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ABSTRACT  
A precise understanding of the flame turbulence induced by cellular instabilities is indispensable to 
perform an appropriate risk assessment of hydrogen fueled gas explosion. In this research, Darrieus-
Landau instability (DL instability), whose effect on gas explosion is remarkable, was experimentally 
examined. The DL instability is essentially caused by a volumetric expansion of burned gas at flame 
front. Therefore, in order to examine the effects of volumetric expansion ratio, the experiments were 
conducted using H2-O2-N2-Ar gas mixtures of various volumetric expansion ratio conditions by 
changing N2-Ar ratio. When Ar content ratio is increased, the flame temperature becomes higher and 
volumetric expansion ratio is increased owing to lower specific heat of Ar. The experiments were 
conducted in nearly unconfined conditions of laboratory-scale and large-scale. Gas mixtures were 
filled in a 10 cm diameter soap bubble for the laboratory-scale and in a plastic tent of thin vinyl sheet 
of 1m3 for the large-scale. The gas mixtures were ignited by an electric spark, and blast wave and 
flame speed were measured simultaneously by using a pressure sensor and a high-speed video camera. 
The DL instability owing to volumetric expansion accelerates flame propagation. In addition, the 
intensity of blast wave was greatly raised depending on flame acceleration, which can be explained by 
an acoustic theory. The effects of expansion ratio and experimental scales on flame propagation and 
blast wave were analyzed in detail. These results are quite important to perform an appropriate 
consequence analysis of accidental explosion of hydrogen. 

1 INTRODUCTION 

The flame surface is wrinkled due to cellular instabilities, such as Darrieus-Landau, diffusional-
thermal, and body-force instabilities [1]. It is known that the Darrieus-Landau instability (DL 
instability) occurs as a result of the thermal volumetric expansion of burned gas, correspond to the 
expansion ratio of the burned and the unburned mixtures. Diffusional-thermal instability is caused by 
the preferential diffusion for non-equidiffusive mixtures. Body-force instability is caused by the 
difference in the densities of the unburned and the burned gases. The DL and diffusional-thermal 
instabilities appear spontaneously, meanwhile body-force instability appear only when the acceleration 
is applied on the flame front, which is the interface between the unburned and burned gases. The two 
spontaneous instabilities are focused in this study. The diffusional-thermal instability in the initial 
stage of the flame propagation is dominant. As the flame becomes larger, the influences of the DL 
instability progressively dominate [2]. The flame is wrinkled by these instabilities, and thereby the 
flame surface area is increased, and consequently the flame speed is increased [3]. The effect of DL 
instability on the self-acceleration of a spherically expanding hydrogen-air flame in the instabilities is 
the most remarkable. In addition, the flame acceleration due to these instabilities affects the intensity 
of blast wave [4, 5], therefore the fundamental research on the instabilities is necessary for an 
appropriate risk assessment of the blast wave [6]. The objective of the present study is to investigate 
the effect of volumetric expansion ratio on the flame acceleration. In this study, the laboratory-scale 
and large-scale experiments were conducted by using H2-O2-N2-Ar mixtures of various volumetric 
expansion ratio conditions. The intensity of blast wave was also analyzed to examine the effects of 
flame acceleration. 
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2 EXPERIMENTAL SPECIFICATIONS 

2.1 Laboratory-scale experimental apparatus and procedure  

Laboratory-scale experiments were conducted using a soap bubble method. The schematic diagram of 
the laboratory-scale experimental setup is shown in Fig. 1. Ingredient of the bubble is glycerine, 
dishwashing detergents and liquids, and starch syrup. The mixing ratio by volume is 1.5 : 2 : 1. Gas 
mixtures were filled in a soap bubble with 10 cm diameter and ignited by the electric spark. Gas 
concentration were adjusted to satisfy O2:(N2+Ar) = 21:79. The distance between the electrodes was 8 
mm and voltage of the igniter was 15 kV. The flame propagation phenomena in an open space was 
imaged with Schlieren photography and recorded using a high-speed camera (Phantom VEO410, 
NOBBYTECH) at 5,000 frames per second. The blast wave was simultaneously recorded by a 
microphone (PCB piezotronics), which is distant 1 m from the center of explosion.  

