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ARTICLE INFO ABSTRACT

Keywords: Ethane, a critical component of natural gas and a significant fuel source, presents a notable knowledge gap
Turbulent expanding flame regarding its turbulent flame characteristics. This study employs the Leeds MK-II fan-stirred, spherical com-
Ethane/hydrogen/air

bustion vessel to explore the impact of pressure, temperature, turbulence intensity and hydrogen additions on
ethane/air premixed flames. Experimental measurements span a broad range, encompassing equivalence ratios
from 0.8 to 1.2, rms turbulent velocity at 1, 3, and 5 m/s, pressures of 0.1 and 0.5 MPa, temperatures at 300 and
360 K, and hydrogen additions varying from 25 % to 100 % by volume fraction. This study’s measurements are
plotted on Peters-Borghi turbulent combustion diagram, covering the wrinkled flamelets, corrugated flamelets,
and distributed reaction zones. Results show that both turbulent flame propagation speeds and turbulent burning
velocities increase with root-mean-square turbulent velocity (1), hydrogen additions, temperature, and pressure.
A revised U-K turbulent burning velocity correlation is proposed by incorporating pressure explicitly as a key
variable. This refinement enables separate expressions for different pressure levels and significantly improves
predictive accuracy. This advancement allows for a distinct expression for each pressure level, enhancing the
accuracy compared to the previous approach that used strain rate Markstein number. A comparison with pre-
vious measurements under V-shaped flame configurations shows that, despite differing setups, the relationship
between normalized turbulent burning velocity () and the Karlovitz stretch factor (K) remains consistent,
confirming the general validity of the proposed correlation.

Turbulent burning velocity correlation
Karlovitz stretch factor

characteristics, turbulent flame characteristics are equally important for
representing practical combustion systems, including gas turbines [14],

1. Introduction combustion engines [15,16], burners [17-19] and scenarios involving
explosion hazards [20,21]. Particularly, the turbulent burning velocity
Ethane, representing the second-largest component in natural gas (TBV), u, stands out as a crucial parameter in both explosion simulation
with a concentration range of 0.5 % to 13.3 % [1], is of significant in- and engine design [15,20].
dustrial importance. Primarily, it serves as a feedstock in the production Turbulent premixed flames, unlike their laminar counterparts,
of ethylene. However, the increasing production of ethane raises con- exhibit enhanced burning rates. This phenomenon is attributed to tur-
cerns about the risk of accidental explosions, particularly due to po- bulent eddies, which increase the combustion surface area by wrinkling
tential leaks. Recently, ethane has gained attention as a potential fuel for the flame surface. Numerous experimental studies have explored the
power generation and as an additive to diesel in large marine vessels and influence of turbulence on flame propagation and quantified the tur-
engines [2-6]. Its advantages over methane, such as shorter combustion bulent burning velocity. The pioneering study by Abdel-Gayed et al.
duration, ignition delay time, higher heat release, and stable combustion [22] focused on measuring the TBV for methane/air mixtures across
in lean conditions, make it an attractive alternative [4,5]. Given these different equivalence ratios in a fan-stirred combustion vessel. In this
applications, understanding the combustion characteristics of ethane/ research, adjustment of the fan’s rotational speed was employed to
air flames becomes crucial. modify the root-mean-square turbulent velocity, u. It was found that the
Extensive research, including studies by Lowry et al. [7], Mitu et al. TBV consistently increases with 1. Lawes et al. [23] further investigated
[8], Nilsson et al. [9], Ravi et al. [10], Li et al. [11] and Zuo et al. this phenomenon using high-speed Schlieren imaging in a fan-stirred
[12,13], has thoroughly reported on the laminar flame characteristics of spherical vessel to measure the TBV of methane, methanol, and iso-oc-
ethane/air mixtures, focusing on aspects like laminar burning velocities tane under elevated pressures. In related studies, Goulier et al. [24] and

and flame instabilities. Despite a well understanding of laminar flame
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Nomenclature
A turbulent flame surface area (m?)
c progress variable
Da Damkohler number,Da = (1/u)(6;/w;)
f fan speed (rpm)
Ka Karlovitz number
K Karlovitz stretch factor,K = (4)/(}) =
(0.25/Pr)(u /u)*(ul/v)
k, dimensionless wave number
ke the upper limit wave number,k,c = 21—’:7
Enk the lower limit wave number,Enk = % = (153022@”)&"1'5
R.: turbulent Reynolds number
lg Gibson scale (mm),lg = 0.133L(%)~°
l integral length scale of combustion vessel (20 mm)
Ly Markstein length on the burned side of the flame (mm)
Le Lewis number
May, Markstein number on the burned side
Mag, Markstein number associated to aerodynamic strain
p pressure (MPa)
Pr Prandtl number,P, =2
ry reference flame radius based on the volume (mm)
T'sch flame front radius obtained by high-speed Schlieren
imaging system (mm)
Ry turbulent Reynold number based on L, R, = %
R; turbulent Reynold number based on 4, R; = “7‘

Ssch flame propagation speed based on Schlieren flame radius
(m/s)

Ss unstretched laminar flame speed (m/s)

S(k,) dimensionless power spectral density

T temperature (K)

U dimensionless parameter with the ratio of L‘l‘—kf

u rms turbulent velocity (m/s)

u effective rms turbulent velocity (m/s)

Y unstretched laminar burning velocity (m/s)

Up turbulent burning velocity based on r, (m/s)

Ugr3omm) turbulent burning velocity at ry;, = 30 mm (m/s)

Vau, hydrogen volume fraction

Ve, ethane volume fraction

X, percentage of hydrogen based on volume

Greek symbols

a thermal diffusivity (m?/s) and constant for Eq.7

Y/ constant

n Kolmogorov length scale (mm), = 4/(15°2°R;%%)

8 laminar flame thickness, ﬁ (mm)

v unburnt gas kinematic viscosity (m?/s)

2 Taylor length scale (mm),1 = L(}Tf)l/ 2

Pu unburnt gas density (kg/m>)

P burnt gas density (kg/m3)

c thermal expansion ratio, 6 =p,/p;

¢ equivalence ratio

Kitagawa et al. [25] applied the same technique to investigate the effects
of u' on hydrogen/air flame propagation, reporting that the turbulent
flame speed increases as the flame radius expands. Wang et al. [26]
investigated ammonia/oxygen/nitrogen mixtures in a fan-stirred vessel,
demonstrating that turbulence can significantly enhances the burning
rate of low-reactivity fuels such as ammonia.

