminate
the effects of laminar flame speed, the turbulent flame propagation
speed, Sy, is normalized by the unstretched laminar flame speed, S;, as
shown in Fig. 6(a) and (b) for ¥ = 1 m/s and 5 m/s. Note that they
correspond to different Ley. In both cases, S,/Ss increases with flame
radius, but Fig. 6(b) shows a significantly greater enhancement, indi-
cating stronger turbulent flame acceleration at higher turbulence in-
tensities. Apparently, in both cases, S,,/S; increases as Le,y decreases,
indicating that hydrogen/air mixtures with low Ley experience
enhanced turbulent flame acceleration. This may result from the com-
bined effects of TD instability and turbulent eddies wrinkling the flame
surface, which together accelerate turbulent flame propagation. Nu-
merical studies by Howarth et al. [30], Aspden et al. [35], and Berger
et al. [36] have demonstrated that the coupling between turbulence and
TD instability significantly modifies flame structure and propagation
characteristics. Specifically, turbulence amplifies the TD response by
folding the flame surface, increasing the positive curvature, which en-
hances preferential diffusion.

Chaudhuri et al. [23] reported that flames with a near-unity Lewis
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Fig. 7. Normalized S;/S; against Rer for increasing Le,y, with u' from 1 to 9 m/s in (a) and against with Rer/Le.y in (b). Symbols represent experimental mea-

surements, while solid lines depict best-fit correlations.

number exhibit self-similar flame propagation, where S, /S; scales with
the Reynolds number Rer = (u /u;)/(rscn /8). This Reynolds number
depends on the flame radius and, in turbulent combustion, is hypothe-
sized to scale with the hydrodynamic length scale of the flame surface
fluctuations, which is assumed to be linearly proportional to ry; [23].
The correlation follows a power law:

Sscn/Ss = aReq”. ()

A research gap remains regarding whether self-similar flame prop-
agation occurs in hydrogen/air mixtures with non-unity Lewis numbers
under high v condition. Fig. 7(a) shows S/S; plotted against Rey for
various Le,y values during the turbulent flame propagation, with data
corresponding to five levels of u'. For different Le.s, distinct best-fit
correlations are observed, regardless of u'. The power coefficient f
does not remain constant at 0.5, as suggested by Chaudhuri et al. [23],
but instead increases as Le.; decreases. This suggests that the power-law
expression in Eq. (4) is independent of u/, but it does not universally
apply across mixtures with different Le.;. Nguyen et al. [14] and Wang
et al. [37] have reported that the power-law correlation can be improved
by normalizing Rer with Ley, thereby accounting for Lewis number
effects. Accordingly, the data in Fig. 7(a) are replotted against Rer /Le
in Fig. 7(b), where all points collapse well onto a single fitted curve with
B = 0.594 and a coefficient of determination R? value of 0.96.

3.4. Representative flame propagation velocity

The strict definition of turbulent burning velocity corresponds only
to the chemical consumption of the fresh mixture and, by definition,
should not include the turbulent entrainment of reactants into the flame
brush. However, this quantity remains extremely challenging to obtain
experimentally from schlieren measurements. In the present study, we
therefore introduce a representative flame propagation velocity, which
provides a quantitative measure of flame propagation and illustrates the
effects of turbulence-induced acceleration. Owing to the wrinkled sur-
face of a turbulent flame front, it is natural to evaluate the propagation
velocity at a reference flame radius corresponding to a mean progress
variable ¢, where ¢ = 1 denotes burned gas and ¢ = 0 denotes unburned
gas. Prior work [24] has shown that selecting ¢ = 0.5 (the half-burning
surface) provides a more representative velocity across different flame
geometries, yielding good agreement between Bunsen-type and spher-
ical flames. This definition has been adopted in several studies [14,16,
23,38]. Following the formulations of Bradley et al. [39] and Chaudhuri
et al. [23], the representative flame propagation velocity at ¢ = 0.5,
denoted u;z_g 5, can be expressed in terms of the schlieren flame radius

60} ¢=1,u’'=5mss OO;
o,
o.”
T (i, Or_ _ ]
—~
g 401 y = 36.46x-6.88 i
E (R* =0.99)
S 30 S, = the slope value of
kv,, the linear-fit line
20+ = (drs(‘h/ dt)lrwh: 15~55 mm -
r-- " ::’_55}6‘ ___________________
10+ 7" 0,7 Ignition-affected, unstable B

< -
o 0/?/’/ propagation (r,,, <15 mm)
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Fig. 8. Typical variation of flame radius with time, showing the determination
of the mean turbulent flame propagation speed.

as:
Uz—o5 = (Pp / Peos)(drscn / dt)(rsch/rzzovs)zﬁ )

Where p;_, 5 is the local density at ¢ = 0.5, and ry /r¢—o 5 accounts for the
offset between the schlieren radius and the half-burning surface. The
density correction p,/p;_ 5 ensures consistency with mass conservation
across the flame front. Experimental studies by Smallwood et al. [40]
reported that the ratio of ryp/r:—q5 is between 1.2 to 1.5 and Bradley
et al. [39] reported that the ratio is between 1.3 to 1.5. In the present
study, we adopt an empirical correction factor a for ryy /rc—o5, with a =
1.4, which corresponds to the representative average value of 1.3-1.5, to
estimate the uz_ 5. Regarding the density at the half-burning surface,
peos, Chaudhuri et al. [23] estimate p; o5 = 5%, assuming an
approximately linear variation between unburned and burned gases.
Substituting these values into Eq. (5) yields:

2 2
Us—o5 = <ﬁ> (dren / dt)(1.4) (6)
where, 0 = %b is the thermal expansion ratio.

