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ARTICLE INFO ABSTRACT
Keywords: Few previous experimental studies have focused on pre-mixed turbulent burning velocities (u,) for hydrogen/air
Turbulent burning velocity and methane/hydrogen/air mixtures, especially at the high-pressure conditions most relevant to gas turbine
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applications. This work employed a Schlieren technique to measure flame speeds for such mixtures in a spherical
stainless steel combustion vessel, from which turbulent burning velocities were derived. The hydrogen volume
fractions in methane were 30, 50, 70 and 100%. The initial pressures were 0.1, 0.5 and 1.0 MPa, and the initial
temperatures were 303 and 360 K. The equivalence ratio (¢p) was varied between 0.5 and 2 for pure hydrogen
and from 0.8 to 1.2 for methane/hydrogen mixtures. The root mean square (rms) turbulent velocity (u’) was
varied from 2.0 to 10.0 ms ™. The objectives of this study are: (a) to present an extensive experimental database
of turbulent burning velocities for these mixtures over a wide range of conditions; (b) to establish a new cor-
relation for u, for a flame with Lewis numbers, Le, not equal to unity, and (c) to quantify the dependence of
turbulent burning velocity on pressure, temperature, stretch rate, laminar flame instability and rms velocity. As
the pressure increased, the Taylor length scales decreased, and positive stretch increased, increasing flame
wrinkling and u;. The u; also increased as the temperature and u’ increased. The fuel/air mixture with high
laminar flame instability (Le < 1) has higher u, than those with higher Le. However, the normalised u; peaked in
the region of high laminar burning velocity. This study concluded that the increase in u; resulting from flame
reactivity (laminar burning velocity) is more important than that from positive stretch (negative Map) and flame
instability.

velocity for the spherical expanding flame. u’x accounts for changes in
the turbulent power spectrum by integrating the non-dimensional power
spectral density over the range of relevant wavelengths.

The turbulent burning velocity (u;) for any fuel under specific
operating conditions is a key determinant in calculating the mass rate of
burning. The mass rate of burning depends on the turbulent burning
velocity, cold reactant density, and surface area. In the context of this
study, u; determined using a Schlieren technique, is linked to the con-
sumption rate of unburned gases, as Schlieren images rely on changes in
mixture density. Bradley et al. [5] concluded that u; is equal to the
engulfment velocity, u,, at the reference radius, ry, which falls between r;-
(the root of the turbulent flame brush) and r; (the tip of the flame brush),
such that the volume of burned gases inside the sphere matches the
volume of unburned gases outside the sphere [5]. They found that the
flame radii from Schlieren measurements need to be divided by a factor

1. Introduction

Turbulence’s impact on the burning velocities of hydrogen/air and
hydrogen/methane/air flames is critical in designing practical engi-
neering devices, such as hydrogen gas turbines. In spherical turbulent
pre-mixed flame propagation, the flame front of the initial small flame
kernel is affected only by small eddies with high wave numbers that
wrinkle the flame surface. Over time, as the flame kernel grows, the
flame front becomes increasingly affected by eddies with lower turbu-
lent frequencies, resulting in a continuous increase in turbulent burning
velocity [1,2]. To address this effect, the effective root mean square
(rms) turbulent velocity u’x, which represents the local rms turbulent
velocity at the flame surface, has been proposed [1]. In this study, and
following Bradley et al. [1-4], u’ is used to analyse turbulent burning
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Nomenclature

A flame surface area (m?)

Cp specific heat (KJ/Kg.K)

D thermal diffusivity (m%™

Le Lewis number

L turbulent integral length scale

Ma, flame speed Markstein number

Ma, strain Markstein number

P, initial pressure (MPa)

P, Prandtl number

Tsch flame radius from Schlieren images (mm)

ry volumetric flame radius (mm)

u un-stretched laminar burning velocity (ms™)
Ty adiabatic equilibrium burned gas temperature (K)
T, unburned gas temperature (K)

Ka Karlovitz stretch factor <%)

K, Karlovitz number (%“:)

D, Damkohler number

u’ turbulent fluctuation velocity (ms™)

U the effective root mean square (rms) turbulent velocity
(ms™)

u, the turbulent burning velocity (ms™?)

uy, the turnover velocity on the Kolmogorov scale, u, =

ul 50.25Re}L -0.5

Greek symbols
8 flame thickness (mm)
k thermal conductivity (kJ/m.K.s)
dynamic viscosity (kg/m.s)
v kinematic viscosity (m3%™
) equivalence ratio
Pp burned gas density (kg/m>)
Pu un-burned gas density (kg/m?)
A turbulent Taylor length scale (mm)
n turbulent Kolmogorov length scale (mm)
Re; Reynolds number based on Taylor length scale
Re;, Reynolds number based on integral length scale

of 1.11 to obtain ry, at which the u; provides the mass burning rate of a
turbulent pre-mixed flame.

