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ABSTRACT 

A series of experiments on hydrogen flame propagation in a thin layer geometry is presented. 
Premixed hydrogen-air compositions in the range from 6 to 15%(vol.) H2 are tested. Semi-open 
vertical combustion chamber consists of two transparent Plexiglas side walls with main dimensions of 
90x20 cm with a gap from 1 to 10 mm in between. Test mixtures are ignited at the open end of the 
chamber so that the flame propagates towards the closed end. Ignition position changes from top to 
bottom in order to take into account an effect of gravity on flame propagation regimes. High-speed 
shadow imaging is used to visualize and record the combustion process. Thermal-diffusion and 
Darrieus-Landau instabilities are governing the general flame behavior. Heat losses to side walls and 
viscous friction in a thin layer may fully suppress the flame propagation with local or global 
extinction. The sensitivity to heat losses can be characterized using a Peclet number as a ratio of layer 
thickness to laminar flame thickness. Approaching to critical Peclet number Pec = 42 the planar or 
wrinkled flame surface degradates to one- or two-heads “finger” flame propagating straight (for two-
heads flame) or chaotic (for one-head “finger” flame). Such a “fingering” of the flame is found for the 
first time for gaseous systems and very similar to that reported for smoldering or filtering combustion 
of solid materials and also under micro-gravity conditions. The distance between “fingers” may 
depend on deficit of limiting component. The processes investigated can be very important from 
academic and practical points of view with respect to safety of hydrogen fuel cells.  

1.0 INTRODUCTION 

Safety problem of hydrogen – air mixtures in a specific thin layer geometry typical for hydrogen fuel 
cells is recently analyzed in details [1]. The major danger of hydrogen fuel cells is the hydrogen 
gathering in a gap between fuel cell elements and a metal housing. In presence of an air atmosphere 
inside the gap at the initial state, a mixing with leaked hydrogen leads to formation of an explosive 
composition which, in turn, can be ignited by electric spark inside of the fuel cell and then accelerates 
to speed of sound and even detonates. The diagram of state for flame propagation regimes in a thin 
smooth layer geometry (Fig. 1) taken from [1], shows experimental and calculated limits for flame 
quenching and effective flame acceleration depending on mixture reactivity and a layer thickness. 
Both limits are based on a set of dimensionless parameters as critical Peclet number Pe = L/δ, as a 
ratio of characteristic gap size L = h to laminar flame thickness δ, expansion ratio σ = ρu/ρb, the 
densities ratio of unburned and burned material as flame acceleration potential, Lewis number, Le, and 
Markstein number Ma, to characterize thermal-diffusion flame instability [1-2]. For flame acceleration 
(FA) the critical Peclet number PeFA = 100, for quenching distance PeQ = 42. The critical conditions 
for flame propagation regimes were given for a thin layer enclosure in a vertical orientation. 
Experimental quenching limit is very close to calculated one based on critical Peclet number. The 
diagram of state (Fig. 1) shows no flame acceleration to speed of sound in a smooth channel without 
obstructions. A metal grid introduced inside the combustion channel due to blockage of the channel 
cross-section in 12 to 60% promotes the flame acceleration to speed of sound and even detonation 
(Fig. 2). Both limits are very close to calculated for flame acceleration at PeFA = 100 for flame 
acceleration and h/λ > 0.4 for detonation onset, where h is the gap size and λ is the detonation cell 
size. There is an uncertainty domain between FA and DDT limits to be investigated further. 
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Figure 1. Combustion regimes for hydrogen-air mixtures in a thin smooth layer geometry. 

 

Figure 2. Combustion regimes for hydrogen-air mixtures in a thin layer geometry with metal grid: 
points are experimental data [1]; lines are calculations based on critical Peclet numbers PeQ = 42 (blue 

dotted), PeFA = 100 (black dashed), detonation onset h/λ > 0.4 (black solid line) 

In a smooth channel, without obstructions, there is no reasons for turbulence except the boundary 
layer. It needs much longer distance and time to establish well-developed turbulence a front of the 
flame (Fig. 1). Then, special attention should be paid to different mechanisms of self-acceleration due 
to the flames instability that completely modify the flame behavior compared to a planar front and also 
reduce the run-up-distance to significant flame acceleration (potentially, to speed of sound). As found 
in [1, 3], thermal-diffusion, Darrieus-Landau and Rayleigh-Taylor instabilities will play the governing 
role in a flame acceleration mechanism for lean hydrogen-air mixtures in a thin smooth channel. All 
the instabilities lead to wrinkling of the flame surface with its area significant increase. As shown 
theoretically by numerical integration of Sivashinsky equation [3-5] and experimentally by using a 
laser tomography [6] flame wrinkling due to thermal-diffusion, Darrieus-Landau instabilities leads to 
1.4 – 1.6 times of flame surface increase. It may result in an equal flame velocity amplification factor 
of 1.4 – 2.  

