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A B S T R A C T

The 3D swinging laser sheet technique was employed to study the development and morphological character-
istics of premixed hydrogen-air unstable flames in a spherical explosion vessel. Pressure dependencies for 
laminar flame propagation were sought to exploit the role of the Darrieus-Landau (DL) and Thermal-diffusive 
(TD) instabilities in the unstable self-accelerating flame regime. A sufficiently low Markstein number, as a 
consequence of the increased pressure, leads to more cracking and smaller cells over the flame surface. The 
degree of wrinkling on the flame surface is proportional to the increase in flame burning velocity, a relationship 
that holds true for low pressures but is not applicable under high pressures. External turbulence can significantly 
alter the extent of flame surface wrinkling even at low root mean square velocities, producing a more wrinkled 
flame surface compared to intrinsic cellularity, and distinctly affecting flame dynamics. The increased wrinkling 
and flame speed due to external turbulence can be attributed to the synergistic effects between thermo-diffusive 
instabilities and turbulence, resulting in higher fuel consumption rates per flame surface area and the formation 
of finger-like structures that enhance flame displacement speed in curved segments. The parameters, ϵ, deviation 
of the Lewis number from a critical value, and ω2, obtained through classical linear stability analysis, display a 
clear linear relationship with the ratio of the wrinkled surface area observed in planar flames. This study en-
hances the understanding of hydrogen flame instabilities, which is crucial for preventing explosions in hydrogen 
storage and utilization, and provides valuable insights into flame dynamics, supporting the design of safer and 
more efficient hydrogen-fueled engines and turbines.

1. Introduction

Using hydrogen, a carbon-free, clean, and renewable fuel, is a 
practical way to reduce greenhouse gas emissions, and achieve carbon 
neutrality. The global objectives for achieving net-zero emissions by 
2050 have sparked significant interest in hydrogen as a combustion fuel 
[1]. Firstly, hydrogen is known for its unique thermophysical properties, 
including high molecular diffusivity and fast burning velocity [2]. 
Burning hydrogen in a lean premixed mode can help control flame 
speeds, reduce exhaust gas temperatures, and lower NOx emissions. 
However, lean premixed hydrogen flames are subject to 
thermo-diffusive instabilities [3,4], causing the initially smooth laminar 
flame front to wrinkle. This results in an increased overall flame surface 
area and global flame propagation speed [5,6]. This phenomenon may 
potentially progress to supersonic behaviour through a process known as 
deflagration-to-detonation transition (DDT) [7,8]. Understanding the 
origins and scope of hydrogen flame instabilities is essential for 

mitigating these explosion risks. Mechanisms underlying fast flame 
propagation and the more complex flame-flow interactions due to 
intrinsic instability require further investigation. A commonly utilized 
correlation for self-accelerating flames is as follows: 

Sn =
dr
dt

= A⋅α⋅tα− 1 (1) 

where r = A⋅tα, r is the flame radius, t is the time elapsed after spark 
ignition, A is an empirical constant, α denotes acceleration exponent, d, 
fractal excess, is expressed as: d = (α − 1)/α when assuming the increase 
in flame speed is proportional to the increase in the flame front area. 
Accurate measurements of the acceleration exponent α and fractal 
excess d of the flame are imperative for comprehending the self- 
acceleration mechanism [9,10]. In addition, the phenomenon of com-
bustion acceleration due to flame-generated disturbances or turbulence 
arising from the development of flame instabilities has been extensively 
studied [11,12]. To comprehend the connection between 
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flame-generated disturbance (or turbulence) and external turbulence, 
some researchers employ either LDV (Laser Doppler Velocimetry) [13] 
or PIV (Particle Image Velocimetry) techniques [14,15].

The expansion of the flame cell, followed by its division into smaller 
cells due to equilibrium instability, leads to a self-similar fractal char-
acteristic of the flame front [6]. Consequently, based on fractal theory, 
the increase in flame velocity is directly proportional to the increase in 
the area of the flame front. Hence, when assessing the acceleration 
ability and acceleration exponent, the flame surface area emerges as a 
crucial parameter. The previous quantification and assessment of 
instability and self-acceleration in hydrogen flames have predominantly 
relied on 2D imaging techniques [5-10]. However, the constraints of 2D 
imaging techniques lie in their inability to capture the behaviour of 
flames in the third dimension. A 3D swinging laser sheet system has been 
developed in combustion studies [16–19], making the measurement of 
the 3D flame surface structure and area possible. The 3D swinging sheet 
technique enables the flame surface to be studied quantitatively in detail 
and provides significant insights into the self-acceleration issue.