The turbulent burning velocity is a crucial physical parameter in
turbulent combustion, often serving as an input parameter for com-
bustion modelling [6-9]. Consequently, numerous studies have aimed to
establish a general correlation for u; [2,10-14]. These correlations have
linked the turbulent burning velocity to both turbulent fluctuation ve-
locity [15] and laminar burning velocity [16,17]. A review of five
different u; correlations was conducted and presented in [12]. The pa-
rameters considered in these correlations typically include the laminar
burning velocity u;, flame thickness &, rms velocity u’, and integral
length scale, L. However, it is worth noting that the predicted values of u;
from these correlations are often inconsistent within themselves and
with experimental results, primarily due to the omission of
thermo-diffusive effects [12]. In alignment with Damkohler’s theory,
the turbulent transport of heat and mass within mixtures and the total
surface area of wrinkled flamelets stand out as the primary factors
governing the turbulent burning velocity [10]. Hence, Bradley et al.
[2-4] introduced the U-K correlation(U = aKn”), where U is the ratio
of the turbulent burning velocity to the effective rms turbulence veloc-
ity, and K is the Karlovitz stretch factor, which will be presented in the
next section. The U-K correlation takes into account the influence of
chemistry, turbulent length scales, flame thickness, flame stretch rate,
and rms turbulence velocity. The constants (a and f) are functions of
May,, which incorporates the effect of strain rate on the turbulent
burning velocity [2-4]. However, the uncertainty in the Markstein
number is high, especially for mixtures of non-unity Lewis number.
Markstein number is defined as a Markstein length to flame thickness (57
ratio. The Markstein length determination is very sensitive to the onset
of instability, and the §; varies based on the calculation method used, as
discussed in the authors’ previous work [18].

Recently, Wang et al. [13] correlated u, with differential-diffusion
and stretch effects. They used the general scaling law based on the
Damkohler hypothesis: u, /iy = f ((u’/ul)“, (1/3)", Le ), where L is the
turbulent integral length scale, §; the laminar flame thickness, and Le is
the Lewis number. The constants « ~ 0.5-1 and p ~ 0-0.5 [19], the
power exponent (y) for Le, have a negligible effect on the correlation for
uy/u; due to the small absolute value of Le in comparison to R, [13]. The
present study investigates the scaling parameters of previous studies
[2-4,13] to correlate the turbulent burning velocity for pure hydro-
gen/air and methane/hydrogen/air mixtures at high initial pressure and

rms turbulent flow velocity.

Few previous experimental studies have considered turbulent
burning velocities for hydrogen and methane/hydrogen mixtures,
particularly at the high-pressure conditions most relevant to gas turbine
applications. Goulier et al. [14] and Morones et al. [20] conducted
experimental investigations of turbulent expanding flames of lean
hydrogen/air mixtures at atmospheric pressure, with turbulent fluctu-
ation velocities ranging from 1.0 to 2.8 ms™'. The turbulent burning
velocities of methane/hydrogen/air mixtures have been studied over a
broad range of initial rms velocities u” in [21], but solely at low pressure
(0.1 MPa) and with a hydrogen volume fraction up to only 50%. Other
studies that explored turbulent flames of Hy/CHy air mixtures [22-25]
focussed on only a limited range of hydrogen fractions, pressures and
equivalence ratios. Therefore, the novelty of the present study is to
investigate the turbulent flame propagation for hydrogen/air and
methane/hydrogen/air mixtures at high pressure (0.1 MPa) and high
rms velocities (= 2-10 ms’l), which are most relevant to
hydrogen-fuelled ICEs and industrial gas turbines and burners. More-
over, this study revisited the previous U/K diagram and plotted new
data. The latest data is situated in the regime considered unstable in
earlier studies [2-4]. In addition, this study provided a new U-K corre-
lation based on Maj instead of Mas;.

The objectives of the study are threefold: (a) the measurement of
turbulent burning velocities of methane/hydrogen/air and pure
hydrogen-air mixtures under elevated pressure conditions, thereby
providing an extensive experimental database for these mixtures across
a wide range of conditions; (b) creating a novel u; correlation that en-
compasses all parameters that influence turbulent burning velocity [2,3,
13,15,16,26,27]; and (c) quantifying the dependence of turbulent
burning velocity on pressure, temperature, stretch rate, laminar flame
instability and rms velocity. The paper is organised as follows: Section 2
outlines the experimental methods and apparatus setup, while Section 3
presents the primary experimental results and the ensuing discussion.
Conclusions are drawn in Section 4.

2. Research methodology

The present study investigates turbulent burning velocities for
methane/hydrogen/air mixtures with hydrogen volume fractions of
30%, 50%, 70%, and 100% across a much broader spectrum of pressures
than previous work, including 0.1, 0.5, and 1.0 MPa. Equivalence ratios



M. Al-Khafaji et al.

varied between 0.8 and 1.2 for Hy/CHy/air mixtures and 0.5 and 2 for
pure Hy/air. Additionally, u’ was adjusted within the 2 to 10 ms ™! range.
More information about the experimental conditions used within the
present study is given in the supplementary material (SM).