Since dryy, /dt increases with ry, and exhibits fluctuations (see Fig. 5),
it is more appropriate to define a mean representative flame propagation
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velocity, Uz_q 5 over a selected flame radius range to enable quantitative
comparison under different conditions. On this basis, Eq. (6) is refor-
mulated as:

2 _
U g5 = (ﬁ) (Ssen)(1.4)° )

where, S, is the mean turbulent flame propagation speed evaluated in
the flame radius range of ry; = 15-50 mm. Previous studies by Chen
et al. [41] and Burke et al. [42] reported that, for spark-ignited flames,
the early stage is strongly influenced by residual spark energy, leading to
unstable flame propagation. A radius of about 15 mm is therefore suf-
ficient to avoid residual spark effects, as also illustrated in Fig. 8, where
rsch < 15 mm corresponds to ignition-affected unstable propagation. At
the other end, 50 mm is chosen because the flame is still free from
chamber confinement, while in some cases larger flames may become
distorted and even touch the optical window, making them unobserv-
able. Following the approach of Liu et al. [24], S, is determined by
applying a best-fit linear regression to the flame radius-time history in
the range ry, = 15-50 mm (illustrated in Fig. 8), with the slope of the fit
taken as Sy,.

Shown in Fig. 9, both y; and #;_y5 are averaged over three inde-
pendent measurements, with error bars representing the standard de-
viation. For the hydrogen/air mixtures, Uiz_q 5 increases with both ¢ and
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Fig. 10. Turbulent acceleration factor y versus Le.s with different u'.
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u, reaching a maximum of approximately 27 m/s at ' = 9 m/s and ¢ =
1.5. This trend is consistent with that of ;. The uncertainty also becomes
significant when ¢’ > 3 m/s. To eliminate the influences of y; and further
explore the effects of Le,s on U;_ 5, the normalized acceleration factor
% = Uz_o5/uy is plotted against Le.s on a log-log scale for increasing v’ in
Fig. 10. It can be observed that, for all values of #/, increasing Ley up to
unity leads to a pronounced decrease in y, which corresponds to the
acceleration regime. This suggests that at low Le.y, thermo-diffusive
effects dominate the turbulent flame acceleration. In contrast, when
Leeg > 1, further increases in Legy only results in a negligible reduction
in y, which we denote as the negligible enhancement regime. Because, as
Le exceeds unity, preferential diffusion no longer amplifies flame front
instabilities, and turbulent flame propagation becomes governed pri-
marily by hydrodynamic turbulence-flame interactions rather than
diffusion imbalance. Similar behavior was reported by Zhao et al. [13]
for hydrogen/air spherical turbulent flames over a wide range of ¢ (from
0.4 to 5.0) with corresponding Lewis numbers spanning from 0.42 to
4.06.

3.5. Correlation for the representative flame propagation velocity

Two representative flame propagation velocity correlations are
presented in this study using both the present experimental data and
literature data [12-14] for hydrogen/air turbulent flames in a
fan-stirred combustion vessel. The dataset includes the measurements
from Kitagawa et al. [12] for ¢ from 0.4 to 1.0 with v’ = 0.8 m/s and 1.59
m/s, Zhao et al. [13] for a broader range of ¢ from 0.4 to 5.0 with v =
0.89 m/s and 2.7 m/s, and Nguyen et al. [14] for ¢ = 0.6 withu' = 1.6
m/s and 4 m/s. For consistency, the literature data were converted to Eq.
(7) to align with the present measurements. The first correlation is
modified from the framework of Bradley’s U-K correlation [21], and
highlights the influence of the Karlovitz stretch factor (K) in character-
izing the interaction between the mean flame propagation velocity
(Uz—o 5) and turbulence intensity (u). It is expressed as:

Beo03 _ ot = af(ul /2) 61/ ®)
The Taylor microscale, 4, can be estimated as [43]:

1= 4(u,’0'5L°'51/°'5)7 9)

where v is the kinematic viscosity of the hydrogen/air mixture. The

coefficient @ and p are empirical constants determined by fitting the
experimental data.
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Fig. 11. Variation of Tz 5 /u with K for hydrogen/air turbulent flames at 300
K and 0.1 MPa.
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Fig. 11 illustrates the relationship between @iz_5/u’ and K. Several
factors influence the magnitude of K: as shown in Eq. (8), an increase in
u raises K, and according to Eq. (9), this increases in u’ also reduces 1,
further elevating K. Additionally, an increase in ¢ for hydrogen/air
enhances y; resulting in a decrease in K. Fig. 11 shows that the ratio
T;_o5/U decreases as u' increases, suggesting that the rise in Tz_g5 is
proportionally smaller than the increase in ¢/ in the regime where K < 1.
In this regime, the experimental data closely follow a power-law scaling
and can be well represented by the correlation: Tiz_o5/u’ = 2.719K %433
for K ranging from 0.04 to 1, achieving an excellent fit with an R? of
0.95. When K exceeds unity, further increases in K cause t;_gs5 /U to
approach a nearly constant value of approximately 2.5.