Accurate modelling of hydrogen combustion in accident scenarios 
within confined spaces faces challenges due to computational costs, 
chemical complexity, grid resolution, and the limited availability of ad- 
hoc experiments to validate models [20]. Additionally, capturing the 
wrinkling and thickness of the flame poses a significant challenge in grid 
size. For Direct Numerical Simulation (DNS), thermo-diffusive in-
stabilities in freely-propagating lean premixed hydrogen flames have 
been explored using high-resolution two-dimensional DNS [3]. This 
exploration specifically considers the effects of reactant conditions 
(temperature, pressure, and equivalence ratio) on resulting local flame 
properties (speed, thermal thickness, and reaction zone thickness). The 
findings indicate that the instability coefficient ω2, which is the coeffi-
cient of the second-order term in a linear stability analysis [21], seems to 
be a good measure of the diffusive balance [3,4,21]. Subsequently, 
thermodiffusively-unstable lean premixed hydrogen flames are investi-
gated using three-dimensional DNS with finite-rate chemical kinetics, 
revealing that thermo-diffusive response is stronger in 3D compared to 
2D [4]. Both 2D and 3D DNS flames require validation from corre-
sponding experimental data for a comprehensive understanding of the 
underlying processes.

To investigate the instability in two types of flames, we consider a 
planar flame characterized by a flat flame front advancing into a 
quiescent fresh mixture at a constant velocity. Additionally, we examine 

an outwardly propagating spherical flame originating from a point 
source and progressing into a combustible mixture within an infinite 
domain. This study delves into the development of 3D quasi-planar and 
spherical flame structures of self-accelerating premixed lean hydrogen- 
air mixtures using the swinging laser sheet technique. The objectives 
are as follows: (i) to accurately determine the reliable acceleration ex-
ponents of hydrogen-air laminar unstable flames using the 3D swinging 
laser sheet technique; (ii) to present instantaneous data parameters 
associated with the morphological characteristics (flame surface area, 
burned gas volume, etc.) of the flame surface, and explore the intrinsic 
relationship between the flame morphological characteristics due to 
instabilities and the acceleration exponents; (iii) to study the synergistic 
effects of intrinsic flame-generated turbulence and externally imposed 
turbulence on the flame morphological characteristics; (iv) to vary and 
validate the stability model parameter against experiments enables ac-
curate prediction of flame features like wrinkling and cellular structures, 
ensuring robust flame stability and dynamics predictions.

2. Experimental method

2.1. MK-II combustion fan-stirred vessel

Premixed flames were ignited in a spherical combustion vessel 
(Fig. 1) with an internal diameter of 380 mm and three pairs of 
orthogonal windows, each 150 mm in diameter, for optical access. Four 
fans, each driven by an 8 kW electric motor, generated near-uniform 
isotropic turbulence in the central region of the combustion vessel. 
More details about the combustion vessel and its auxiliary are in [22,
23]. The turbulent root mean square (rms) velocity, uʹ, was correlated 
with the fan speed Nf in rpm in [24].

2.2. 3D swinging laser sheet system

The 3D swinging laser sheet system is introduced in this section, as 
shown in Fig. 1. In this study, olive oil was chosen as the seeding par-
ticles with a density of 920 kg/m3. The tracer particles are generated by 
a six-jet atomiser (9010F0021, Dantec), and mixed with air in the intake 
pipes before they are introduced into the combustion vessel. The 
generated olive oil droplets have a diameter ≈ 1 μm and a boiling 
temperature of about 570 K [19]. A double pulsed Nd: YAG imaging 
laser (DM60–532-DH, Photonics Industries) produced a 532 nm 

Fig. 1. Schematic of the MK-II fan-stirred combustion vessel equipped with a 3D swinging laser sheet system.
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Fig. 2. Flow chart of 2D Mie-scattered flame image post-processing for 3D spherical flame reconstructions.

Fig. 3. The configuration and development of flame expansion.
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wavelength green light laser beam with a maximum beam energy of 
12mJ (pulsing at a frequency of 40 kHz). A 16-sided rotating mirror at 
10 Hz was synchronized with the imaging laser using a series of optics to 
create multiple thin laser sheets sweeping along the vessel. A high-speed 
camera pointed perpendicular to the laser sheet recorded the 
Mie-scattering images from the tracer particles. For ignition, a New 
Wave solo 120 Nd:YAG laser synchronized with a 3D swinging laser 
sheet system was employed. Further details of laser sheet geometry and 
synchronization control system are available in [16–19].