2.1. Experimental methods and apparatus setup

The mixture preparation and experimental procedures for using the
Leeds MK-II fan-stirred combustion vessel and auxiliary systems were
detailed in [18], which focused on the laminar flame propagation of
hydrogen-methane-air mixtures. For investigating the turbulent flame
propagation, the rotating speed of four stirred-fans, f, was adjusted for
the desired u’, using the following equation described in [28]:

u =0.00124 f (D)

where fis the fan speed in rpm. The values of u’ in the Leeds MK-II vessel
have been studied comprehensively using a range of flow measurement
techniques, including Hotwire Anemometry (HWA) [3], Laser Doppler
Velocimetry (LDV) and Particle Image Velocimetry (PIV) [3,12,28].
Throughout the experiments, the fans operated at a constant speed. It is
assumed that u’ and the integral length scale, L, are independent of
pressure and temperature. The validity of this assumption has been
demonstrated previously [2,5,28]. The reference flame radius is
measured using the Schlieren radius ‘75’ to obtain the reference radius,
ry, as described in [5]. The u;, is then determined via the mass conser-
vation equation [2,3,5,29]:

dSC
w= 09 (py/p.) G @

where p,, is the unburned gas density at initial gas temperature (T,) and
pyp is the burned gas density at adiabatic temperature (Tp), assuming that
the flame is adiabatic [30-32]. The time step (dt) is calculated as
1/(camera frame rate). The chemical equilibrium program, GASEQ [33]
was employed for calculating the gas properties at the specified tem-
perature, pressure and equivalence ratios.

2.2. Turbulent flow and flame characteristic/field definitions

The laminar burning velocity (u;) and Markstein number (Map) of
hydrogen-methane-air mixtures used in this work were taken from
previous measurements [18]. The value of the integral length scale in
the MK-II vessel is 20 mm, as discussed above. The Taylor- and Kol-
mogorov- length scales, A and 1, were derived using respectively:

A A
Z = 3
L Rei ( )
A

1= 15025Res @
where Re, is Reynolds number based on the Taylor length scale.

‘A
Re, = “ ®)

v

v is the unburned kinematic viscosity and A is a constant (A= 16 +1.5
[12,34]). The turbulent time scale is the ratio of turbulent length scale to
u’. The chemical time scale is the ratio of the flame thickness §; to the
laminar burning velocity y; [35,36].

The Karlovitz stretch factor K,;, which is the ratio of chemical time
scale to the turbulent time scale [37], is calculated as in [2]:

Ka = (%) / (%1) ®)

where u’/4 is the rms strain rate, with Re; = 4(ReL)°'5, & = (L—’l) /Pr,

Combustion and Flame 272 (2025) 113907

and Re; = LT“ . Thus, the Karlovitz stretch factor K,; in this study is
calculated by:

Kgq =0.25 (%) (u/u)*(Re,) °° )

In [2], the assumption of a Prandtl number (Pr) of 1 was made,
although this assumption is not practical when dealing with high
hydrogen volume fractions. As the hydrogen fraction increases, the
thermal diffusivity also increases, leading to a decrease in Pr. Addi-
tionally, Pr decreases with increasing ¢ when the hydrogen content in
the fuel/air mixture rises. In the present study, the Prandtl number is
calculated as the ratio of kinematic viscosity to thermal diffusivity (v/a).

During the propagation of the turbulent spherical expanding flame,
the effective rms velocity continuously increases, leading to increases in
the burning velocity. Therefore, unlike laminar flames, there is no single
u;, which varies with the flame radius. Following the studies of Bradley
et al. and Lawes et al. [5,12], u, at a flame radius of 30 mm was chosen
for the analysis of this study since positioning the flame at this radius
places it beyond the influence of the spark plasma, as the spark effect
typically extends up to 10 mm [24]. In addition, the flame at 30 mm is
exposed to the full range of turbulent scales, as the flame kernel exceeds
the vessel’s integral length scale (L = 20 mm) [3,14,28], and the tur-
bulent flow in this region is homogenous and isentropic [28]. The
method of deriving the effective rms velocity (u’x) is presented in the
SM.

3. Results and discussion
3.1. Turbulence regimes

Various regimes have been used to describe how turbulent pre-mixed
flames depend on the most influential parameters [36,38,39]. These
encompass both chemical scales (such as y; and §;) and turbulent scales
(including L, 4, , and u’). The integral scales primarily govern flame
convection and can only induce significant wrinkling in large flame
kernels [1,12]. In contrast, the Kolmogorov scales may lack the requisite
energy for effective flame wrinkling [39]. Therefore, the Taylor scales
assume a central role in flame wrinkling due to their responsibility for
shear forces. The /1 scale increases as the temperature rises, while it
decreases as the pressure and fan speeds (u’) increase. The A and n length
scales are presented in the SM.

Fig. 1la, b depict the experimental conditions and turbulence pa-
rameters outlined within the regime proposed in [36,38,39]. The Y-axis
represents the wrinkling factor (u’/u;), while the X-axis denotes the size
of the wrinkling (L/&p). The lines in this diagram represent constant
values for Reynolds number (Re), Karlovitz number (K,), Damkohler
number (Da) and the effective turbulent length scale (Iy). According to
the Klimov-Williams criteria, nearly all flames with 30% Hj, and some
with 50% and 70% Hp (those at high initial pressure), fall within the
reaction sheet regime (K, > 1), primarily due to their low laminar
burning velocity and, consequently, an extended chemical time scale.
However, these flames may not experience disturbances at the Kolmo-
gorov scale (1), as these lack the requisite momentum for effective mass
and heat transfer in and out of the preheat zone [11].