Another limiting case is the flame extinction and flame behavior near the quenching limit in presence 
of heat losses and steam condensation in a thin layer geometry. With a lower reactivity and a thinner 
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layer thickness the flame approaches to the extinction limit, according to Figs. 1 and 2. As shown in 
[1], the flame surface loses a continuity due to a local extinction and separates in several fingers 
propagating almost independent in a direction of unreacted fuel. Then, as long as such finger flames 
propagate, the fuel in between fingers is consumed and extinction zone appears behind the head of the 
flame. The flame transforms to so-called ball-flames [7]. For low Lewis number flames, such flame 
balls can exist near the lean limit at micro-gravity conditions. The authors [7] have numerically 
predicted a critical hydrogen concentration of 10.7% mol. for-2D flame balls (ϕ = 0.288). Such purely 
diffusion controlled flames may exist at microgravity conditions, as experimentally obtained by 
Ronney [8]. A hypothesis of Zeldovich [9] that such unstable flame structure can exist and be 
stabilized by heat losses at normal gravity was for the first time confirmed in paper [1]. According to 
[1], separate flame balls were existing and propagating for a long time in a thin gap of 1-2 mm in 
presence of strong heat losses to the side walls. After an ignition, the flame balls were initially formed 
as a group of bubbles lifting upward until solid interface. The separation distance between balls was 
controlled by the amount of hydrogen required for stable burning of each of the balls. Then, after 
reaching upper solid surface, the only one ball was alive and propagated along the surface towards the 
fresh mixture. A tail of hot unburned combustion products was following behind the head of the flame 
until it was completely disappeared due to the diffusion of products to remaining cold fresh gas. The 
existence of such flame ball structure was supported by governing role of diffusion and heat losses to 
upper wall which don’t allow to form continuous flame surface. Nevertheless, it needs more detailed 
study of such unusual phenomena.  

An intermediate case of hydrodynamic instability would be so-called thermo-acoustic instability, 
which appears as a result of coupling between a reactive front and pressure waves present in a 
combustion chamber. The transfer of energy between the front and the acoustic waves competes with 
the different damping mechanisms present in realistic configurations, such as viscous damping or heat 
losses. This competition may lead to an amplification, thus yielding a destabilizing effect, or an 
attenuation of the waves. As was formulated since Rayleigh finding [10-11], the pressure fluctuations 
will amplify if the integral of product pressure and heat release fluctuations are positive over a cycle of 
pulsations. Previous experimental studies mostly investigated the behavior of premixed 
downward- propagating hydrocarbon flames in tubes [10-15], always moving towards the 
closed end of the chamber. Two main regimes were found by all these authors: the primary and 
secondary (parametric) acoustic oscillatory flames, as a result of the aforementioned coupling 
mechanism. For flames propagating in tubes, the authors defended an importance of laminar 
flame velocity on the transition from primary to secondary acoustic oscillations. The effect of 
the Markstein number on this transition introduced in [13] has to be proven further, because it 
appeared to be very sensitive to what method of Ma number evaluation was used. 

Main objective of current work is to investigate possible hydrogen flame propagation regimes in a 
thin layer geometry for lean hydrogen-air mixtures, especially approaching to the quenching 
limiting conditions. Flame structure and flame instability will be investigated as a function of 
mixture reactivity and a layer thickness. An effect of heat losses and steam condensation on flame 
propagation regimes should also be studied.  

2.0 EXPERIMENTAL SETUP AND PROCEDURE 

The experimental setup sketched in Figure 3 was built for this purpose. A vertical combustion 
chamber is fabricated of two 10-mm-thick flat Plexiglas plates separated by a PVC sealing hollow 
frame. The total volume enclosed by the cell is 900x200x(1-10) mm3 (L × W × h). Fuel and oxidant 
are mixed before entering the combustion chamber, controlling the fuel-to-air ratio with two EL-
FLOW mass flow controllers (MFC). The mixture is fed via an injection port located at the ignition 
side of the chamber, keeping this end closed. Injection port has upper location for less dense fresh 
mixture in contrary to bottom location of outlet port for more dense replacing air or more diluted 
mixture. The complete charge of the chamber is checked at the outlet line using a gas analyzer 
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Rosemount TM CT5400 until outlet gas will reach inlet gas concentration. The facility is similar to 
that in [1] with the difference that after a time of exposure, the ignition end (either top or bottom) is 
fully reopened and the mixture ignited simultaneously by a spark plug. A time span of 500 ms between 
opening of the side cover and ignition moment is provided to exclude an effect of turbulence and shear 
layer on initial flame development. 