2.2.1. Centrally ignited expanding spherical flames
The flow chart of the 3D reconstruction of the centrally ignited 

expanding spherical flame is shown in Fig. 2. The high-speed camera 
captured the Mie-scattered images of 512 × 512 pixels at a frequency of 
40 kHz with a pixel size of 0.222 mm/pixel, depicting the burned and 
unburned gas mixture. Olive oil droplets would vaporize in the high- 
temperature burned gas and not scatter light. Consequently, the iso-
surface of the flame is defined by the evaporation temperature of olive 
oil, approximately 570 K. Measurements of the flame surface area and its 
wrinkling are then conducted based on this temperature threshold.

2.2.2. Quasi-planar flame propagation
To analyze the 3D quasi-planar (nil curvature effect) flames, 

hydrogen-air mixtures are ignited near the wall of the experimental 
combustion chamber, which will result in quasi-planar flames by the 
time the observation window is reached, as shown in Fig. 3. This allows 
investigating the levels of thermos-diffusive instability in lean hydrogen 
flames. The high-speed camera captured a 12-bit picture pair of 256 ×
256 pixels at a frequency of 40 kHz with a pixel size of 0.222 mm/pixel, 
enabling the examination of small sections of the wrinkled flame sur-
face. The process of reconstructing a 3D quasi-planar flame surface is 
similar to that used for spherical flames, involving steps such as flame 
edge detection, binarization, merging, and smoothing (Fig. 4).

2.2.3. 3D reconstructed flame analysis
Surface areas were obtained by calculating the area of each triangle 

in the triangulated surface mesh and then summing these to yield the 
overall surface area of the reconstructed flame, A3D. For spherical 
flames, the volume of each reconstruction flame, V3D was obtained first 
by converting the triangulated surface mesh into a solid reconstruction 
consisting of voxels. The volume-equivalent radius is the radius of the 
equivalent spherical flame based on the volume of burned gas r3D. The 
laminar equivalent mean flame area is then defined as a3D = 4πr2

3D. The 
ratio of A3D to a3D represents the wrinkling extent of the spherical flame. 
For a quasi-planar flame, a3D is the cross-sectional area of the plane.

2.3. Experimental conditions

The thermal-diffusive (TD) instability of the hydrogen-air mixture is 
more pronounced when the mixture is leaner due to the negative 
Markstein number [2]. In lean hydrogen-air mixtures, the equivalence 
ratio of the ignition limit is approximately ϕ = 0.2 [25]. The buoyancy 
effect becomes significant in mixtures with a flame speed of <0.15 m s-1. 
Therefore, an equivalence ratio of ϕ = 0.3 was chosen in this study for 
spherical flames. All experiments were conducted using a hydrogen-air 
mixture with an initial temperature of 360K. The temperature of the 
unburned gas inside the combustion chamber is assumed to be constant, 
as established in previous work [26].

To investigate different intensities of Darrieus-Landau (DL) insta-
bility, initial pressures of 0.1, 0.3, 0.5, 0.7, and 1.0 MPa were selected. 
Additionally, to study the effects of competition between the intrinsic 
flame-generated turbulence and external turbulence on the flame’s 
morphological characteristics, discrete turbulence intensities (u’) of 0.3 
and 0.5 m s-1 were employed to generate relatively mild turbulence. For 
quasi-planar flames, an equivalence ratio of ϕ = 0.3 was chosen at initial 
pressures of 0.1, 0.3, 0.5, and 1.0 MPa, while a mixture with ϕ = 0.25 
was chosen at 0.3 and 0.5 MPa.

Systematic uncertainties in the experimental setup were attributed to 
three primary sources: a ± 0.2 % error margin in the fuel amount, a ±
0.05 % error margin in pressure measurement, and a ± 0.7 % error 
margin in temperature measurement. In the experiments, hydrogen of 
99.995 % purity was employed, with the air comprising industrial ox-
ygen and industrial nitrogen in a 21:79 molar ratio. To ensure repeat-
ability, each experimental condition was tested three times. The 
standard deviation error bars were calculated as the square root of the 
variance, which is the sum of squared deviations divided by the number 
of trials. These error bars were then plotted around the mean values in 
all experimental results.