This assessment is consistent with the criteria established by Poinsot
et al. [38] and Pope [39], as indicated by the line § = I, = 13n.
Consequently, all experiments fall below this line, signifying the exis-
tence of flamelets for all experimental conditions. The flamelet
assumption is valid in both the wrinkled and corrugated flamelet re-
gimes, where chemical reactions occur significantly faster than turbu-
lent mixing [40]. Some experiments with 100% H, fall within the
wrinkled flamelet regime, primarily due to the high laminar burning
velocity. Pure hydrogen exhibits a short chemical time scale and a thin
flame structure. Consequently, K, decreases as u’/u; decreases and L/§
increases. This suggests that the flame surface for pure hydrogen
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Fig. 1. Regime diagram [11,38,39], with the present experimental conditions,
with laminar burning velocity and flame thickness taken from [27]. The legends
for the present experimental conditions and turbulence parameters represent
(a) 30, 70% H, and (b) 50, 100% H,. ¢ €[0.8 1.2] for mixtures with 30%,50%
and 70% Hy; [0.5 2] for pure H.

exhibits laminar-like propagation (i.e. a spherical flame) with
large-scale wrinkles, as will be discussed in the following section.

3.2. Turbulent flame radius and flame images

Fig. 2 illustrates the time history of the flame radius (r,) for methane-
hydrogen mixtures with various u’ at 0.5 MPa, 360K and ¢ = 1. In all
these experiments, the r,-time curves exhibit an upward concave shape,
signifying flame acceleration over time. Flame propagation speed in-
creases with greater hydrogen volume fractions and higher fan speeds,

60 T T T
0.5 MPa, 360 K, ¢=1
sol 0 30%Hp,u=2ms!
<& 30% Hp,u'=6 ms-1
40 A 30% Hp, u'= 8.5 ms~ !
~
g ——50% Hp, u'=2ms"!
30 50% Hp, w'=6ms! ]
) — -50% Hp, u'=6 ms
g - - 50% Hp, u'=8.5 ms"!
20 ]
...... 100% Hp, u'=2 ms™!
0 —-=100% Hp, u'=6ms"! |
—100% Hp, u'=9.5 ms’
0 , ,
0 2 4 6 8
Time (ms)

Fig. 2. The equivalent flame radius vs. time for stoichiometric mixtures at 0.5
MPa and 360 K.
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u’. For instance, at u’ = 2 ms™?, the flame reaches the optical field of
view’s limits (r, = 55 mm) after 5 ms for 30% H,, whereas it takes
approximately 3.5 ms for 100% Hs. Notably, the maximum flame radius
varies with the fan speed/u’. The maximum flame radius is achieved at
the lowest fan speed/u’, measuring around 55 mm for u’ = 2.0 ms™?,
while it falls within the range of 37 mm (50% Hy) to 47 mm (100% Hy) at
higher fan speeds. At high fan speeds, large turbulent eddies cause
erratic displacement of the small flame kernel during the early stages of
flame propagation, as depicted in Fig. 3a & b. Consequently, the flame
reaches the optical field of view’s limits before further development can
occur. At high fan speeds, the flame drift is more prominent at lower Hy
volume fractions than at higher Hy volume fractions. A comparison
between Fig. 3b & c shows that the flame drifts to the left for 50% Ho,
while it remains centred for 100% H; with a high fan speed (u’ = 9.5
ms™1). The increase in H, fraction leads to reduced chemical time scales,
causing the flame to develop before large turbulent eddies have a sig-
nificant impact. Referring back to the regime diagram (Fig. 1b), the pure
hydrogen flame is situated within the wrinkled flamelets regime, indi-
cating that hydrogen flame propagation exhibits a spherical flame with a
wrinkled surface (Fig. 3c).

For a fixed fuel/air mixture, initial temperature, and u’, an increase
in pressure has three primary effects: (i) Taylor length scales decrease,
(ii) Markstein length decreases, indicating a positive stretch rate effect
on the flame speed, and (iii) the mixture reactivity decreases, as indi-
cated by a lower laminar burning velocity u;, allowing for more time for
the flame to be wrinkled by the turbulent scales and (iv) the Dar-
rieus-Landau (DL) instability is enhanced due to the smaller flame
thickness. Therefore, a reduction in Taylor scales imposes a positive
stretch on the flame. While the stretch effect can be quantified using the
Markstein number (Map) [2,11,18], in this scenario, flame wrinkling
results from the combined influences of stretch, chemical, turbulent
scales and instability effects. Consequently, the finest flame wrinkling
scales are observed at the highest pressure. Low May values, extensive
chemical time scales, reduced Taylor eddies, and flame thicknesses
collectively contribute to finer flame wrinkling. This effect is also
noticeable at fixed u’, Py, Ty, and ¢ (Fig. 4a—d). As the hydrogen volume
fraction increases, both Ma, and y; increase, leading to larger flame
wrinkling scales. A clear distinction can be observed when comparing
the images for 30% Hj (with more condensed scales) and 100% Hy (with
less condensed scales). In the case of 30% H, turbulent eddies have
more time to create surface wrinkles, thanks to the longer chemical
lifetime of the flame [12]. The flame with 30% H, falls into the thick-
ened flamelet regime with fine surface scales, while the flame with
100% H, situates in the wrinkled flamelet regime (Fig. 1a & b). More-
over, an increase in u’ leads to a reduction in A, resulting in smaller flame
wrinkling scales. Flame wrinkling is also observed at different times
after ignition in the same experiment. The flame at r, = 12 mm exhibits
larger scales than the flame at r, = 40 mm. The proportion of affected
eddies increases as the flame kernel expands [1]. This phenomenon has
been quantified in terms of an increasing effective rms velocity, u’k, as
the flame radius increases.