Adding hydrogen to hydrocarbon fuels is an effective strategy to
promote ignition, increase burning velocity, enhance combustion per-
formance, and reduce greenhouse gas emissions [27]. Several studies
have investigated the addition of hydrogen to both hydrocarbons and
ammonia to better understand its influence on turbulent combustion
behaviour. Fairweather et al. [28] employed a combustion vessel to
measure the TBV of methane/hydrogen/air mixture and found that the
addition of hydrogen to methane significantly enhances the TBV.
Beyond methane-based systems, the effects of hydrogen enrichment
have also been investigated for other fuels, including iso-octane [29], n-
heptane [30], and ammonia [31,32], These studies consistently show
that hydrogen addition in turbulent premixed flames significantly in-
creases TBV and reduces greenhouse gas emissions, further highlighting
the broad applicability of hydrogen enrichment in improving combus-
tion characteristics.

Another important aspect of turbulent premixed flame research is the
development of correlations for TBV, which serve as input for source
terms in turbulent combustion simulations [20,33]. Numerous correla-
tions have been proposed to describe TBV under varying conditions.
Damkohler [34] was the first to report that increasing u' enhances flame
front wrinkling and increases the flame surface area. Based on this
observation, a direct proportionality was proposed between the
turbulent-to-laminar burning velocity (i /u;) and the flame surface area
ratio (A/a). Expanding on this concept, Clavin and Williams [35]
developed a expression to emphasize the influence of turbulence in-

tensity: = 1 + (51)2 Schmid et al. [36] introduced a correlation

involving the Damkohler number, Da applicable to a wider range of

combustion regimes: {t =1 + u /u(1 +Da2)"V4,

Bradley et al. [37] identified the critical roles of flame stretch rate
and Lewis number in TBV and proposed the following correlation: u/
u = 0.88(KLe) *%, where K is the Karlovitz stretch factor and Le is the

Lewis number. The Karlovitz stretch factor is defined as: K = (%) / (%;)

representing the ratio of turbulent strain rate (%) to a laminar flame
strain rate (;_f) with 1 denoting the Taylor microscale and §; the laminar
flame thickness. In a more recent study, Bradley et al. [38] measured
TBV in ethanol/air mixtures at pressures up to 1.2 MPa and v’ up to 6 m/
s. A new correlation, referred to as the U-K correlation, was proposed in
the form: U = 5_: = aK’, where u;’ is the effective root-mean-square

turbulent velocity, @« and g are function of strain rate Markstein
numbers, Ma, accounting for the influence of strain rate on TBV. This
formulation has subsequently been refined and extended [39] to include
over seven different fuels under elevated temperature and pressure
conditions up to 1 MPa, demonstrating its broader applicability. How-
ever, accurate measurement of Ma, remains challenging and introduces
uncertainty in the practical application of this correlation.

To the best of current knowledge, there is a notable gap in the
literature concerning the turbulent flame characteristics of ethane/air
mixtures, with the effects of hydrogen addition on turbulent ethane
premixed flames remaining unclear. Consequently, measuring the tur-
bulent flame characteristics of ethane/air and ethane/hydrogen/air
mixtures is important. The present study is driven by two primary ob-
jectives. First, to address this knowledge gap by measuring the influence
of turbulence on the propagation of expanding ethane/air and ethane/
hydrogen/air flames over a wide range of equivalence ratios, initial
temperatures, pressures, and turbulence intensities (u). Second, the
measured TBV data serve as a reference database and, when combined
with ethanol data from [38], are used to refine the U-K correlation
proposed in [39], yielding a strong fit with coefficient of determination
(R?) values ranging from 0.81 to 0.98. This research represents the first
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comprehensive investigation into the turbulent flame characteristics of
premixed ethane/air and ethane/hydrogen/air mixtures, providing
valuable insights into the behaviour of turbulent premixed flames.

2. Experimental set-up and methodology

The experimental measurements were conducted using a Leeds MK-II
combustion vessel, which is a spherical, fan-stirred, constant-volume
device made of stainless steel with a diameter of 380 mm. The schematic
of Leeds Fan-Stirred combustion vessel and the high-speed Schlieren
imaging system is shown in Fig. 1. The Leeds MK-II combustion vessel
features two pairs of 150 mm diameter orthogonal windows, positioned
to enable visualization of flame propagation in the central region. Two 2
kW internal coiled electric heaters which mounted inside the vessel wall
were equipped to heat the vessel and mixtures to 360 K. The combustion
vessel was equipped with four identical, eight-bladed fans which were
arranged in a tetrahedron configuration to optimize homogenous
isotropic turbulence. Each individual fan is equipped with eight blades,
each approximately 75 mm in length, and the distance between the
edges of each blade is roughly 72 mm. Each fan is driven by an 8-kW
electric motor, and a motor is controlled by a solid-state variable fre-
quency converter with a speed control range of 200-10000 rpm.