 

Figure 1. Laboratory-scale experimental apparatus 

 

2.2 Large-scale experimental apparatus and procedure 

The schematic diagram of the large-scale experimental setup is shown in Fig. 2. H2, O2, and Ar were 
enclosed in a cubic plastic tent of thin vinyl sheet of 1 m3, and ignited with an electric spark. Flame 
propagation was photographed with the high-speed cameras (Phantom VEO410, NOBBYTECH) at 
5,000 frames per second and blast wave was recorded with piezoelectoric pressure sensor（PCB 
piezotronics）3 m from center of explosion. The distance between the electrodes is 5 mm. Voltage of 
the igniter is 15 kV. Gas concentration in the plastic tent was measured using a high response gas 
sensor [7, 8]. Gases were enclosed by the following procedure: 1. turn on a circulation pump and a fan. 
2. inject Ar into the plastic tent as much as possible. 3. inject O2 into the plastic tent until O2 
concentration return to 21 vol%. 4. inject H2 up to a certain concentration. The plastic tent design is 
shown in Fig. 3. This is a cube 1 m on a side. There are electrodes for spark on the center and a mixing 
fan on the bottom. 
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Figure 2. Large-scale experimental apparatus 

 

 

Figure 3. Schematic of a plastic tent for field experiments 

 

3 RESULTS AND DISCUSSIONS 

3.1 Flame behaviors 

3.1.1 Laboratory-scale experiments 

The Schlieren images of hydrogen-air flames of  = 0.6, 1.8 with N2 or Ar in the laboratory-scale 
experiments are shown in Fig. 4. The flame for  = 0.6 is remarkably unstable than that for  = 1.8, 
notwithstanding different inert gas. This is because of the effect of diffusional-thermal instability, 
which can be estimated Lewis number. The Lewis number is defined as [1]. 

Le =α / D           (1) 

α is the thermal diffusivity, and D is the mass diffusivity of the deficient reactant. For Le < 1, the 
influence of the mass diffusivity strongly dominated, the thermal diffusivity weakly affected, 
consequently a cellular structure on the flame surface observed. For Le > 1, the influence of the 
diffusivity oppositely dominated in the propagating process, conversely the flame structure is smooth 
and stable. Diffusion of H2 is much faster than that of O2. Therefore, on  = 0.6, Le < 1 and cellular 
structures developed [9, 10].  
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(a)  = 0.6, N2 63 vol%, Ar 0 vol% 

 

(b)  = 0.6, N2 0 vol%, Ar 63 vol% 

 

(c)  = 1.8, N2 45 vol%, Ar 0 vol% 

 

(d)  = 1.8, N2 0 vol%, Ar 45 vol% 

Figure 4. Schlieren images of expanding spherical flame 

 

Figure 5 shows the time histories of flame radius at various concentration in the laboratory-scale tests. 
The increasing tendency of the flame speed with an increasing of Ar is captured. This is because the 
expansion ratio and the laminar burning velocity increase due to an increase in flame temperature. 

Figure 6 shows the dimensionless burning velocity, (dr/dt) / (εSL), as a function of dimensionless 
flame radius, r/δ, for the laboratory-scale tests, where ε is volumetric expansion ratio of gas, SL is 
unstreched laminar burning velocity and δ is the laminar flame thickness. The values of ε, SL, and δ 
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were calculated by CHEMKIN. The laminar flame thickness was estimated by the temperature 
gradient method [11].  

𝛿 = 
       ( ⁄ )

          (2) 

where Tf, Ti, and (dT/dx)max are the flame temperature, unburned gas temperature, and maximum 
temperature gradient, respectively.  

The flame acceleration was observed at  = 0.6, although the flame speed is almost constant at  = 1.0 
and 1.8, as shown in Fig. 6. This is indicated that the flame acceleration was affected by the 
diffusional-thermal instability, and the influence of DL instability has not yet appeared in the 
laboratory-scale experiments. 

 

(a)  = 0.6 

 

(b)  = 1.0 
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(c)  = 1.8 

Figure 5. The time histories of flame radius at various concentrations (laboratory-scale tests) 

 

 
Figure 6. Dimensionless burning velocity versus dimensionless flame radius (laboratory-scale tests) 

 

3.1.2 Large-scale experiments 

Table 1 gives a summary of the initial large-scale test conditions and calculated results from 
CHEMKIN. Fig. 7 shows the images of expanding hydrogen flame of the case B-2 ( = 1.02, Ar 44 
vol%).  A spherical flame in the plastic tent was clearly observed and the image permits the analysis of 
the instantaneous flame radius and its speed. 
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Table 1. Summary of test conditions and results 