It is very challenging to qualitatively assess the effect of stretch on
flame wrinkling, as this is interacts with the effect of the thermal
diffusive (TD) and DL instability. The flame images for 100% H» at T}, =
360K, , =40 mm, and u’ = 2 ms ™! are presented in Fig. 5a-d. Both
chemical and turbulent scales are held constant to investigate the stretch
effect on the turbulent flame. In Fig. 5a, b, there is an 8% difference in
the laminar burning velocity for these cases, while in Fig. 5c, d, the
difference is 6%. The sole parameter that changes is Map, which is 25.6
for ¢ = 1.5, 19.6 for ¢ =2 at 0.1 MPa, and -22.7 for ¢ = 1, -10.5 for ¢ =
2.5 at 0.5 MPa. However, flame thickness decreases with pressure,
which enhances the DL instability. Flames with lower May values allow
for more wrinkling, but these differences can be difficult to identify. This
difficulty arises from the need to achieve a large change in Map, and a
transition from positive to negative Map, while keeping the laminar
burning velocity and flame thickness constant. Such a transition is not
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Fig. 4. Flame images at r,= 45 mm, 0.1 MPa, 360 K, u’= 2 ms~! and ¢= 1, (a) 30% Ha, Ma,= 4.1, (b) 50% H,, Ma,= 5.4, (c) 70% H,, Ma,= 9.65 and (d) 100% Ha,

May= 25.2.

feasible under the current conditions. The effect of stretch on the tur-
bulent burning velocity will be addressed in the following sections.

3.3. Turbulent burning velocity u;

Eq. (2) is employed to calculate u,. Figs. 6 and 7 depict u, as a function
of the flame radius, ry, for various CH4/Ha/air mixtures, pressures, and
u’ values. Initially, the turbulent burning velocity is relatively slow at
the onset of the explosion, gradually increasing as the flame develops.

This behaviour has been previously explained [1]: when the flame ini-
tiates from the central ignition source, the flame surface can only be
wrinkled by eddies with length scales smaller than the size of the flame
kernel. This implies that the effective rms turbulent velocity (u’y), which
is measured in the absence of the flame, is smaller in the centre and
increases toward the vessel wall until it reaches the value of u’. In other
words, the proportion of turbulent eddies affecting the flame grows as
the flame kernel expands [1-3]. Consequently, spherical turbulent flame
experiments provide data for turbulent burning velocities over a range
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Fig. 5. Flame images for 100% H, at T,,= 360K, r,= 40 mm, and u'= 2 ms™~! (a) P,= 0.1 MPa, May= 25.6, ¢$=1.5, uy= 3.68 ms™}, (b) P,= 0.1 MPa, Ma,= 19.6, P=2
u= 3.55 ms, (c) P,= 0.5 MPa, May= -22.7, = 1, u= 2.35 ms™ !, (d) P,= 0.5 MPa, May= -10.5, ¢= 2.5, u= 2.75 ms .

of turbulent scales [20]. Fig. 8 illustrates the relationship between u; and
u’, showing that u, increases linearly with u’x. In each explosion, the
maximum i, is observed at the maximum u’k, as u’x approaches u’. This
pattern is consistently observed across all conditions, and additional
plots for ui-u’y relationships are available in the SM.

It is widely recognised that elevated pressures reduce the burning
rate in laminar explosions due to the promotion of chain-terminating
reactions [18,41]. However, for mild turbulent conditions, such as u’
=2ms lin Fig. 6, u, of the CH4/Hy mixture remains relatively constant
as the initial pressure is increased from low (0.1 MPa) to high (1 MPa). In
the case of 30% H, with ¢= 0.9, at u’> 6 ms™}, u, increases by
approximately 15% as the pressure increases from 0.1 to 0.5 MPa and by
approximately 10% as the pressure increases from 0.5 to 1 MPa. Simi-
larly, for 70% Hy at high u’ = 6 ms~! and ¢= 1.2, u; remains relatively
unchanged as the pressure is increased from 0.5 to 1 MPa. As mentioned
earlier, the increase in pressure results in (i) positive flame stretch, (ii) a
reduction in Taylor length scales, (iii) a decrease in the flame reactivity,
i.e., the laminar burning velocity (1) and (iv) enhancement in the DL
instability due to the sharp density gradient across the flame front due to
the reduced ratio of laminar flame thickness to the global flame size
[13]. These effects collectively lead to a finer, more wrinkled flame
structure, which in turn increases the turbulent burning velocity [12].
When comparing Fig. 7a and b at u” = 6 ms™ %, its apparent that u, in-
creases as the pressure increases from 0.5 to 1 MPa for lean mixtures,
while there is no significant change for rich mixtures. This can be
attributed to the DT instability as Lewis number, Le, < 1 with lean
mixtures and >1 for rich mixtures [42]. The increase in pressure results
in a finer flame structure but with lower flame reactivity (u). Addi-
tionally, the interaction between the turbulent flow and flame is

contingent upon the flame’s dependence on the stretch rate. This can be
inferred from the fact that May for lean hydrogen is lower than that for
rich hydrogen [18]. Changing the pressure leads to alterations in both
chemical and turbulent time scales along with the Markstein number
and flame instabilities.