The turbulent flow within the combustion vessel was quantified
using particle image velocimetry (PIV) across a range of conditions: fan
rotation speeds from 1000 to 6000 rpm, temperature between 300 K to
400 K, and pressure from 0.1 to 1 MPa [40]. The root-mean-square
turbulent velocity () along with the integral length scale (I) were
found insensitive to variations in pressure and temperature in the un-
burned flow. It was observed that v within the vessel increases linearly
with the fan’s rotational speed (rpm), f, expressed as:

u = 0.00124f. 1

Under the current experimental conditions, the integral length scale
exhibited a marked insensitivity to variations in fan speeds, consistently
maintaining a value in the vicinity of 2 cm.

The experimental conditions in current study are detailed in Table 1.
The combustible ethane/hydrogen (Xg, = 0 %, 25 %, 50 %, 75 % and
100 % hydrogen by volume) mixtures were prepared quantitively in the
combustion vessel with concentrations based on the partial pressure
method. The purities of ethane and hydrogen were 99.9 % and 99.95 %
respectively. The volumetric percentage of hydrogen Xy, in the ethane/
hydrogen/air mixtures was calculated using the formula: Xy, = Vy,/
(Vu, + Ve,n,), where Vg, and Vg,p, represent the volume fractions of
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Table 1
Experimental conditions in current measurements.
Mixture Equivalence ratio u(m/ Temperature Pressure
s) x) (MPa)
Xy, =0% 0.8,09,1,1.1,1.2 1,3,5 300, 360 0.1 and 0.5
Xu, =25% 0.8,09,1,1.1,1.2 1,3,5 300 0.1
Xu, =50 % 0.8,09,1,1.1,1.2 1,35 300 0.1
Xu, =75% 0.8,09,1,1.1,1.2 1,35 300 0.1
Xy, = 100 0.8,0.9,1,1.1,1.2 1,35 300 0.1

%

hydrogen and ethane in the fuel blends, respectively. The total equiva-
lence ratio ¢ is calculated as:

F/A

? =),

(2)

Where (F/A) is the total fuel to air ratio and (F/A),, is the stochiometric
value of fuel to air ratio. The stoichiometric combustion formula for
ethane/ hydrogen/air mixtures is expressed as:

(1 — Xy, )CoHe + Xy, Hy + (% (1 —Xq,) +§—’Z> (0, +3.76N,) (3)

Prior to each mixture preparation, the combustion vessel undergoes
a vacuuming process to achieve an absolute pressure of less than 10
mbar. Subsequently, it is filled with dry compressed air to an absolute
pressure of 2 bars. This procedure is repeated twice to ensure the
removal of any residual substances.

The mixture was ignited within the vessel through a centrally located
spark plug with minimum ignition energies of about 1 mJ. Four fans are
continuously operated before and during the ignition process to homo-
geneously mix the mixtures and generate turbulent conditions. The
pressure during the combustion process was measured by a Kistler 701A
dynamic pressure transducer which flushed to the inner wall of the
vessel. The output charge from this transducer was converted by a Kis-
tler 5007 charge amplifier, which was sampled at 50 kHz. For each set of
experimental conditions, three experiments were conducted. In all
experimental results, the average values are represented along with
standard deviation error bars plotted around the mean values.

The turbulent flame propagation images were captured by high-
speed Schlieren imaging system. The Schlieren imaging setup included
a 150-watt adjustable tungsten lamp, two plano-convex lenses, and a
high-speed digital camera (SpeedSense 2640, DANTEC DYNAMICS Co.,
Ltd, UK). The camera was operated at speeds of 10,000 frames/s for u' =

2,
‘3‘\0’0,, Heater 0@& N
% AN

/
K
Tungstel}
lamp

/

150 mm” diameter
quartz window

Spark ignition 4

Plano-convex
lens

N
:[k ICamera
7

Pin-hole

150 mm diameter
quartz window

Fig. 1. Schematic of the Leeds fan-stirred combustion vessel and high-speed Schlieren imaging system.
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Fig. 2. Partial experimental conditions on Peters-Borghi [45] diagram. Open
symbols represent 0.5 MPa, and solid symbols represent 0.1 MPa.

1 m/s, 20,000 frames/s for u' = 3 m/s, and 30,000 frames/s for u' = 5 m/
s. This setup offered a resolution of 512 x 512 pixels with a pixel size of
0.265 mm per pixel. For analysis, all Schlieren images of flame propa-
gation were post-processed using MATLAB [41], employing the ’binar-
izing-thresholding’ technique for image processing. Each post-processed
image was meticulously compared with its corresponding raw image to
ensure that all burned areas were accurately detected. The Schlieren
images were binarized to calculate the 2D projection burned area of the
3D flame front, A. The equivalent flame radius, ryy, is defined as ry, =
\/A/x. Consequently, the instantaneous turbulent flame speed, with
respect to the burnt side, is calculated as Sy, = dr/dt.

The research conducted by Bradley et al. [42] reported that the
definition of TBV is contingent upon the specific flame radius selected
for analysis. In their study, Mie scattering and schlieren imaging tech-
niques were utilized to examine the distribution and surface properties
of turbulent premixed flames. Their study demonstrated that under
isotropic conditions within the structured field, at any given radius, a
volumetric reference radius r, which defined as the total volume of
unburned gas within the flame sphere is equal to the total volume of
burned gas outside this region. Atr,, the TBV matches the product of the
flame speed and the burned to unburned density ratio p,/p,. Bradley
et al. [40] further compared the volumetric reference radius (r),
determined from Mie scattering, with the corresponding Schlieren-based
radius (ry) across a series of experiments. This comparison revealed an
average optimal linear relationship between r, and ry;. Based on
Schlieren imaging measurements, the volumetric turbulent burning
velocity, u, can be expressed as:

Uy = 1/1.11(py /p,) (dricn/de) )

Eq. (4) has been widely adopted in prior studies [23,25,28,43,44] for
determining the TBV in various fuel/air mixtures and is employed in the
present work for the same purpose. The fundamental parameters,
including the laminar burning velocity y; used in the present study were
obtained from the measurements reported in [11]. The laminar flame
thickness is calculated using the expression:

v

= apr (5)

8

where v is the kinematic viscosity and P; is the Prandtl number, defined
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as P, = ¥ with a representing the thermal diffusivity.

