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ABSTRACT 
Large-scale experiments examining spherical-flame acceleration in lean hydrogen-air mixtures were 

performed in a 64 m3 constant-pressure enclosure.  Equivalence ratios ranging from 0.33 to 0.57 were 

examined using detailed front tracking for flame diameters up to 1.2 m through the use of a Background 

Oriented Schlieren (BOS) technique.  From these measurements, the critical radii of onset of instability 

for these mixtures, on the order of 2-3 cm, were obtained.  In addition, the laminar burning velocity and 

rate of flame acceleration as a function of radius were also measured. 

1.0 INTRODUCTION 

As the prevalence of hydrogen throughout industry has increased, the potential for an accidental release 

of a large quantity of hydrogen has become a greater concern.  Due to the high reactivity of the fuel, and 

its wide detonability range, mitigation mechanisms such as ventilation or limitations on the total storage 

quantity are commonly used to reduce the hazard in buildings and enclosures.  Nevertheless, there may 

be situations where the formation of lean hydrogen-air mixtures that are above the lower flammability 

limit cannot be prevented.  Lean hydrogen-air flames are particularly sensitive to the formation of 

hydrodynamic instabilities which accelerate the flames.  Traditionally the laminar burning velocity alone 

is used as a baseline fuel reactivity parameter to model the behavior of the fuel, flame propagation and 

its interactions with turbulence and obstacles. If the development of flame instabilities are not taken into 

account, the flame propagation velocity and rate of heat release can be significantly under-predicted in 

such models.  As a result, there is great interest in characterizing the behavior of lean hydrogen-air 

mixtures, in order to properly account for the development of flame instabilities.   

The primary hydrodynamic instability that forms in all flames is generated by the Darrieus-Landau 

instability [1, 2], which been extensively observed throughout studies of spherical-flame propagation 

[3, 4, 5, 6].  Even in the absence of initial turbulence, spherical flames will spontaneous form cellular 

structures, resulting in flame acceleration due to an increase in flame surface area.  For a given mixture, 

the radius at which these cells form is a material property, which is commonly normalized by flame 

thickness and expressed as a critical Peclet number [7, 8].   

The increase in flame surface area, and the overall magnitude of acceleration, depends on the amplitude 

and wavelength of the structures that form.  Previous studies have found that these flames accelerate 

indefinitely and their propagation velocities increase as a power law with time [9].  In atmospheric-

pressure propane-air flames, it has been found that the flame velocity increases by a factor of 1.5 when 

the flame radius is between three to four times the critical radius [10].  This effect is of particular 

importance within the context of industrial safety, where the peak flame velocity is the primary factor 

that determines the pressures that develop.  This effect is considerably more severe in lean hydrogen-air 

mixtures, which have significantly smaller critical radii such that a greater acceleration can be obtained 

at the same physical radius.   

In the work of Gostintsev et al. [9, 11], it was suggested that the sustained acceleration is a result of 

ongoing cell splitting which generates fractal structures of the flame surface.  In a previous study 

examining propane-air mixtures [10], oscillatory flame acceleration was observed with frequency 

intervals consistent with the concept of cell splitting and the formation of fractal structures.  Based on 

these results, the original power law relation of Gostintsev et al. [9] was reformulated and the following 

relationship between propagation velocity and flame radius was obtained [10]: 
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 �/�� = ��/���
	. (1) 

where �� is the laminar flame propagation velocity of the mixture, �� is the critical radius of onset of 

instability, and 
 is a fractal excess that can be obtained experimentally.  This result suggests that the 

critical radius is an integral parameter in characterizing the overall mixture reactivity in general and, 

specifically, in determining the overall propagation velocity of a spherical flame at a given radius. 

The objective of this study is to characterize the rate of spherical-flame acceleration for lean 

atmospheric-pressure hydrogen-air flames in a large-scale enclosure.  This includes performing detailed 

front tracking to capture the flame radius as a function of time for flames up to 1.2 m in diameter, and 

determine the critical radius and fractal excess needed for Eq. (1).  In addition, other phenomena seen 

in past studies, such as oscillatory flame acceleration [10] and the possibility of multiple regimes of 

flame acceleration [6] will also be examined. 

2.0 EXPERIMENTAL SETUP 

The overall experimental setup used in this study follows closely that of a previous study [10], where a 

full description of the test setup and instrumentation can be found.  The experiments were performed in 

a 64 m3 vented enclosure with dimensions of 4.6 × 4.6 × 3.0 m3, as shown in Fig. 1, with a single 5.4 m2 

vent to maintain a constant internal pressure during flame propagation.  Ignition was supplied by an 

automotive ignition system using two 50 µm tungsten wires as electrodes and the overall ignition energy 

was estimated to be less than 100 mJ.  A thin polypropylene sheet was used to contain the initial mixtures 

during filling and mixing.  The sheet was cut prior to each test and held in place using pneumatic clamps 

that were released 1 s prior to ignition. 