The effect of flame stretch and the DL and TD flame instabilities can
be quantified while keeping the chemical and turbulent scales constant,
asillustrated in Fig. 9. May, decreases from -10.5 to -22.7 and Le increases
from ~1.1 to ~ 1.8 as ¢ increases from 1 to 2.5 while u’ is held constant.
For ¢p= 2.5, u; is 14% higher than y; at ¢=1 [18]. However, u, for ¢p= 2.5
is approximately 20% lower than u, at ¢= 1. This is due to both, the
stretch (Map) and laminar flame instabilities (Le) effect. This trend has
also been observed in previous studies, where fuels with positive stretch
(negative Majp) were found to burn faster in turbulent spherical flames
than those with negative stretch (positive Map) [2,43,44]. Moreover, the
mixture with high laminar flame cellularity (lower Le) has more tur-
bulent flame wrinkling than the mixture with low laminar flame cellu-
larity (higher Le) [13].

The turbulent burning velocities at a volumetric flame radius of 30
mm are depicted as functions of equivalence ratio in Figs. 10 and 11,
including all experimental conditions. The corresponding effective rms
velocity, u’x at 30 mm is given in Table 1. In these figures, it is evident
that u, increases with the hydrogen fraction, u’, and initial temperature.
Moreover, higher u’ values reduce A, resulting in more flame wrinkling.
Pressure has an interesting effect: u; remains relatively constant at low
fan speeds (u’ = 2 ms™ 1) but increases with pressure at u’> 6 ms‘l, as
discussed earlier. As the equivalence ratio changes, u, varies and peaks at
lean conditions for Ho/CH4 and rich conditions for pure Hy flames. This
variation can be attributed to modifications in flame reactivity, flame
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Fig. 6. The variation of turbulent burning velocity with the flame radius for
CH4/H,/air mixtures at different pressures and initial rms velocities, (a) 30%
H,, $=0.9 and (b) 70% Hy, ¢p= 1.2.

thickness, and flame stretch rate (u; and Map) [4,11]. The maximum u,
for Hy/CH4 mixtures occurs on the lean side (¢= 0.9 - 1.0). Notably, Ma,
and Le are lower on the lean side than on the rich side, despite higher 1
as discussed in Fig. 9. Conversely, for most pure Hy flames, the
maximum u, appears on the rich side (¢= 1.7). This is observed even
though May, and Le are lower on the lean side. It is important to note that
u; at ¢p= 1.7 is 8-10 times higher than at ¢= 0.5. For Hyo/CH4/air mix-
tures, the stretch and laminar flame instability effects dominate the
flame reactivity since the change in 1 is relatively small (< 20%) when ¢
varies from 0.8 to 1.2. In contrast, in pure Hy flames, flame reactivity
takes precedence over the stretch and cellularity effects.

3.4. Effect of flame stretch rate and flame instabilities on turbulent
burning velocity

In the flamelet regime, the localised flame propagation speed can be
significantly influenced by flame stretch rates, potentially leading to
flame extinction. This underscores the importance of quantifying the
effect of stretch on turbulent pre-mixed flames. The laminar flamelet
model for interpreting turbulent pre-mixed flames suggests that the in-
fluence of stretch rates depends on the Lewis number, Le. The Markstein
number, May, is a parameter that can be experimentally measured and
represents the effect of the Lewis number [2]. It has been reported in the
literature that mixtures with Le < 1, signifying the presence of the DT
instability, burn faster than those with Le > 1 [13,45]. Another obser-
vation in the literature is that laminar flamelets subjected to positive
stretch rates with Le < 1.0 and negative May values, experience an in-
crease in turbulent burning velocity, while u; is slower for mixtures with
Le > 1.0 and positive May values [12].
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To quantify the effect of stretch on u, it is normalised by y; to miti-
gate the influence of chemical scales and is plotted as a function of May
in Fig. 12. In this context, both chemical and turbulent length scales
must be held constant to investigate the impact of flame stretch and
flame instabilities. At fixed u’ and pressure, the normalised u, increases
in the negative range of May (low Le) but decreases as May becomes more
negative. For instance, in the case of 50% Hj, the peak value of the
normalised u; occurs in the range of -10 < May, < -5, while for 100% Ho,
it peaks in the range of -16 < May, < -14 and the curves are flattened in
the most negative regime. This is attributed to the fact that laminar
burning velocity significantly influences the turbulent burning velocity
in this region. In the case of pure Hy, the most negative May, is associated
with the lean side, where y; at ¢p= 1.7 is 8-10 times that at ¢= 0.5. This
demonstrates that the effect of chemical time scales dominates the ef-
fects of stretch and flame instability in pure H; flames. The flames here
are in the wrinkled flamelet regime (Fig. 1), where the impact of tur-
bulent eddies is not large enough to compete with the advancement of
the flame front due to the high laminar burning velocity. Hence, in this
region, laminar flame propagation dominates over the corrugation of the
flame front by turbulence. It can also be stated that the claim that pos-
itive stretch (negative Map) increases the turbulent burning velocity is
not universally valid.