A Z-shape Schlieren system is used to capture high-speed images of the flame front. A LED light 
source, two 280-mm-diameter mirrors, a set of lenses and a high-speed camera (Photron FASTCAM 
SA 1.1) form the parallel light beam of optical system. Due to the limited size of the mirrors, only 
partial visualization of the flame was possible during each experiment. The chamber can be shifted 
vertically to change the region of interest, thus capturing the whole channel length in several attempts. 
Additionally, a pressure sensor PCB M113B12 with an over-pressure range up to 750 mbar is located 
at the bottom of the chamber to measure the inner over-pressure. The sensor is sensitive enough to 
capture even acoustic oscillations.  

 

Figure 3. Schematic of the experimental setup. Z-shape Schlieren system used for image acquisition. 
The dimensions of the cell are L × W × h, g is the gravity. The black arrows at the top end of the 

chamber represent a free release of the combustion products. 

A series of more than three hundred experiments was performed during the experimental campaign. 
Three main parameters were varied in order to study their effect:  

1. The combustion chamber thickness (h) was modified (from 1 mm to 10 mm) to assess its 
effect. Mainly, the heat losses to the walls and then to ambient air are magnified when 
decreasing the gap between the two parallel plates. Likewise, viscous dissipation begins to 
play an important role.  

2. The mixture reactivity by changing of hydrogen concentration or equivalence ratio of the 
mixture (φ) was studied. A huge range of this parameter was checked, from very lean 
mixtures approaching to Lower Flammability Limit (LFL) equal to 4%H2 (approximately φ 
= 0.1) to rich mixtures up to 45%H2 (φ = 2). It mainly modifies the combustion characteristic 
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of the flames (e.g. adiabatic flame temperature, flame thickness and laminar speed, etc.), 
finding very different regions depending on this particular parameter. The Markstein number 
as a measure of thermal-diffusion flame instability is changing from negative to positive 
(Table 1). 

3. Ignition position at the open end was also changed from top to bottom in order to investigate 
an effect of gravity on flame propagation regimes. The gravity is expected to be a dominant 
factor for very low flame velocities approaching to LFL. 

Additionally, the ignition time and energy had to be modified depending on the experiment conditions. 
When going down to very thin combustion chambers (or to very lean mixtures), it becomes more 
difficult to obtain a efficient ignition of the flammable mixture.  

Main properties of tested mixtures are collected in Table 1. The properties as function of molar 
hydrogen concentration or equivalence ratio ϕ were calculated using STANJAN [16] and Cantera 
codes [17] with detailed chemistry, where Le is the Lewis number; β is the Zeldovich number; Ma is 
the Markstein number, SL is the laminar flame velocity and Tb is adiabatic combustion temperature. 
The Markstein number changes the sign at about 20%H2 with a changing of sensitivity to thermal-
diffusion instability.  

Table 1. Main properties of tested mixtures. 

%vol. H2 ϕ Tb [K] SL [cm/s] Le β Ma 
4 0.10 620 1.0 0.31 6.37 -3.85 
5 0.13 700 1.8 0.32 6.23 -3.55 
6 0.15 784 2.9 0.32 5.91 -3.07 
7 0.18 861 4.3 0.33 5.68 -2.72 
8 0.21 938 6.1 0.34 5.44 -2.39 
9 0.24 1013 8.6 0.34 5.21 -2.08 

10 0.26 1093 11 0.34 4.99 -1.80 
12 0.32 1244 19 0.35 4.59 -1.39 
14 0.39 1393 28 0.36 4.25 -0.97 
15 0.42 1466 35 0.36 4.09 -0.80 
20 0.60 1824 87 0.40 3.49 -0.13 
25 0.79 2147 154 0.41 3.02 0.28 
30 1.02 2389 220 0.90 2.60 0.90 
35 1.28 2317 253 1.09 2.83 1.20 
40 1.59 2181 276 1.98 2.98 1.24 
45 1.95 2076 280 2.10 3.10 1.30 
50 2.38 1902 248 2.09 3.34 1.35 
60 3.57 1639 180 2.30 3.70 1.50 

 