 
Figure 1. Schematic of the enclosure and ignition configuration. 

A range of hydrogen-air concentrations were examined with equivalence ratios, �, ranging from � =

0.33 − 0.57 (12.3 – 19.2% hydrogen in air by volume).  This range of concentrations was selected to 

limit the effect of buoyancy, for the lean limit, and ensuring that the maximum pressures that develop 

within the enclosure were below the design strength of the enclosure, for the upper concentration limit.  

The initial mixtures were prepared by injecting research grade hydrogen from a port at the center of the 

floor of the enclosure.  Four large diameter mixing fans in a counter-flow arrangement were used to 

produce a uniform composition throughout the enclosure.  The fans were stopped five minutes prior to 

ignition to ensure a quiescent initial mixture, with turbulent fluctuations �� ≪ 0.05	m/s. The initial 

concentration was continuously monitored prior to ignition using an Illinois Systems P710 paramagnetic 

oxygen analyzer.  Overall experimental uncertainty in mixture equivalence ratio was estimated to be 

within � ± 0.015.   
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As the hydrogen-air flames did not emit sufficient radiation in the visible range to allow for direct 

tracking of the propagation of the flame, a Background Oriented Schlieren (BOS) technique was used.  

The background images were captured using a Vision Research Phantom Flex high speed camera for 

flame diameters up to 1.2 m.  The flame propagation velocity was calculated from flame radii extracted 

from 1,600 × 1,600 pixel images captured at a rate of 2,000 frames per second and the onset of cellular 

instability was extracted from the image sequence using the procedure described in the previous study 

[10].   Due to the smaller critical radii produced in lean hydrogen-air flames, however, the smoothing 

algorithm was reduced to a second order Savitzy-Golay filter with a window size of 5 ms to better 

capture the initial flame propagation. 

3.0 BACKGROUND ORIENTED SCHLIEREN TECHNIQUE 

The Background Oriented Schlieren (BOS) technique [12] allows for the generation of schlieren images 

without the need for any specialized optics by tracking the displacement of a background pattern due 

the density gradients present in the imaged volume.  This allows for schlieren measurements to be 

performed at large scale economically, however, the spatial resolution is sacrificed as the features in the 

background pattern must be larger than a single pixel and the displacements are averaged over windows 

containing multiple pixels.  The BOS method produces images analogous to schlieren images, varying 

with the first derivative of density.  This method is well suited for capturing large-scale low-speed 

hydrogen-air flames when compared with other low cost techniques such as shadowgraphy [13], which 

varies with the second derivative of density and tends to be better suited for resolving sharp density 

gradients such as shock fronts. 

The displacement of the background pattern is calculated in a similar manner as PIV measurements, 

where an optimal feature size has been found to be on the order of 2-3 pixels to accurately resolve the 

displacement [14].  For this study, a random color background dot pattern was generated with a 

minimum feature size of 2 pixels per dot.  The different color channels, however, were offset from one 

another by one pixel to generate a final image with an apparent resolution of 1 pixel per dot, while still 

maintaining a sufficient dot size in each color channel to perform the PIV analysis.  To add flexibility 

in adjusting the size of the image frame, additional dots with a characteristic size of 6 pixels were 

blended into the image, as shown in Fig. 2, to allow for tests to be performed at different focal lengths 

with a single background.  The background pattern was printed on standard printer paper and protected 

by 1/8 inch thick polycarbonate sheets.  To illuminate the background pattern, an array of 10 banks of 

powerful LED lights were bounced off of the ceiling of the chamber to illuminate background pattern 

while minimizing the direct glare that was observable from the camera. 

 
Figure 2. Dot pattern used for the BOS technique. 
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For each test, a background image was generated by averaging 50 frames of the high-speed video prior 

to ignition to minimize the contribution of sensor noise.  For each frame after ignition, which will be 

referred to as target frames, a new image with the same resolution as the background image is created 

and at each pixel location an � � � window of pixels from the target and background images were cross 

correlated to find the average displacement of the window centered at that location.  Multiple windows 

sizes of � = 16, 8, and	4 were used.  The larger windows sizes were used to pre-shift the subsequent 

target windows to ensure a maximum overlap between the final 4x4 pixel windows.  To improve the 

contrast of the final image, the pixel intensity at each location was then calculated from the square root 

of the magnitude of the total displacement, normalized by the magnitude of the maximum displacement 

in the overall image.  This routine was performed over the three color channels and averaged into a final 

image. 