The influence of stretch can also be examined using the classical U-K
diagram [4], to which the present data has been added, as shown in
Fig. 13. In this diagram, the y-axis represents U, which is u,/u’k, while
the x-axis represents the Karlovitz stretch factor (K,7), and the numbers
adjacent to the black solid lines represent values of Mag from [4]. This
diagram, initially developed in [2,3], clearly illustrates the effect of
stretch on turbulent burning velocity and its potential to lead to flame
extinction. The regime under Ma,=5 is recognised as the flame
extinction regime [4]. Notably, none of the present experiments fall
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within this regime, owing to the increased flame resistance to

strain-induced extinction due to the addition of hydrogen [46,47].
Nevertheless, experiments involving hydrogen volume fractions of

50% or less at 303 K are closer to the flame extinction regime than those
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with 70% or higher. Flame extinction was observed with 30% Hj, 303 K,
¢>11,andu’>6 ms~!. This could be due to the low flame reactivity
(low uy) and the elevated heat loss linked to the lower fresh gas tem-
perature. It is worth noting that flame extinction was not observed under
the same conditions with an initial temperature of 360 K. Additionally,
more than half of the present measurements are in the region with K,; <
0.1, and most of the data for pure Hj falls within the region of K;; <
0.01. As discussed previously, the increased Hs fraction leads to higher y;
and reduced flame thickness, resulting in low Kg; values. In reference to
the regime diagram, explosions with 100% Hs are in the flamelet
regime, as K,; << 1. The flames in the low Kg; region exhibit high U
values. According to Bradley et al. [2], the high normalised turbulent
velocity in the low Kg; region is attributed to stretch and flame insta-
bility effects. However, it is important to consider the chemical time
scale (u;) when analysing the stretch effect, as discussed in relation to
Fig. 12. Therefore, this study suggests that the high turbulent velocity
values in hydrogen flames primarily result from the high flame
reactivity.

3.5. Turbulent burning velocity correlation

The turbulent burning velocity is a crucial physical parameter in
turbulent combustion, often serving as an input parameter for com-
bustion modelling [6-9]. Different scaling parameters have been used to
correlate u,/u’ and u,/u; by considering the effect of flame stretch, Lewis
number, turbulent length scales and pressure [13]. The primary factors
governing the turbulent burning velocity are the turbulent transport of
heat and mass within mixtures, the chemical time scales (y; and &),
flame stretch rate and the total surface area of wrinkled flamelets which
is associated with turbulent flow intensity and pressure.

Based on the literature review, the best performance is obtained from
two correlations: (i) U-K,; correlation [2-4] and (ii) the general scaling
law u; iy = f ((u’/ul)“7 (/5 Le ) [13]. The present study focussed on
these correlations presented in the current section.

The U-K correlation [2-4] allows the turbulent burning velocity to be
correlated under the current fuel and operational conditions.

U=u/u, = aKy’ ()]

The Karlovitz stretch factor (K,7) is given in Eq. (7). The constants (o
and B) in Eq. (8) are functions of Markstein number (Mayp), which ac-
count for the effects of Le, curvature stretch, and strain rates [43]. This is
the main difference between the present and previous correlations
[2-4]. May is based on previous studies [48-50] that emphasised the
sensitivity of turbulent burning velocity to strain rate, making curvature
stretch less significant, enabling it to be neglected. However, recent DNS
research on lean pre-mixed hydrogen flames [51] has indicated that the
effect of curvature stretch on turbulent burning velocity is more sub-
stantial than previously thought. Moreover, the method used to evaluate
May, was built on the assumption that Le=1 is unsuitable for the current
fuel/air pre-mixed flames [52]. Therefore, the present study correlated o
and p as a function of May, to include the curvature and strain effects [52,
53]. Moreover, May, is a strong function of Le [3,11], which has been
shown to have an appreciable effect on the turbulent burning velocity, as
discussed earlier and presented in the literature [13,14].

U = uy/u is plotted as a function of K,z in Fig. 14a—c for different
values of the fuel mixture and Map. The current fuel mixtures are clas-
sified into groups based on K,; and May to improve the accuracy of the u,
correlation. Since pure hydrogen flames have low K,; values ranging
from 0-0.1, the hydrogen correlation is separated from the CH4/Hj one.
Fig. 14a shows the pure hydrogen plot with negative and positive May,.
The U value for pure hydrogen increases as K,4; decreases. In very small
K,; ranging between 0 and 0.01, the U value sharply increases. Two
correlations for hydrogen flames are presented in Eq. (9) for negative or
positive May values. For higher K,;, two correlations are presented in Eq.
(10) for negative and positive May. The correlation coefficient R? values
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Fig. 10. Variation of turbulent burning velocity at r,= 30 mm with equivalence ratio for different fuel mixtures, pressures, temperatures and initial rms velocities.

for the above expressions ranged between 0.7 and 0.8. The U-K corre-
lation can be recast to u, ' = f ((u’/ul)A, (A/5)B ) to match the Dam-

kohler hypothesis. Note that the effect of Le is included in the constants
A and B as they are functions of Map.
It is important to note the following points about this correlation: (a)

it has a low sensitivity to Mas, and as a result, the effect of the large error
bar in May, on the correlation performance is minimised (b) it is valid for
the u; measured on the reference radii r, around which the volume of the
unburned gases equals the volume of the burned gases (changing this
reference would require the correlation to be modified), (c) the
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Table 1

The effective rms fluctuation velocity u’ at r,= 30 mm for all experimental u’.
wms! 2 6 7.5 8.5 9.5 10
U’ ms™? 1.409 4.23 5.29 6.0 6.7 7.05

fluctuation turbulent velocity used here is the effective turbulent ve-
locity u’x which is usually lower than the rms velocity u’ depending on
the flame radius, (d) the Prandtl number has been included in this cor-
relation as in Eq. (7) (with the present of hydrogen Prandtl number #1),
and (e) the correlation covered the regime with very low Karlovitz
stretch factor (< 0.1) which was considered to be unstable in previous
studies [2-4].