Despite the innovative nature of the swinging laser sheet system, 
various sources of error contribute to overall measurement uncertainty: 
(1) Laser sheet spacing and divergence: variations in laser sheet spacing 
and beam divergence can significantly impact the resolution and accu-
racy of the reconstructed 3D flame surface, affecting measurements of 
flame surface areas, volumes, and velocities. The use of higher- 
frequency lasers can enhance accuracy in the future. (2) Image pro-
cessing errors: errors introduced during the binarization and edge 
detection processes, such as image noise and thresholding variability, 
can lead to significant uncertainties in the reconstructed flame structure. 
(3) Synchronization and control: precise synchronization between the 
rotating mirror and laser pulses is essential. Any misalignment can 
compromise the accuracy of the 3D reconstruction. (4) Seeding particles 
and Mie scattering: The distribution and behavior of seeding particles 
used for Mie scattering can vary under different initial conditions, 
leading to inconsistencies in flame surface measurements. (5) 

Fig. 4. Flow chart of 2D Mie-scattered flame image post-processing for 3D quasi-planar flame reconstructions. (a) flame edge detection (b) binarization (c) merging 
(d) smoothing.
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Calibration and instrumentation: calibration errors in the laser and 
imaging systems, as well as instrumentation errors from cameras, mir-
rors, and other optical components, can propagate through the mea-
surement process and contribute to the overall uncertainty.

Instability parameters

Due to the high diffusivity of the fuel molecules, lean premixed 
hydrogen flame behaves thermodiffusively unstable. Specifically, when 
the flame surface is deformed such that it has positive curvature (centre 
of curvature in the products), the high mobility of the hydrogen mole-
cules results in diffusive focusing into the hot product region, which 
then burns intensely, increasing the surface deformation further. 
Consequently, there can be significant variation of local flame speed 
over the surface as well as an increase in flame surface area. The thermo- 
diffusive instability is strongly dependent on the reactant conditions 
(pressure, temperature and equivalence ratio), as well as the turbulent 
conditions.

In the linear stability analysis [21], a planar flame surface described 
as F(x, t) = Aeωt+ikx propagating at a speed Sn with a characteristic 
thickness δ (and a timescale τL = δ/Sn), a growth rate ω and a wave-
number k, respectively. A normalized growth rate ω̃, given by ω̃ = ωτL, 
leads to a dispersion relation expressed as: 

ω̃ = ωDLk̃ + ω2k̃
2

(2) 

where the coefficient for the first-order term, ωDL, is the Darrieus- 
Landau coefficient given by: 

ωDL =
1

σ + 1

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ3 + σ2 − σ

√
− σ

)
(3) 

where σ is the density ratio of the unburnt mixture to the fully burnt 
mixture. The coefficient for the second-order term is: 

ω2 = −
[
B1 +Ze

(
Leeff − 1

)
B2 +PrB3

]
(4) 

where B1, B2, B3 account for the (de)stabilising effects of thermal, spe-
cies and viscous diffusion Leeff, Pr, Ze are the effective Lewis number, 
Prandtl number and Zel’dovich numbers. Recently, Aspden et al., [3,4] 
demonstrated that thermal-diffusive instability in lean premixed 
hydrogen can be well-characterised by a parameter ω2 arising from 
classical stability analysis (e.g. [21]). Further details can be found in [3,
4,21]. The parameter ω2 has been used well before in [3] and ultimately 
addresses the conditions for which the mixture Lewis number Le < Le0, 
falls below a critical value Le0, typically slightly less than one. Then ω2 
was replaced by an equivalent parameter ϵ in [27] 

ϵ = (Le0 − Le)/(1 − Le0) (5) 

where Le is the Lewis number of the deficient reactant, Le0 is the critical 
Lewis number: Le0 = 1 − B1+PrB3

ZeB2
. ϵ is a parameter that quantifies the 

deviation of the Lewis number from a critical value. The critical Lewis 
number Le0 serves a threshold value that distinguishes between stabi-
lizing and destabilizing thermal diffusive effects in a flame. Depending 
on whether the actual Lewis number (Le) is above or below Le0, the 
flame can exhibit different stability characteristics: When Le < Le0: The 

Fig. 5. Temporal developments of 3D reconstructed hydrogen-air laminar flames at, ϕ =0.3, T = 360 K and P = 0.1, 0.3, 0.5, 0.7, 1.0 MPa.
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thermal diffusive effects are destabilizing, which means small-scale 
corrugations can grow, leading to unstable flame structures. When Le 
> Le0: The thermal diffusive effects are stabilizing, helping to smooth 
out flame perturbations and stabilize the flame front.