The results of the BOS technique on a � = 0.35 hydrogen-air flame at a radius of 42 cm is shown in 

Fig 3a.  These images were processed to find the flame radius and center point of the flame for each 

image using the technique described in the previous study [10].  To reduce noise and resolve additional 

details on the flame surface, each image was resized to a common length scale such that the resized 

flame radius was constant across the full image sequence.  A Kalman filter was then applied to these 

images to perform temporal smoothing across the image set without introducing motion blur from flame 

propagation.  As the formation and motion of the individual cells on the flame surface was slow relative 

to the imaging rate of the camera, temporal smoothing significantly sharpened the appearance of the 

individual cells compared to the base image, as shown in Fig. 3b and the extracted flame contour is 

shown in green.  This technique was used to prepare the images presented in the following section.  

 
Figure 3. Background Oriented Schlieren images for a hydrogen-air flame with equivalence ratio of 

0.35 at 42 cm radius.  Raw BOS results (a) and results following temporal smoothing (b). 

4.0 RESULTS 

A comparison of the structures seen on the flame surface over the full range of equivalence ratios for a 

number of flame radii is shown in Fig. 4.  It can be clearly seen that there is little variation between the 

different equivalence ratios despite the overall flame propagation rate varying by factor of 3.5 between 

these concentrations.  As the onset of cellular instability occurred when the flame radius was small, on 

the order of 40 – 80 pixels in diameter, the critical radius of instability could not be directly observed 

from the image sequence.  Instead, the onset of cellular instability was captured from flame velocity 

which was in turn extracted from changes in flame cross-sectional area. 

a) b) 
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Figure 4. Flame surfaces of spherical hydrogen-air flames extracted from BOS for flame radii of 0.05, 

0.10, 0.20, 0.40, and 0.60 m. 

To determine the critical radius, ��, and the unstretched laminar burning velocity, "�, the observed 

flame propagation velocity, �#, was plotted as a function of stretch rate, where stretch rate was defined 

as [15]: 

$ =
%

&
�# (2) 

as shown in Fig. 5.  From these plots, the critical stretch rate at the onset of the cellular flame instability, 

$�, is clearly visible from which the corresponding radius, ��, is extracted for each test.  While recent 

studies suggest a non-linear extrapolation to zero stretch rate [16] to determine the laminar burning 

velocity, the results of this study are only used for comparison with past experimental data that used 

linear extrapolations, and, for consistency, a linear extrapolation was used.  
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Figure 5. Determination of critical stretch rate and extrapolation to unstretched laminar flame 

propagation velocity for a � = 0.49 hydrogen-air mixture. 

Throughout the series of experiments performed, excellent agreement was found between the laminar 

burning velocities obtained in this study and past studies [17, 18, 19], as shown in Fig. 5, despite the 

experiments being performed at large scale using ambient conditions and with critical radii much smaller 

than maximum resolution of camera.  These result were used to confirm that the correct rate of flame 

propagation was captured prior to the onset of flame instability and also gives a rough estimate for the 

overall measurement uncertainty of the experimental dataset. 

 
Figure 6. Unstretched laminar burning velocity of hydrogen-air mixtures at 298 K and 1 atm. 

A summary of the initial test conditions and experimental results are provided in Table 1 where ( is the 

initial temperature of the mixture, R.H. is the initial relative humidity, "� is the extrapolated unstretched 

laminar burning velocity, and ℒ* is the Markstein length of the mixture taken from the literature [20].   
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Table 1: Summary of test conditions and experimental results. 

 T R.H. "� $� R0 ℒ* [20] 

φ (K) (%) (m/s) (s-1) (mm) (mm) 

0.33 299 72 0.29 149 18 -0.61 

0.35 300 38 0.22 137 18 -0.59 

0.37 299 61 0.29 153 19 -0.55 

0.40 300 58 0.37 223 19 -0.50 

0.42 300 58 0.51 230 22 -0.46 

0.42 299 45 0.49 231 22 -0.46 

0.46 297 52 0.55 264 24 -0.40 

0.46 297 85 0.55 280 23 -0.40 

0.46 303 59 0.56 284 21 -0.40 

0.49 300 42 0.63 288 25 -0.35 

0.51 305 54 0.67 362 22 -0.32 

0.52 301 42 0.89 362 26 -0.31 

0.52 299 39 0.83 379 26 -0.30 

0.54 307 50 0.89 399 25 -0.28 

0.55 300 35 0.99 427 26 -0.26 

0.57 298 46 0.95 387 30 -0.23 

 

As the flame thickness estimate used in the previous studies [7, 8, 10] performs poorly for lean 

hydrogen-air mixture, the critical radius and Markstein length of these flames were compared directly 

instead of in terms of the dimensionless Markstein number and critical Peclet number.  Figure 7 shows 

that the critical radius was found to decrease roughly linearly with Markstein length from 30 to 18 mm 

over the range of concentrations examined.  The observed scatter was primarily due to the coarse 

temporal resolution in determining the critical stretch rate as the scatter was roughly equivalent to the 

change in radius that occurs over one frame of the image sequence as well as the uncertainty in the initial 

concentration. 