For 100% H2 a, f = {

CH4
Forﬁa, p= {

10
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Fig. 13. The present experimental measurements in the U-K diagram.

The general scaling parameters from the literature, based on the
Dambkohler hypothesis, are used to evaluate the current measurements
(Fig. 15). The present data seems to be bound around the correlation of

a =0.00175(300 — Ma,) + 0.1, = —0.013(0.1Ma, + 22) & 0.04, for positive Ma;,0.01 > K, < 0.1
a =0.00168(300 — Ma,) + 0.1, = —0.015(0.1Ma, + 22) £ 0.04, for negativeMa, K, < 0.01

€©)

a=0.0016(348 — May) +0.05,4= — 0.009(Ma, + 24) =+ 0.05, for positive May,
a= 0.0212(348 — Ma,) +0.03,4 = —0.01(0.1Ma, + 22) + 0.025, for negative Ma,

(10
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[13] {ut/ul /Ka = 0.47 (D,,/Le)o'sej with R2~0.7. The relatively low R?
value may be due to the present data being spread over a wide range of
turbulent regimes (Fig. 1). Therefore, the current data fits better (with

R2=0.85) with the line {ut Ju/Ka =0.7 (Du/Le)o'%}. This suggests slight

differences between the power exponents of the present data and the
literature. This difference was also evident in previous studies [13,54],
possibly due to the differences in u, u;, §; and/or Kg;. In addition, the
present correlation confirms the previous finding [13] that the perfor-
mance of general turbulent correlations of the form {u. /iy = (A)“(B)b}
must include any independent parameters A and B from (u’/wy, L/5}, Dg,
Ka1, Rer) because they are coordinate axes or boundary curves in a
combustion regime diagram [55]. Both correlations in Figs. 14 and 15
include at least a pair of these independent parameters. Although both
correlations provide good performance in u; prediction, the scaling
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parameters in Fig. 15 are preferred due to the large uncertainty in the
May values.

4. Conclusions

This study determined turbulent burning velocities for pure
hydrogen and methane/hydrogen/air mixtures through spherical flame
propagation experiments utilising the Schlieren technique. A broad
spectrum of hydrogen volume fractions, equivalence ratios, initial
pressures, and rms velocities were explored, particularly under elevated
conditions. Several key conclusions can be drawn from our
investigation:

Turbulent burning velocity increases with higher hydrogen volume

fractions, elevated fan speeds (u’), and increased temperature. At u’

= 2ms™}, variations in initial pressure do not significantly affect u;

however, for u’> 6 ms™}, an increase in pressure leads to higher u;.

Pure hydrogen flames exhibit short chemical time scales, enabling

flame development before the substantial impact of large turbulent

eddies. This results in spherical flame propagation with a wrinkled
surface.

e The most refined flame wrinkling scales are observed at higher
pressures due to reduced turbulent Taylor and extended chemical
time scales. An increase in u’ reduces the Taylor length scales,
leading to finer flame wrinkling scales.

e Flame wrinkling scales are more condensed for 30% Hp flames than
100% Hp flames. This is attributed to turbulent eddies having more
time to wrinkle the surface in cases with a longer chemical lifetime,
as with 30% Ha.

e The normalised turbulent burning velocity peaks within a range of
May, values and then flattens to low values as Ma, becomes more
negative, indicating the dominance of laminar burning velocity over
turbulence effects (chemical time scales) on u; for these regions. This
influence is also evident in the U-K diagram. Therefore, the impact of
chemical reactivity takes precedence over the effects of stretch and
flame instability. It should be noted that the assertion that positive
stretch (negative Map) consistently increases turbulent burning ve-
locity is not universally valid.

Novelty and significance statement

The novelty of this research is the experimental study on the thick-
ened, corrugated and wrinkled flamelet regimes of hydrogen-methane-
air mixtures. The turbulent burning velocity of those mixtures has
been determined under various conditions (pressure, temperature,
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equivalence ratio and rms turbulence velocity) via the classic Schlieren
imaging technique. The dimensionless groups (Markstein number and
Karlovitz stretch factor) have been proposed for the generic correlation
of turbulent burning velocity. It is significant because the existing data
on high-pressure turbulent flames, such as one may expect in a
hydrogen-fuelled spark-ignition car engine or an industrial gas turbine,
are scarce. In addition, the emphasis is put on the study of hydrogen-air
flames, and this study is timely given the potential of hydrogen to
replace hydrocarbons derived from natural gas and crude oil. Previous
experimental studies have limited focus on turbulent flame propagation
for hydrogen/air and methane/hydrogen/air mixtures, particularly at
high-pressure (10 bar) and high turbulence (v’ = 10 ms™) conditions,
which are most relevant to hydrogen-fuelled ICEs and industrial gas
turbines and burners. Moreover, this study revisited the previous U/K
diagram and plotted new data. The latest data is situated in the regime
considered unstable in Bradley’s earlier studies. In addition, this study
provided a new U-K correlation based on May instead of Mag. May, is
derived for mixtures with a unity Lewis number, which does not apply to
the current fuel mixture.
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