3. Results and discussion
3.1. Turbulent combustion regimes

The Peters-Borghi diagram is employed in the present study to
classify the combustion regimes, as shown in Fig. 2, accompanied by
corresponding Schlieren images for visual reference. The turbulent
conditions investigated span multiple regimes, including wrinkled
flamelets, corrugated flamelets, and the distributed reaction zone. For
pure ethane/air flames, increasing ¥ from 1 m/s to 5 m/s leads to a
transition from the corrugated flamelets regime to the distributed re-
action zone, where the Karlovitz number (Ka) exceeds unity. In this
regime, flame stretch becomes significant, and the smallest turbulent
eddies begin to penetrate the preheat zone, resulting in an increased
flame surface area due to enhanced wrinkling [45]. In contrast, at fixed
u/, increasing Xy, raises u;, and reduces &, thereby decreasing the ratio
U /uy, increasing 1/5;, and shifting the flame regime toward the bottom
right side of the diagram. For ethane/air mixtures, an increase in pres-
sure reduces the §; and u;, which increases both /8 and u'/y; ratio,
resulting in a shift toward the upper right region of the diagram.

3.2. Turbulent flame morphologies

The morphological variations of both turbulent and laminar flames
under different Xp,, pressure and v’ at a ry, = 40 mm are depicted in
Fig. 3. An increase in temperature does not produce significant changes
in flame morphology. The images are arranged from bottom to top to
reflect the transition from laminar to increasingly turbulent flames as u/
rises. Images (m) and (n) in Fig. 3 illustrate how increasing pressure
alters the flame surface, transitioning from a smooth to a cellular
structure. This transformation, resulting from reduced flame thickness,
intensifies hydrodynamic instability due to pronounced density gradi-
ents across the flame front. Furthermore, the progression from smooth to
increasingly cracked flame surfaces, as shown in images (n), (0), and (p)
in Fig. 3, corresponds with rising levels of Xy, . Such a transition is linked
to a decrease in the Lewis number, amplifying the effects of thermal-
diffusivity (TD) instability.

For the pure ethane/air flames increasing u' from O to 5 m/s, as
shown in Fig. 3 from images (n) to (b), leads to progressively greater
flame surface wrinkling, deformation, and finer-scale structures. This
change is attributed to the decreasing Kolmogorov length scale, 5 as
increase in . Notably, at ¥ = 5 m/s, the pure ethane/air flames at both
0.1 MPa (Fig. 3 (b)) and 0.5 MPa (Fig. 3 (a)) exhibit highly distorted
shapes, deviating significantly from spherical fronts. According to Fig. 2,
both cases fall within the distributed reaction zone where Ka greater
than unity. In this regime, the eddy lifetime is shorter than the chemical
reaction time, indicating that the reaction cannot be completed within
the lifetime of the smallest eddies. Consequently, turbulent eddies can
penetrate the preheating zone of flamelets, thicken the zone, and
enhance heat and mass transfer within it [46].

The effect of hydrogen addition (Xg,) is illustrated in Fig. 3 (b)-(d),
where the flame structure at ¥ = 5 m/s gradually transitions from a
highly deformed to a more spherical shape. This demonstrates that
increasing Xy, enhances flame stability and reduces flame front wrin-
kling. This stabilizing effect is attributed to the increase in w;, which
shortens the chemical time scale (6;/u), thereby reducing the Karlovitz
number. As shown in Fig. 2, this shift corresponds to a transition from
the distributed reaction zone to the corrugated flamelets regime. The
addition of hydrogen helps stabilize the ethane flame by accelerating the
burning rate and reducing the local chemical timescale.
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Xu:=0 % Xu=0 % Xu=75 % Xu=100 %
0.5MPa 0.1MPa 0.1 MPa 0.1MPa

Laminar

Fig. 3. Laminar and turbulent flame morphologies at ry;, = 40 mm for different Xy, pressure and u' for stoichiometric mixtures.

1.1

1.0 [ Stoichiometric Ethane/hydrogen/air 1[ Stoichiometric Ethane/air u ' =5 m/s_
1300 K, 0.1 MPa, u' =3 m/s 300 K, 0.1 MPa u =3 m/s
0.9+ 1r u'=1m/s]
=osl u' =0 m/s
go.
= 0.7+
N’
0.6
205! — Xy~ 0%
o —X,,=25% ]
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0.3 .
—X,,=75%
0.2 ] :
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Time after ignition (ms) Time after ignition (ms)

Fig. 4. Impact of ¢ (a) and hydrogen additions (b) on the pressure evolution of stoichiometric ethane/hydrogen/air mixtures at condition of 300 K, 0.1 MPa.
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3.3. Turbulent pressure evolution

The evolution of pressure throughout the combustion process has
been illustrated in Fig. 4. As shown in Fig. 4 (a), the evolutions of the
pressure are strongly affected by u. As u' increases, the time interval
from the start of ignition to the peak pressure correspondingly decreases.
This observation suggests that an increase in ' significantly enhances
the burning rate. A similar trend was observed in [24] for hydrogen
turbulent flame. Despite the variation of u/, the maximum pressures at
the end of combustion consistently reach 0.8 MPa across all levels of i/
Additionally, Fig. 4 (b) reveals that at a givenu' = 3 m/s, an increase in
Xy, leads to a further decrease in the time from ignition onset to
maximum pressure. This trend underscores the role of hydrogen addi-
tion in promoting the burning velocity, due to its positive influence on
overall thermal and chemical kinetics [47].