 
Figure 7. Critical radius for onset of Darrieus-Landau instability as a function of Markstein length. 

5.0 DISCUSSION 

Immediately following the onset of the cellular instability, the flame accelerates.  To compare the rate 

of flame acceleration with the relationship described by Eq. (1), a normalized flame velocity, �#/��, 

where �� is the flame propagation velocity at the onset of cellular instability, must be compared with a 
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dimensionless flame radius, �/��.  A power law fit of these variables produces a relation in the form 

�#/�� = +��/���
	.  The coefficient + was found to be approximately 1.00 ± 0.05.  This scatter was 

likely caused by a combination of the variation in the initial acceleration of the first generation of cells 

that form on a smooth flame surface [10], as well as the uncertainty in resolving the critical radius.  

When the velocity was further normalized by +, �∗ = �-/�+ ∙ ���, which does not affect the exponent 

of power law relationship, all of the curves align with one another, as shown in Fig. 8, which is consistent 

with a constant fractal excess, 
. 

Throughout the full series of experiments, no oscillations in the rate of acceleration were observed.  This 

is consistent with observations from a previous study for rich propane mixtures [10] for flames with 

negative Markstein length.  It should also be noted that the fractal excess was not found to vary during 

flame acceleration, with the possible exception of initial cell formation, unlike a recent study where 

multiple regimes of spherical flame acceleration were suggested [6]. 

 
Figure 8. Normalized flame propagation velocity as a function of normalized flame radius compared 

to a simple power law with an exponent of 0.24. 

The fractal excess, 
, was found to be remarkably constant across all of the concentrations studied, as 

shown in Fig. 9, with an average value of 
 = 0.243 ±	0.005.  If this factor is converted in terms of 

time [10], �(0) = ��(��0/��)
1/(12	), the flame acceleration exponent for radius as a function of time, 

3 = 1/(1 − 
)	, is found to be 3 = 1.32 ± 0.01, and is well within the range of 1.2 – 1.5 that has been 

found in prior studies [21]. 

To illustrate the effect of spherical flame acceleration in lean hydrogen-air flames, the results of Eq. (1) 

are extrapolated to larger flame radii in Fig. 10, while neglecting stretch effects.  This plot shows that if 

the acceleration exponent remains constant to larger scales, as observed in other studies for a wide range 

of mixtures [9], the effective flame propagation velocity, �455, will continue to rise without any initial 

turbulence or obstacles, which would in turn further increase the flame propagation velocity.  At a flame 

radius of one meter, a length scale consistent with an explosion in a small room, the burning velocity 

would increase to 2.4 – 2.6 times the laminar burning velocity.  At a flame radius of ten meters, a length 

scale that could be reached during an explosion in a large enclosure or building, the effective burning 

velocity increases to 4.1 – 4.6 times the laminar burning velocity.  As the maximum pressures that 

develop typically scale with the square of the burning velocity, properly accounting for flame self-

acceleration due to instabilities is of critical importance when modeling large or intermediate scale 

hydrogen-air explosions. 
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Figure 9. Fractal excess, β, as function of equivalence ratio. 

 
Figure 10. Extrapolated effective flame propagation velocity vs flame radius. 

6.0 SUMMARY AND CONCLUSIONS 

The critical radius for the onset of Darrieus-Landau instability and the rate of flame acceleration for lean 

hydrogen-air mixtures was characterized using the Background Oriented Schlieren technique.  

Throughout the full series of experiments performed, the BOS technique produced high quality images, 

allowing for detailed measurements of the flame propagation velocity, the critical radius, and the laminar 

burning velocity of each mixture. Across the full range of equivalence ratios examined, significant 

acceleration was observed resulting in an increase in flame propagation velocity by a factor of two at a 

flame radius of 0.5 m.   

Overall, the rate of spherical flame acceleration was consistent with the estimates from previous studies 

that attribute flame acceleration to the development of fractal structures on the flame surface.  No 

oscillations in the rate of flame acceleration were observed in this study, consistent with past studies of 

mixtures with negative Markstein length.  The flame acceleration exponent was not found to vary with 

concentration over the range of equivalence ratios examined.  In addition, within each test, only a single 

regime of flame acceleration was observed which was not found to vary with time. 
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This study illustrates that significant flame acceleration is produced in lean hydrogen-air flames due to 

flame instabilities and that the effective reactivity of the fuel is highly dependent on the characteristic 

flame size.  As a result, the effect of instabilities and their development with characteristic flame size 

on the burning velocity of these mixtures should be considered during the modeling of explosion hazards 

created by lean hydrogen-air mixtures at industrial scales. 
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