The second correlation is based on the framework of Chaudhuri et al.
[23] which considers the turbulent flame Reynolds number (Rer) effects
on the acceleration factor y = Uz_q5/y;. Fig. 12(a) illustrates that y in-
creases with Rer, and the measured data follows a linear trend, well
described by the correlation: y = 0.02689Rer+2.5151 for Rer from 30 to
980, achieving an R? value of 0.91. It is noteworthy from Fig. 10 that
differential diffusion significantly affects y particularly at low Le.. The
study by Nguyen et al. [14] suggested that y is related to scaling of Ley",
where n is the power constant and possible between 0.3 and 2. After
multiple attempts to improve the correlation, the best fit was obtained
by rescaling Rer with Le,y are shown in Fig. 12(b). Compared to Fig. 12
(a), incorporating the Le. scaling causes the data points to collapse onto
a single linear trend, yielding the revised correlation: y = 0.0135Rer
/Legr+5.1 with R? improved to 0.95. However, some data points,
highlighted within the red dashed circle in Fig. 12(b), deviate from the
correlation. These outliers correspond to the cases where Le,y > 1 and u/
> 5 m/s. Referring to Fig. 10, as the Le.y large than unity, its influence
on y diminishes, leading to an almost constant value of y with Ley.
Consequently, applying the Les scaling may not be effective for cases
with Legs > 1 and under high u’ conditions.

4. Conclusions

This study investigated the premixed turbulent hydrogen/air flames
across a wide range of equivalence ratios from 0.5 to 1.5 and r.m.s
turbulent velocity from 1 to 9 m/s using the fan-stirred combustion
vessel with high-speed schlieren imaging. Emphasis is placed on the
effects of turbulence intensity and effective Lewis number on turbulent
flame propagation characteristics. The present measurements, com-
bined with existing data from literature, were used to develop correla-
tions for representative flame propagation velocity in hydrogen/air
mixtures. The key findings are as follows:

e The present measurements span the wrinkled flamelet, corrugated
flamelet, and distributed reaction zone regimes on the Peters-Borghi
diagram. Pressure oscillations were observed in hydrogen/air flames
after the peak pressure when u' higher than 5 m/s. The amplitude of
pressure oscillations increased with both ¢ and u'. The combustion
duration, defined as the time from ignition to peak pressure, was
found to decrease with increasing ¢ and u/, indicating an increased
burning rate.

Hydrogen/air turbulent flames exhibit self-similar propagation

regardless of u/, but this behavior is not maintained across different

Leg values within the range 0.51 < Leyy < 2.47. Normalizing Rer by

Le,s accounts for Lewis number effect and yields a unified

correlation.

e The mean representative flame propagation velocities, Uz_qg5, for
hydrogen/air flames increase with both ¢ and . The maximum
liz_ 5 was observed to reach approximately 27 m/s at ' = 9 m/s and
¢ = 1.5. Meanwhile, the acceleration factor y = u;_o5/u; varies
across two distinct regimes with respect to Leggs. For Legyr < 1, tur-
bulent flame acceleration is strongly influenced by the thermo-
diffusive effects. In contrast, when Les > 1, flame propagation is
governed primarily by hydrodynamic turbulence-flame interactions

Novelty and Significance

opment and optimization of hydrogen-fueled gas turbine systems.

The novelty of this research lies in the comprehensive measurement of premixed turbulent flame characteristics for expanding hydrogen/air
flames under high r.m.s. turbulent velocities, up to 9 m/s, and across a wide range of equivalence ratios, using a fan-stirred combustion vessel.
This study demonstrates that turbulent hydrogen flames exhibit self-similar propagation behavior, independent of u/'. Additionally, the measured
mean representative flame propagation velocity, along with existing data from the literature, is found to correlate well with K and Rer/Ley,
covering a wide range of Le.s and u'. The significance of this research lies in its contribution to advancing the fundamental understanding of
premixed turbulent hydrogen combustion, which is critical for the development of hydrogen-based combustion systems. Furthermore, the
proposed correlations serve as important input parameters for advanced turbulent combustion modeling, with direct relevance to the devel-
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rather than diffusion imbalance, and y gradually approaches a con-
stant value.

e The first proposed correlation considers the effect of Karlovitz stretch
factor K in the regime where K < 1 and follows ;o5 /U
2.719 K~%433_ In the regime where K > 1, the ratio Uz_q5 /U stabi-
lizes at approximately 2.5. The second correlation accounts for the
effect of Rer on y. When Rer is normalized by Le,g, the data follows a
linear trend: y = 0.0135Rer/Leys+5.1. However, this scaling be-
comes less effective for Le,z > 1 and v > 5 m/s, where the effect of
the Lewis number diminishes.
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