300 K, 0.1 MPa

70 —Etht'me/at:r, @ = 1 ' -

0 Vic
0 3 6 9

70| Ethane/air, ¢ = 1 ]
300 K, 0.5 MPa

': 1 1 L L L L
0 3 6 9 12 15 18 21

Ethane/Hydrogen/Air, ¢ = 1
701300 K, 0.1 MPa, u' =3 m/s 7

60

Time after ignition (ms)
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3.4. Turbulent flame speed

The evolutions of the flame radius over time are depicted in Fig. 5(a),
(c) and (e), showing the effects of u' and Xy, on flame development.
Overall, increasing v and Xy, promotes the growth of the flame radius,
indicating that both enhanced turbulence and higher hydrogen content
facilitate faster flame propagation. Fig. 5(b), (d) and (f) present the
corresponding turbulent flame propagation speeds (S;) plotted against
flame radius, with each curve representing the average of three exper-
iments. As observed in Fig. 5(b) and (d), at both 0.1 MPa and 0.5 MPa
pressures, S, increases significantly with increasing u'. Moreover, at a
fixed u, Sy, continues to rise as the flame expands. This behavior is
consistent with previous observations for turbulent expanding
hydrogen/air flames [24] and ammonia/hydrogen/air flames [31].
Zhang et al. [48] demonstrated that the sphericity of the turbulent flame
front decreases with flame growth, reflecting a progressive increase in
flame surface wrinkling.

Np——-"—""—"-"—""—""—""——T————
27+ Ethane/air, ¢ = 1 _
24| 300K, 0.1 MPa ]

9 -

6 4

3 : FAVAVAVS AN
0 L L L L Il 1 Il 1 " 1(b)

10 15 20 25 30 35 40 45 50 55 60

30 — : ; . i : : — .

27 L Ethane/air, =1 u =z}.5 AnAMs' ]
241 300 K, 0.5 MPa AAA 1

S (m/s)

1 1 1 1 1 1 1 1 1

0 1
10 15 20 25 30 35 40 45 50 55 60

35 | Ethane/Hydrogen/Air, ¢ =1
300K, 0.1 MPa, u'=3m/s _ 5, ° )
i A2 Xy, =100%]

AA

T
AlAA

’ X, =50 %
A : and
A AN
g AR AEA .
I e rve AR
: s Xp=0% A
[ ()

10 15 20 25 30 35 40 45 50 55 60

r,, (mm)

Fig. 5. Variation of flame radius over time in (a), (c), and (e); variation of flame propagation speed with flame radius in (b), (d), and (f).
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i Ethane/air
L ¢=1, 0.1 MPa

—
SN A

S, (m/s)

SN A SN X

10 15 20 25 30 35 40 45 50 55 60
r,., (mm)

Fig. 6. Variation of flame propagation speed with flame radius, highlighting
the effect of initial temperature. Open symbols represent 300 K, while solid
symbols represent 360 K.

Fundamentally, Abdel-Gayed et al. [22] and Bradley et al. [49]
attributed turbulent flame acceleration primarily to increased flame
front wrinkling induced by turbulence. As the flame radius grows, the
flame interacts with a larger number of turbulent eddies, which en-
hances surface wrinkling and promotes faster flame propagation.
Comparing the turbulent flame propagation speeds in Fig. 5. (b)&(d), it
is noted that an increase in pressure at a constant v’ results in a higher

Fuel 401 (2025) 135851

turbulent flame propagation speed. As shown in Fig. 5. (f), an increase in
Xp, at a fixed u' = 3 m/s also results in a noticeable increase in flame
propagation speed. This enhancement can be attributed to both thermal
and chemical effects associated with hydrogen addition, including a rise
in adiabatic flame temperature and increased production of reactive
species such as H, O, and OH radicals [11]. The temperature dependence
of S with flame radius for different ' values is presented in Fig. 6.
Under all ¢’ conditions, increasing the initial temperature from 300 K to
360 K results in a clear increase in Sy, due to the thermal enhancement
of reaction rates.

To separate the effects of laminar flame propagation on turbulent
flame propagation, the turbulent flame speed is normalized by the cor-
responding unstretched laminar flame speed, S;, and the results are
plotted in Fig. 7. Fig. 7(a) illustrates the effect of pressure on the

normalized turbulent flame speed, S, under different u' conditions.

) Ts’
Increasing the pressure from 0.1 to 0.5 MPa significantly raises the
normalized ss_:, across all ' conditions, indicating that higher pressure

enhances the turbulent acceleration of flame propagation. This trend is
consistent with previous findings for turbulent ammonia/oxygen/ni-
trogen flames [26].