In addition, the growth rate of hydrodynamic instability is directly 
proportional to the density jump across the flame and it becomes more 
pronounced with increasing σ [2,28]. Therefore, it is likely that σ is the 
most sensitive and influential parameter in triggering hydrodynamic 
instability. The DL coefficient, ωDL, which is based on σ, serves as a 
robust and reliable parameter for assessing and evaluating hydrody-
namic response. Furthermore, flame thickness (δ) is expected to signif-
icantly influence hydrodynamic instability for two main reasons: First, 
thinner flames are less affected by curvature and consequently exhibit a 
stronger destabilizing tendency. Second, thinner flames lead to a higher 
density gradient, which intensifies the development of hydrodynamic 
instability due to the increased strength of the induced baroclinic 
torque.

The calculation of flame thickness using the specified method, 
known as the preheat zone flame thickness, δk [29]: 

δk =

(
k
/
cp
)

T0

ρuul

(6) 

Where 
(
k/cp

)

T0 is the ratio of thermal conductivity and specific heat 
at a certain inner layer temperature, T0. The values of T0 for different 
gases are presented in [29]. This can be used for hydrogen flame since 
the unique feature of hydrogen flame is that the preheating zone is not 
completely chemically inert.

Results and discussions

The evolution of 3D laminar flame surface for hydrogen-air mixtures 
at ϕ = 0.3, temperature of 360 K, and pressure ranging from 0.1 to 1.0 
MPa are shown in Fig. 5. Some works have already been studied 
experimentally [2,6,30,31] and numerically [32,33], demonstrating 
that lean premixed hydrogen flames are highly susceptible to 
thermo-diffusive instabilities. These instabilities significantly enhance 
flame speed and alter flame dynamics, with critical flame radii 
decreasing as pressure increases. During the initial stages of flame 
propagation, the flame stretch rate is high and plays a stabilizing role in 
preventing the underlying thermo-diffusive and hydrodynamic insta-
bility, known as TD and DL instability. This initial stabilization is more 
prominent at higher Markstein numbers, which helps maintain a smooth 

flame surface [2]. However, the flame surface begins to exhibit 
numerous cracks after the initial smooth phase. In all cases, from 0.1 
MPa to 1.0 MPa, the flame surface transitions to a completely cellular 
structure by t = 23.4 ms. As these cells grow in size, the localized stretch 
rate on their surfaces decreases, making the cells more prone to in-
stabilities. A sufficiently low Markstein number, due to increased pres-
sure, leads to more cracking and smaller cells [3].

Interestingly, at the same time, increased pressure not only makes 
the flame more susceptible to instability but also reduces the volume of 
burned gas. This suggests that elevated pressure impedes flame propa-
gation from the start, which is in agreement with previous studies [34]. 
As the initial pressure increased, the mole fractions of the three active 
radicals (H, O, OH) declined significantly, leading to a lower laminar 
burning velocity. For ϕ = 0.3 (Lewis number far less than one), indi-
cating an unstable flame, heat fluxes are subordinated in favour of mass 
diffusive fluxes. The imbalance in diffusive fluxes of heat and mass 
across the flame surfaces, along with varying local burning velocities, 
diminishes the spherical shape of the burned gas in the flame. Pressure 
variation minimally affects either Le or σ, but directly impacts the flame: 
by changing its flame thickness. Increased pressure significantly reduces 
the flame thickness making it more vulnerable to destabilization, which 
eventually leads to a highly wrinkled and irregular flame surface.

The derived flame propagation speeds using Eq. (1) are shown in 
Fig. 6. The experimental flame acceleration exponent, α, was evaluated 
by plotting the flame speed against time Sn ∼ tα− 1. The coefficient α is 
derived from the flame speed and serves as a parameter to measure the 
capability of flame speed acceleration. The derived acceleration expo-
nents of flame speed in the investigations of hydrogen self-acceleration 
fames are consistent with previous studies using 2D imaging system [6]. 
However, as pressure increases from 0.3 MPa to 1.0 MPa, the acceler-
ation exponent progressively increases from 1.26 to 1.38, with an 
exception at 0.1 MPa, where flame exhibits both the highest propagation 
speed and a greater acceleration exponent. Generally, increased pres-
sure does lead to the earlier onset of instability, a more wrinkled flame 
surface area, and a higher acceleration exponent.