  Concentration [vol%]  ρu/ρb SL  δ rc 

  H2 O2 N2 Ar [-] [-] [m/s] [cm] [cm] 

A-1 23 16 61 0 0.71 6.31 1.11 0.0342 3.0 

A-2 22 17 18 43 0.66 6.99 1.45 0.0341 <1.0 

B-1 30 15 55 0 1.03 7.13 2.16 0.0329 6.5 

B-2 31 15 10 44 1.02 8.06 2.71 0.0348 4.5 

C-1 43 12 45 0 1.77 6.62 2.70 0.0304 8.3 

C-2 42 14 13 31 1.50 7.84 3.70 0.0328 6.0 

 

   

Figure 7. images of flame propagation of B-2( =1.02, Ar 44 vol%) 

 

Figure 8 shows the time histories of flame radius at various concentration in the large-scale tests. In 
Fig. 8, the measured flame radius is compared with that calculated by unstreched laminar flame radius, 
r = εSLt. In the initial stage of the propagation, the measured flame radius is in agreement with the 
calculated radius. As the flame propagates, the onset of flame acceleration is observed. Figure 9 is the 
graph of dimensionless burning velocity as a function of dimensionless flame radius for the large-scale 
tests. In Fig. 9, the effect of difference in equivalence ratio was remarkable, although the effect of 
difference in expansion ratio was also weak. At  =1.0 and 1.8, the flame acceleration was not 
observed in the laboratory-scale tests, but was observed in the large-scale tests. Therefore, this 
acceleration was caused by DL instability. At  = 0.6, the flame acceleration was observed in both 
laboratory-scale and large-scale tests. In addition, in Fig. 9, the flame acceleration was much faster at 
 = 0.6 than at  = 1.0 and 1.8. This indicates that the effect of DL instability is intensified at the 
condition  = 0.6, when diffusional-thermal instability is effective. 

Figure 10 shows the flame speed as a function of flame stretch rate K on the case B-1. K is calculated 
from eq. (3) 

𝐾 =             (3) 

The stretch effect of an outwardly propagating spherical flame is strong on the initial stage of flame 
propagation, and the effect progressively decreases with the flame propagation [11, 12]. As seen in 
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Fig. 10, the measured flame speed suddenly increases for critical values of K, corresponding to the 
points where the onset of flame acceleration occurs. As the stretch effect is further reduced, the flame 
speed at r ≥ rc increased dramatically into the cellular regime. The critical flame radius, rc, as the 
transition point to cellular regime of DL instability was defined [13-16].  

The experimental results of rc are summarized in Table 1. The rc values decreased with a decrease in  
owing to the diffusional-thermal instability. This is demonstrated that the diffusional-thermal 
instability promotes the presence of DL instability. In addition, the value of rc decreased with an 
increase in ε. This is indicated that the volumetric gas expansion also promotes the influence of DL 
instability. 

 

  

A-1 A-2 

  

B-1 B-2 

  

C-1 C-2 

Figure 8. The time histories of flame radius at various concentrations (large-scale tests) 
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Figure 9. Dimensionless burning velocity versus dimensionless flame radius (large-scale tests). 
 

 

Figure 10. Measured flame speed at different flame stretch rate for the case B-1. 

 
3.2 Blast wave 

The time histories of overpressure of the laboratory-scale and large-scale tests are shown in Figs. 11 
and 12. At any equivalence ratio, the blast wave was greatly raised with an increase in Ar content 
ratio. This result can be explained by the acoustic theory. The relationship between the flame speed 
and overpressure can be expressed by eq. (4) [4, 5]. 

𝑃(𝑡) =           (4) 

Eq. (4) can be transformed to following equation: 

𝑃(𝑡) =  2𝑟𝜀 + 𝑟       (5) 

where l is the distance from the ignition position, ε is the expansion ratio, ρ0 is the density of the 
medium, r is the flame radius and τ is the traveling time of blast wave to the observed point. This 
equation indicate that the intensity of the blast wave depends on the square of the flame speed and the 
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flame acceleration. The second term on the right-hand side of the formula demonstrates the influences 
of the acceleration on the blast wave in the large-scale explosions. 

Figure 13 shows that the overpressure calculated by using eq. (5) with the measured flame speed 
compared with that measured from the experiment. The calculated values are well consistent with 
those in the experiments. It is also confirmed that the overpressure was proportional to about the 
square of flame speed, and this is why overpressure was greatly intensified. 