Several studies have elucidated the effects of pressure on turbulent
flame propagation speed. The study by Wang et al. [32] reported that
increasing pressure enhances flame curvature and reduces the thickness
of laminar flamelets, which promotes more pronounced flame surface
wrinkling at progressively smaller scales. Another potential mechanism
is the amplification of cellular flame instability with increasing pressure,
which leads to the formation of fine-scale cellular structures that
accelerate flame propagation. Turbulent wrinkling may further amplify
this hydrodynamic instability. This mechanism is supported by the
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Fig. 8. The turbulent burning velocity, u3omm) and laminar burning velocity of ethane/air under various conditions.

numerical study by Creta and Matalon [50], which demonstrates that
upon the onset of hydrodynamic instability, corrugated structures
replace the planar conformation of the flame, thereby enhancing its
resilience to turbulence. Their findings corroborate the hypothesis that
the coupling of hydrodynamic instability with turbulence intensifies
flame surface corrugation, thereby increasing the propagation speed.
Furthermore, direct numerical simulations (DNS) by Howarth et al. [51]
showed that turbulence and cellular instability elicit similar responses in
premixed flames. Turbulence can couple with cellular instability, further
enhancing the wrinkling of the turbulent flame front.

Subplot (b) and (c) in Fig. 7 show the effects of temperature and
equivalence ratio on the normalized Sg—"’ under different u’' conditions. As
shown in Fig. 7(b), increasing the temperature from 300 K to 360 K leads
to a consistent rise in Sg—i” across all . This trend suggests that at elevated

temperatures, the relative enhancement of flame propagation due to
turbulence becomes more pronounced. Subplot (c) in Fig. 7 demon-

strates that, compared to stoichiometric mixtures, rich or lean condi-

Ssch
Ss

et al. [23] for other hydrocarbon fuels such as methane, methanol, and

Sch 3
S 1S

shown in subplot (d). The sgi" decreases with increasing Xy, across all

flame radii. Atry, = 45 mm, the turbulent flame speed for pure ethane
reaches four times the laminar flame speed, whereas for pure hydrogen,
it is only about twice. This suggests that while hydrogen addition to
ethane increases laminar flame speed, it reduces the relative enhance-
ment induced by turbulence.

tions result in higher 2¢. A similar trend has been reported by Lawes

iso-octane. The effect of hydrogen addition (Xg,) on the normalized

3.5. Turbulent burning velocity

As demonstrated in Figs. 6 and 7, the turbulent flame propagation

speed increases nonlinearly with the flame radius. Due to this nonlinear
behaviour, direct comparison between cases becomes less straightfor-
ward. To quantitatively compare the propagation characteristics of
turbulent flames, it is convenient to select a reference radius to define
the TBV. In this study, for each experiment, a schlieren flame radius of
30 mm is selected as the reference radius for defining the TBV, t(30mm)-
Selecting this radius is supported by several factors. According to the
studies by Chen et al. [52] and Burke et al. [53], a flame radius of 30 mm
is sufficiently large to ensure no residual effects from the spark plug
energy and is free from the effects of chamber confinement. This se-
lection is particularly relevant under high turbulence conditions (¥ = 5
m/s), where the turbulent flame tends to move away from the center of
the optical window. Consequently, only flame radii less than 30 mm are
sometimes measurable before parts of the flame kernel perimeter
become invisible. Moreover, the 30 mm reference turbulent flame radius
is widely used in studies involving hydrogen [25], methane[23,28], iso-
octane [23], methanol [43], and thermally cracked hydrocarbon fuel
[54]. Using this reference radius facilitates comparison of TBV across
these different fuels.

Fig. 8 presents Uy(30mm) as defined in Eq. (4) at the reference radius of
30 mm, undery’' = 1, 3 and 5 m/s, along with u; derived from [11]. These
images encompass a range of experimental conditions, covering tem-
peratures from 300 to 360 K, pressures from 0.1 to 0.5 MPa, and
equivalence ratios from 0.8 to 1.2. For most conditions, the maximum u,,
is observed with ¢ = 1.1. The highest u, within the scope of this study
for ethane/air mixtures is recorded at 2.8 m/s under conditions of 360 K,
0.5 MPa, and u' = 5 m/s. Overall, the variable u has a substantial impact
on the magnitude of u,. Increases in both temperature and pressure
contribute to a rise in u,. This phenomenon is primarily due to higher
temperatures enhancing the reactivity of the mixture, thereby increasing
the burning velocity.



J. Li and J. Yang

Fuel 401 (2025) 135851

oo § T T T T T 3.0 T T T T

§28— 300K, 0.1 MPa lsg 300 K, 0.1 MPa

:2’6 O X,,=0% 0O X,=25% A U w=1ms e 3

EL O Xy=50% <4 Xyq,=75% A L6 = ]

224} 1241 a |

= A X, =100% .

522t A 122l A ]

220} A ]

-~ i 20 A4 1

;i 1.8} A 7 2 q i

= (.87 1 4 F10F d B <

— 4 d N

£06f < X g o 11 Q g g g 1

Eo4l o 8 ] B Jlost g 8 o

3 S (@ (b)
02— : : : : 04— : : : :

@ T T T T T 6-0 5 T T T T

g 40| 300K, 0.1 MPa A lse} 300K 0.1MPa ]

= u'=3m's A 52f u'=5m/s 1

= 3.6 A 1481 é é A ]

E & a4l ]

S32r A4 {4 A

o0 _ 4.0 - é ]

.E 2.0+ o 3 <l ~ B "

27 o o © o 1% o x ]

12} Q & 3 8 g 200 & g <n> o ¢

2 8 o L6 O 5 ) &5 "

208} 112f @ @

& 04— - : - () jost . . . (@)

0.8 0.9 1.0 1.1 1.2 0.8 0.9 1.0 1.1 1.2

¢

Fig. 9. The turbulent burning velocity, u(3omm) and laminar burning velocity of ethane/hydrogen/air under various conditions.