According to Damköhler’s theory [35], in low-intensity turbulence, 
the premixed turbulent flame surface area AT is augmented by the tur-
bulent flow field, leading to a rise in the turbulent burning velocities ut 
as follows: 

ut/ul ∼ AT/AL (7) 

where ut is the stretched burning velocity, ul is the unstretched laminar 
burning velocity, and AL is the laminar flame surface area. To account 
for the influence of stretch on the local laminar velocity on the flame 
surface, Damköhler’s assumption is adjusted using the parameter, I0, as 
[19,36]: 

I0 =
ut/ul

AT/AL
(8) 

I0 remains close to unity for premixed combustion of methane-air 
mixtures [19]. However, for hydrogen-air flames, the increase in 
burning velocity exceeds the expected rise based on the measured in-
crease in flame surface area, with the value of I0 up to 6. This concept is 
extended to an unstable spherical flame of hydrogen/air mixtures: 

I0 =
un/ul

(A3D/a3D)
(9) 

Here, A3D/a3D is the flame surface area ratio, an indication of surface 
area enhancement of the unstable hydrogen/air flame . The stretched 
laminar burning velocity including the unstable regime, un, is related to 
the stretched flame speed, Sn, by [37]: 

un = ρbSn/ρu + ru/(3ρu)(dρb / dt) (10) 

where ρu is the unburned gas density, ρb is the burned gas density, ρb is 
mean density within the radius, ru. The second term in the right side of 

Fig. 6. Flame propagation speeds of 3D reconstructed hydrogen-air laminar 
flames with increasing time from ignition under different initial pressures, at ϕ 
= 0.3 and 360 K.
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Eq. (10) declines and eventually becomes insignificant as the flame 
grows [19], and is neglected in this study. The values of unstretched 
burning velocities, ul, are obtained from experimental data [38].

It is interesting and important to delve further into the normalized 
flame surface area (A3D/a3D) in order to gain deeper insights into the 
self-acceleration phenomenon. In Fig. 7, the flame surface area ratio 
(A3D/a3D) is plotted against time at ϕ = 0.3. At 0.1 MPa, it initially re-
mains nearly constant initially due to the smooth flame surface, then 
experiences a rapid increase due to intrinsic instability. For other pres-
sures, there is a consistent tendency of (A3D/a3D) increasing as the flame 
expands over time. Additionally, at a given time, higher pressure cor-
responds to a higher (A3D/a3D). An intriguing finding is that, as 
mentioned earlier, the roundness of the hydrogen-air laminar flames is 
considerably poorer at 0.1 MPa, resulting in larger error bars compared 
to the elevated pressures. This reveals the chaotic nature of self- 
acceleration in laminar hydrogen-air mixtures under atmospheric con-
ditions, where thermal-diffusive effects dominate.

To more accurately evaluate the extent of the wrinkling on the flame 
surface, it is crucial to fix the size due to the varying resolutions that 
different sizes produce, given the limitations of the setup. Therefore, 
plotting the flame surface area ratio A3D/a3D against the flame radius, as 

depicted in Fig. 8, is a more reasonable and adequate approach. It is 
evident that increased pressure generally results in a significantly 
wrinkled flame surface. The dimensionless wrinkled ratio of the flame 
surface and the normalized flame radius (r/δk) is also studied in Fig. 9 to 
gain a deeper understanding of the underlying mechanisms. It is 
observed that, despite some scatter, the black solid line generally rep-
resents the fitted curve for the entire dataset. However, two data points 
at atmospheric conditions (0.1 MPa) deviate from this trend. At 0.1 MPa, 
hydrogen flame instabilities are primarily driven by thermal-diffusive 
effects, which tend to form finger-like cell structures [3,4], resulting 
in a more irregular flame shape. This behavior indicates the chaotic 
nature of laminar hydrogen-air flames under atmospheric conditions, 
where thermal-diffusive effects dominate. As a consequence, the extent 
of the flame sphericity decreases at lower pressures, leading to an in-
crease in flame surface area compared to higher pressure conditions. A 
potential source of this discrepancy may stem from the resolution of the 
Mie-scattering images and the laser repetition rate, as the current 
measurement precision could introduce some degree of error in the 
results.