 

(a)  = 0.6 

 

(b)  = 1.0 

 

(c)  = 1.8 

Figure 11. The time histories of overpressure at various concentrations (laboratory-scale tests) 
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Figure 12. The time histories of overpressure at various concentrations (large-scale tests) 

 

 

Figure 13. Measured overpressure compared with the calculation from eq. (5) (laboratory-scale tests) 

 

5 CONCLUSIONS 

Studies on gas explosions of H2-O2-N2-Ar mixtures were conducted in laboratory-scale and large-scale 
experiments. When expansion ratio was larger, the critical radius rc became smaller. This indicates 
that large expansion ratio promotes the onset of DL instability. However, it was not easy to examine 
the effect of expansion ration on the dimensionless burning velocity in the experimental conditions 
performed in this study. It was found that the flame speed was more accelerated even if the flame scale 
was large at fuel lean condition, in which diffusional-thermal instability is effective. It was also 
confirmed that the measured intensity of blast wave became much stronger when the flame was 
accelerated. It is desirable to perform the experiments at much various conditions of expansion ratio in 
the future studies. 

 

Acknowledgment 

This work was supported by JSPS KAKENHI Grant Number JP18H03822. 



12 

REFERENCES 

1. Williams F A., Combustion theory, 1985, Westview Press, U.K.  
2. Kim W., Mogi T., Dobashi R., Flame acceleration in unconfined hydrogen/air deflagrations using 

infrared photography, Journal of Loss Prevention in the Process Industries 26, 2013, 1501-1505  
3. D. Bradley, T.M. Cresswell, J.S. Puttock, Flame acceleration due to flame-induced instabilities in 

large-scale explosions, Combustion and Flame 124, 2001, pp. 551-559 
4. Thomas, A., and Williams, G., Flame noise: Sound emission from spark-ignited bubbles of 

combustible gas, Proceedings of the Royal Society A 294, 1996, pp. 449-466.  
5. Hurle, I., Price, R., Sugden, T., and Thomas., Sound Emission from Open Turbulent Premixed 

Flames, Proc. R. Soc. Lond. A 303, 1968, pp. 409-427 
6. Dobashi, R., Kawamura, S., Kuwana, K., Nakayama, Y., Consequence analysis of blast wave from 

accidental gas explosions, Proceedings of the Combustion Institute 33, 2011, pp.2295-2301 
7. Mogi, T., Nohmi, T. and Dobashi, R., Measurement of hydrogen mixing process by high response 

hydrogen sensor, International Conference on hydrogen Safety, 11-13 September 2017. 
8. Nohmi, T. and Mogi, T., Monitoring H2 by Real Time H2 sensor, International Conference on 

hydrogen Safety, 11-13 September 2017. 
9. Kwon, O. and Feath, G., Flame/Stretch Interactions of Premixed Hydrogen-Fueled Flames: 

Measurements and Predictions, Combustion and flame 124, 2001, pp. 590–610  
10. Qiao, L., Kim, C., Feath, G., Suppression effects of diluents on laminar premixed 

hydrogen/oxygen/nitrogen flames, Combustion and Flame 143, 2005, pp. 79–96 
11. Law, C. and Sung, C., Structure, aerodynamics, and geometry of premixed flamelets, Progress in 

Energy and Combustion Science 26, 2000, pp. 2459-2505. 
12. Law, C., Combustion physics, Cambridge University Press, 2006, New York 
13. Kim, W., Mogi, T., Kuwana, K., Dobashi, R., Self-similar propagation of expanding spherical 

flames in large scale gas explosions, Proceedings of the Combustion Institute 35, 2015, pp. 2051-
2058 

14. Kim, W., Mogi, T., Kuwana, K., Dobashi, R., Prediction model for self-similar propagation and 
blast wave generation of premixed flames, International Journal of Hydrogen Energy 34, 2015, 
pp. 11087-11092 

15. Kim, W., Inamura, T., Mogi, T., Dobashi, R., Experimental investigation on the onset of cellular 
instabilities and acceleration of expanding spherical flames, International Journal of Hydrogen 
Energy 42, 2017, pp. 14821-14828 

16. Kim, W., Sato, Y., Jogasaki, T., Endo, T., Shimofuri, S., Miyoshi, A., Experimental study on self-
acceleration in expanding spherical hydrogen-air flames, International Journal of Hydrogen 
Energy 43, 2018, pp. 556-564. 