The effects of increasing Xy, on u; and y(3omm), at t values of 1, 3 and
5 m/s, are illustrated in Fig. 9, specifically in (a), (b), (c¢) and (d)
respectively. For all v values, both y; and u; increases with Xp,. This
increase is attributed to the enhancement of chemical kinetics and
thermal effects that accompany the rise in Xy,. The range of burning
velocities varies from a minimum of 0.3 m/s for laminar ethane/air
mixtures at ¢ = 0.8 to a maximum of 5 m/s for turbulent hydrogen/air
mixtures at ¢ = 1.2 andu’' = 5 m/s. For all fuel mixtures, y; and u,
generally increase with equivalence ratio from ¢ = 0.8to ¢ =1 or 1.1,
followed by a decrease at ¢ = 1.2. In contrast, hydrogen/air mixtures
exhibit a continuous increase in both y; and u, over the entire range
from ¢ = 0.8 to 1.2.

3.6. The effects of w'/u onuy

The earlier study by Abdel-Gayed et al. [22] observed that the tur-
bulent flame propagation speed continuously increases with flame
radius. This behavior was attributed to the growing flame radius inter-
acting with a larger volume of turbulent eddies, thereby increasing the
overall turbulent energy available to wrinkle the flame front. Subse-
quently, Bradley et al. [49] introduced the ratio %, where ;' is the
effective root-mean-square turbulent velocity contributing to flame
front wrinkling, and v’ is the overall root-mean-square turbulent veloc-
ity. This ratio was proposed to represent the fraction of turbulent energy
that effectively contributes to the wrinkling of the flame surface. A unity
value of this ratio indicated that the whole turbulence energy contrib-
utes to the wrinkling of flame. According to [49], the ratio of u'/u is
mathematically expressed as:

- 0.5

ktzGi_ _
VIS ™Sk, )k,
R; Ky

/U = | (6)

Here, S(k,) is the dimensionless power spectral density, expressed in
terms of a dimensionless wavenumber E,,,:

25 09 _ -01
E(En) . 0.01668R,*” + 3.74R; 70R;

- — = = @)
1+ (0.127R,*%k,)** + (1.15R,*%%%k,)" + (1.27R,>*k,)’

In this expression, R; is the Reynolds number expressed as u'A/v, with
Taylor scale, 4, and kinematic viscosity, v. The dimensionless wave-
number k,, which is derived from the wavenumber multiplied by the
Kolmogorov length scale, 7. The upper limit, k,q = 21—’: is determined by
the size of the smallest eddy that can be chemically reacted, the Gibson
scale, I;. Whereas the lower limit E,,k = % signifies the maximum
wavelength, nL typically close to the diameter of the flame. Here the n is
the flame diameter normalized by the integral length scale, L.

Fig. 10 (a), (c) and (e) illustrate the u'/u’ ratio against ryy, for stoi-
chiometric ethane/hydrogen/air mixtures under varying initial pres-
sures, Xy, and v’ values. For all conditions, the development of the flame
radius correlates with an increasing of u;'/u’ ratio. As the turbulent
flame propagates, the increasing flame radius leads to a decrease in k,.
According to Eq. (7), this results in an increase in S(k,), further
increasing the integration term in Eq. (6) and the ratio of u'/u. This
indicates an increasing amount of turbulent energy spectrum wrinkling
the flame front. At the ry, = 30 mm, the uy(30mm) /U ratio is approxi-
mately 0.7 suggesting that around 70 % of the turbulent energy spec-
trum contributes to the wrinkling of the flame front. In the current
experimental setup, it is not possible to achieve a condition where u;’
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equals u. This is demonstrated as ry, reaches 50 mm, which is close to
the maximum visualization radius through the optical window, with the
u'/u ratio reaching around 0.82. The relationship between u, and the
ratio uy;'/u’ is shown in Fig. 8 (b), (d) and (f). Under all conditions, an
increase in the uy'/u ratio leads to an increase in u, further demon-
strating that an increasing amount of turbulent energy spectrum accel-
erating the turbulent burning velocity.

3.7. Turbulent burning velocity correlations

Given that TBV is a crucial input parameter in turbulent combustion
modelling and simulations, numerous studies [35,36,39,55] have
focused on establishing a unified correlation for TBV based on experi-
mental data. The comprehensive and general among these is the U-K
diagram correlation proposed by Bradley et al. [38,39]. In the present
study, the current measurements, along with ethanol data from
Ref. [38], are correlating using the same U-K framework. This correla-
tion employs two dimensionless parameters: U, and the Karlovitz stretch
factor, K, and is expressed as:

10

U =Y _ ok for (0.002 < K < 1.8)
Uk (30mm)

®

Here, Uy(30mm) is the turbulent burning velocity atry; = 30 mm and the
effective root-mean-square turbulent velocity at this radius is estimated
as Uy 3omm) = 0.7 U. The parameter K represents the ratio of turbulent

strain rate (%) to a laminar flame strain rate (g—f), and is formulated as

follows:
u.o oy
K=(=)/2 9
GG ©)
The Taylor microscale, 4, can be estimated as [56]:
/‘l — 4 (u"o'SLO'SuO‘S) (10)

In the original U-K diagram formulation, the constants « and f are
related to the strain rate Markstein number, Ma,,, which is introduced to
account for the effects of strain rate on TBV. This incorporation is based
on findings from previous studies [50,57], which highlight the
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Table 2
Constants « and g for Eq. (8) at different pressures.
0.1 MPa 0.5 MPa 1.0 MPa
a 0.335 0.534 0.790
p —0.402 —0.269 —0.250

significance of strain rate in augmenting flame surface area, with
straining being more influential than curvature in this aspect. However,
in practical scenarios, accurately measuring Ma, has proven chal-
lenging, often requiring extensive experimental or numerical analysis.
Prior experimental measures of Ma, have shown considerable vari-
ability and large error margins. This inconsistency has led to correlations

3.0 T T T T

with a relatively low coefficient of determination, R?, ranging between
0.66 and 0.88 [38]. These limitations highlight the need and opportu-
nity to simplify and improve the correlation framework to better align
with experimental observations.