Variations of I0 is illustrated in Fig. 10, showing an approaching 

Fig. 7. Flame surface area ratio A3D/a3D as measured by 3D reconstruction as a 
function of time.

Fig. 8. Flame surface area ratio A3D/a3D as measured by 3D reconstruction as a 
function of flame radius.

Fig. 9. The dimensionless wrinkled ratio of the flame surface under different 
normalized flame radii (r/δk). The black solid line represents the fitting curve 
for all data points.

Fig. 10. Variations in I0.
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unity at 0.1 and 0.3 MPa, validating the assumption of Damköhler, 
which remains applicable to self-accelerating premixed hydrogen-air 
laminar flames. However, as pressure increases, I0 also increases, 
resembling a phenomenon observed in high Karlovitz stretch factor (K) 
turbulent flames [19]. One possible explanation for this is that at high 
pressure, cells become significantly smaller, and the repetition rate of 
the laser may become insufficient to capture the intricate details of the 
flame surface. Another reason could be the distortion of surface wrin-
kling in regions of high negative curvature, particularly under elevated 
pressures, as illustrated in Fig. 11.

It is proposed that a strong outwards velocity pulse can create extra 
"combustion turbulence" as a result of the combined effects of a fast- 

burning rate and rapid volumetric expansion [15]. To acquire deeper 
insights into the turbulence arising from flame instability and its impact 
on flame morphological characteristics, we introduced a controlled 
amount of external turbulence for comparative analysis. Fig. 12 illus-
trates the temporal evolution of the 3D flame surface of hydrogen-air 
mixtures under varying root mean square (rms) velocities (0, 0.3, 0.5 
m s-1) at ϕ = 0.3, P = 0.1 MPa, and T = 360 K. Even with very mild 
turbulence (uʹ = 0.3 m s-1), it becomes apparent that externally-imposed 
turbulence can substantially wrinkle the flame surface, surpassing the 
effect of intrinsic flame cellularity. This effect becomes even more pro-
nounced at uʹ = 0.5 m s-1. Correspondingly, the values of A3D/a3D pre-
sented in Fig. 13 reveal the expected trend of increasing A3D/a3D with 
higher u’. In comparison, A3D/a3D under the influence of mild external 
turbulence (uʹ = 0.3 and 0.5 m s-1) far exceeds the levels achieved by 

Fig. 11. Destruction of flame surface area at regions of negative curvature.

Fig. 12. Temporal developments of 3D reconstructed laminar hydrogen-air flames at ϕ = 0.3, T = 360 K and P = 0.1 MPa under different rms velocities.

Fig. 13. Flame surface area ratio A3D/a3D as measured by 3D reconstruction as 
a function of time for different rms velocities at ϕ = 0.3, T = 360 K and P =
0.1 MPa.
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intrinsic instability.
The wrinkling of the flame surface may result from both intrinsic 

cellularity due to DL instability arising from elevated pressures or gas 
strain induced by external turbulence. However, they yield significantly 
different outcomes in the context of premixed hydrogen-air unstable 
outwardly propagating spherical flames, affecting parameters such as 
burned gas volume, flame surface area radius, and speed. As depicted in 
Fig. 14, increased pressure tends to hinder flame propagation, while 
external turbulence has the opposite effect, accelerating flame propa-
gation. This reinforces that the distinct mechanisms responsible for 
surface folding due to DL or TD instability, or the influence of external 
turbulence, are distinct. Intrinsic cellularity due to DL or TD instability 
stems from the nonequilibrium of diffusive fluxes of heat and mass, or 
the susceptibility of flame to destabilization due to reduced thickness. In 
contrast, chaotic external turbulence generates gas strain with different 
sizes and directions, resulting in the wrinkling of the flame surface. It is 
widely accepted that turbulence increases the flame surface area, sub-
sequently raising the burning rate. This can also be attributed to the 
synergistic effects between thermos-diffusive instabilities and turbu-
lence, resulting in higher fuel consumption rates per flame surface area, 
with the instabilities forming finger-like structures that enhanced flame 
displacement speed in curved flame segments [39].