All current measurements for ethane/air, ethane/hydrogen/air,
hydrogen/air, and ethanol/air from [38] are consolidated in Fig. 11. The
figure clearly shows that increasing pressure separates the measured
data into distinct clusters, indicating that pressure has a significant in-
fluence on the correlation between U and K. This observation suggests
that a separate correlation should be established for each pressure level
to accurately capture the experimental trends. Accordingly, in Fig. 10,
three solid curves are plotted using Equation (8) with the fitted constants
listed in Table 2. These correlations yield R? values of 0.98, 0.93, and
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Fig. 12. Correlation of ¥ with K based on current measurements using the spherical flame method, along with methane/air data from V-shaped burner experiments

reported in Refs. [58-60].
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0.81 at 0.1, 0.5, and 1.0 MPa, respectively. The correlations are vali-
dated against experimental data within the range 0.002 < K < 1.8. The
constants @ and $ in Eq. (8) were optimized to best fit the experimental
data at each pressure level, and their values are summarized in Table 2.

Previous studies in [39] have classified the U-K correlation into three
regimes based on the value of K: the mild turbulence regime (K < 0.1),
fully turbulent regime (0.1 < K < 2) and a possible flame extinction
regime (K > 2). However, at very low values of K, the parameter U
becomes less meaningful, as u'— 0, U— oo, which falls within the scope of
laminar conditions. Within the mild turbulence regime, a sharp decrease
in U with increasing K is observed across all pressure levels. In the fully
turbulent regime, ' increase further, leading to higher K values, while
the rate of decrease in U becomes more gradual. This behaviour reflects
reduced eddy lifetimes and enhanced flame wrinkling. Most of the cases
in the present study fall within this regime. At a fixed K, increasing in the
initial pressure leads to a higher U, which can be attributed to pressure-
induced enhancement of the turbulent burning velocity. Although
further increase in u/, pushing K beyond 2, may result in flame
quenching, no extinction was observed in the present study as K
approached 1.7.

In addition to spherical flame methods conducted in constant volume
combustion vessels, the turbulent burning velocity can also be measured
using V-shaped burner experiments, as reported in Refs. [58-60]. To
evaluate the consistency of the proposed correlation, the present
spherical flame data are compared with these earlier V-shaped flame
measurements. Specifically, the current ethane/hydrogen/air flame
data at 0.1 MPa from Fig. 11 are re-plotted in Fig. 12 in the form of u/u’
versus K, to match the format used in Refs. [58-60] for methane/air
mixtures, also at 0.1 MPa. Overall, the V-shaped burner data show good
agreement with the present measurements, following a similar
decreasing trend of u,/u’ with increasing of K, though slight deviations
are observed. In the very mild turbulence regime (K < 0.05), the data
from V-shaped burner align closely with the present data. However, for
K > 0.05, the V-shaped burner data tend to lie below the spherical flame
data, despite exhibiting a comparable dependence on K.

This discrepancy may be attributed to differences in the definition of
the reference location for turbulent burning velocity evaluation. In V-
shaped burners, the turbulent burning velocity is typically extracted at
the position where the progress variable, c= 0.5, representing a half-
burned surface. According to Ref. [38], the turbulent burning velocity
measured at half burning surface (ry s) is approximately 20 % lower than
that obtained from the volumetric flame radius (r,), which is used in the
present spherical flame analysis. This difference in evaluation location
likely contributes to the lower values of u,/u’ observed in the V-shaped
flame data. A power-law correlation is proposed to represent both the
current measurements and the V-shaped flame data at 0.1 MPa, as
shown by the black solid line in Fig. 12, yielding a coefficient of deter-
mination of R? of 0.9. This result indicates that, despite differences in
experimental configurations, the dependence of u,/u on K remains
consistent across both methods.

4. Conclusions

To date, no experimental datasets have been available for turbulent
premixed ethane/air and ethane/hydrogen/air flames. Addressing this
research gap, the present study provides comprehensive measurements
of key flame characteristics, including pressure evolution, turbulent
flame speed, and turbulent burning velocity, for these mixtures in a fan-
stirred combustion vessel over a wide range of operating conditions. The
current measurments cover multiple combustion regimes as defined by
the Peters-Borghi classification, including wrinkled flamelets, corru-
gated flamelets, and distributed reaction zones. The hydrogen addition
to the ethane was found to increase the laminar burning velocity reduce
the chemical time scale and promote regime transitions from distributed
to flamelet structures. It also enhances flame stability and broadens the
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extinction limit. Furthermore, increases in temperature, pressure,
hydrogen content, and v’ lead to significant increases in both turbulent
flame propagation speed and turbulent burning velocity. Notably,
increasing hydrogen addition in the ethane/air mixture can weaken the
turbulent acceleration effects on the turbulent flame propagation. In
contrast, elevated temperature and pressure substantially amplify tur-
bulent acceleration effects.

The U-K turbulent burning velocity correlation has been refined by
introducing pressure as a key parameter in place of Ma. The revised
correlation accommodates four different fuel mixtures at pressures up to
1.0 MPa and shows excellent agreement with experimental results,
yielding R? ranging from 0.81 to 0.98 for both the current data and
ethanol/air measurements from Ref. [38]. This represents a significant
improvement over the previously reported range of 0.66 to 0.88 in
Ref. [38]. A comparison between spherical and V-shaped flame config-
urations further indicates that, despite differences in experimental
setups, the dependence of u,/u’ on K remains consistent across both
methods.
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