The three-dimensional flame surface of the quasi-planar laminar 
flame of hydrogen-air mixtures at ϕ = 0.3, as depicted in Fig. 15, clearly 
illustrates that higher pressure leads to a more wrinkled flame surface 
with smaller cells. Previous modelling studies [3,4], have indicated that 
mean local flame speeds increase in correlation with the 
thermal-diffusive response parameter ω2. This parameter proves to be 
an excellent indicator of thermal-diffusive strength and its capacity to 

predict the degree of thermos-diffusive response in freely-propagating 
and turbulent flame. The relationship between the flame surface area 
ratio of the freely-propagating quasi-planar flame at the center of the 
combustion vessel (with a flame radius of approximately 160 mm) and 
the instability parameter ω2 is illustrated in Fig. 16. It is evident that 
higher values of ω2 correspond to higher values of A3D/a3D, indicating 
that stronger thermal-diffusive (TD) instability plays a pivotal role in 
altering the morphology of the flame surface, making it more wrinkled.

Furthermore, the values of A3D/a3D and ϵ are also plotted in this 
study in Fig. 17, revealing a discernible linear relationship between 
them. This is rather intuitive as ϵ measures the distance of the mixture 
Lewis number from the critical Lewis number (Le0). The greater this 
distance the more the thermo-diffusive effects are destabilizing. The 
underlying reason is that the wavelength of the flame surface tends to 
decrease with ϵ (i.e. as the Le decreases), allowing for a greater number 
of unstable perturbation wavelengths to be accommodated within the 
flame domain. As a result, the flame wrinkling increases.

Conclusions

Simultaneous 3D measurements capturing the evolution and 
morphological characteristics of hydrogen-air laminar unstable flames 
were conducted in a constant volume vessel using the advanced 3D 
swinging laser sheet technique. The application of the 3D swing laser 
sheet technique allows for a re-examination of flame speed self- 
acceleration, offering the capability to study the three-dimensional 
morphological characteristics of flame and directly quantify the flame 

Fig. 14. Flame surface area of hydrogen-air flames with increasing time from 
ignition at ϕ = 0.3, T = 360 K.

Fig. 15. Flame morphological characteristics of 3D reconstructed quasi-planar laminar flame surface of hydrogen-air mixtures under various initial pressures, at ϕ =
0.3 and 360 K.

Fig. 16. The wrinkled flame surface area ratio of freely-propagating quasi- 
planar flame at the flame radius of 160 mm as functions of instability param-
eter ω2.
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surface area. Through this technique, diverse insights into the acceler-
ation phenomenon can be gained.

Exploring the effects of instability on flame speed self-acceleration, 
pressure dependencies were investigated. As the pressure rises from 
0.3 MPa to 1.0 MPa, hydrodynamic (DL) instability intensifies due to 
reduced flame thickness. This leads to a gradual escalation in the ac-
celeration exponent, increasing from 1.26 to 1.38. The cellularity caused 
by DL or TD instability is a consequence of high pressure alone. The 
extent of the flame surface wrinkling is proportional to the increasing 
flame burning velocity at low pressures but becomes invalid for high 
pressures. The annihilation of surface wrinkles may occur, especially 
under high pressures in regions of strong negative curvature or at lo-
cations where the flame surface is indented. The effects of external 
turbulence, even at relatively low levels, on the wrinkling extent of the 
flame surface are much stronger than those of intrinsic instability. While 
gas strain from external turbulence and intrinsic cellularity caused by 
Darrieus-Landau (DL) instability due to increased pressure can induce 
flame surface wrinkling, the elevated pressure impedes flame propaga-
tion, whereas external turbulence accelerates it. This can be attributed 
to the synergistic effects between thermo-diffusive instabilities and 
turbulence, resulting in higher fuel consumption rates per flame surface 
area, with the instabilities forming finger-like structures that enhance 
flame displacement speed in curved flame segments. In the case of a 
quasi-planar flame, the ratio of the wrinkled flame surface area increases 
as pressure rises. The linear model parameters ϵ and ω2 prove to be 
excellent indicators of the strength of thermal-diffusive instability in 
planar flames, demonstrating a linear correlation with the ratio of the 
wrinkled flame surface area.

Novelty and significance

This research enhances our comprehension of the development and 
morphological traits of premixed hydrogen-air unstable flames by 
employing three-dimensional measurements. A distinguishing feature of 
this study is the novel methodology employed for three-dimensional 
reconstructions of flames, facilitating the determination of flame- 
burned gas volume and the area of wrinkled flame surfaces. Elevated 
pressure levels are anticipated to lead to higher acceleration exponents 
and increased wrinkling of flame surfaces in centrally ignited expanding 
spherical flames, as well as quasi-planar flames. The parameters ϵ and ω2 
serve as effective descriptors of intrinsic instabilities in hydrogen flames.
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