3.0 MAIN RESULTS AND DISCUSSION 

Depending on combination of the parameters analyzed (hydrogen concentration + layer thickness) 
different flame propagation regimes were found. Figure 4 represents the maximum over-pressure 
acquired during the tests. The maximum over-pressure is an integral characteristic of the kind of 
instability that governs the flame propagation. The dependence of maximum combustion pressure 
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versus hydrogen concentration has two peaks. The first one marked as a black frame is for very lean 
mixtures with a negative Markstein number tending to a high sensitivity to any flame disturbance and 
flame curvature. The process in this area governs by thermo-acoustic instability. The second larger 
pressure peak corresponds to a stable flame propagation regime for positive Markstein number without 
visible oscillations. The pressure continuously increases with a linear flame propagation velocity 
increase. If it would be no opening and no heat losses to the wall as shown in [1] then the pressure 
would reach adiabatic combustion pressure Picc. Otherwise, the maximum combustion pressure 
reduces proportionally to specific surface, S/V, (surface to volume ratio) increase or layer thickness, h, 
decrease.  

 

 

Figure 4. Maximum combustion pressure as function of hydrogen concentration in the channel 
(upper); over-pressure signals obtained in the interior of a h = 6 mm chamber for different φ (lower). 

3.1 Thermo-acoustic Instability 

For very lean mixtures (from 9.5% up to 15% of hydrogen) with sufficiently thick chamber (h > 4 
mm), thermo-acoustic instability controls the flame propagation. Two main thermo-acoustic regimes 
were found. Figure 5(a)-(f) are several snapshots of a secondary (parametric) acoustic instability 
experiment. Once ignited, the flame soon rumples due to hydrodynamic and thermo-diffusive 
instabilities reminding of very wrinkled petals (a). Further down to the chamber (b), flame oscillations 
with determined frequencies (f ≈ 85 − 105 Hz) are amplified by the presence of the reactive front, 
undergoing a feedback mechanism. Here, the flame becomes almost planar and oscillates at the 
acoustic frequency with a low-amplitude motion (|UL| < 0.75 m/s). Shortly (c), the pressure waves are 
further magnified triggering the transition to the secondary regime, making it possible to observe small 
wrinkles (λφ=0.34 ≈ 6.5 mm) forming on top of the planar front. Under the effect of such high-
amplitude pressure waves (d-e), the outline of the flame changes drastically. It forms characteristic 
regular wrinkles bigger than before (λφ=0.34 ≈ 25 mm), with long funnels penetrating towards the hot 
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products. The flame oscillates at the acoustic frequency with velocity peaks of (|UL| ≈ 4 m/s). At the 
next period, the tips at the mid position of the flame cells now form the long funnels, resulting in a 
period doubling at these particular points (mid-points of the cells and funnels). Nevertheless, the 
average frequency of the motion matches that of the pressure waves. Finally (f), the amplitude of the 
movement is reduced as well as the size of the wrinkles, recovering that of the transition.  

 

Figure 5. Shadow images of a flame propagating in the secondary acoustic oscillations regime  
(φ = 0.34 < φc) captured at different times, t. The scheme at the left of each image represents the 
region captured during the experiment. The arrow at the right indicates the approximate vertical 

position of the mid-point of the front measured from the open top end. 

 

 

Figure 6. Shadow images of a flame propagating in the primary acoustic oscillations regime  
(φ = 0.47 > φc) captured at different times, t. 
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For H2-air mixtures richer than (φc = 0.44) only primary acoustic oscillations are observed. Figure 6 
(a)-(c) were taken from videos of flames propagating under the primary acoustic instability. At the 
beginning (a), the flame shows a similar petal-like shape to that of the preceding example. At 
approximately half of the combustion chamber (b), the front experiences small-amplitude (|UL| ≈ 0.5 
m/s) oscillations with a frequency of f ≈ 135 Hz that make the front planar, lasting until the end of the 
chamber (c).  

Furthermore, for channels with h ≤ 8 mm the pressure waves are highly attenuated due to energy 
losses when φ ≤ 0.32, recovering the primary acoustic oscillations. Figure 7 shows two characteristic 
images of such a flame propagating at a 4-mm gap size. It behaves as explained before for thicker 
channels. One important feature is the appearance of local extinction zones (red circles in Fig. 7(b)). 
This is a symptom of the importance of heat losses when close to the flammability limit. The 
quenching zone will be enlarged as less the mixture reactivity and as thinner the gap. 

 

Figure 7. (a)-(b) Post-processed shadow images of a flame propagating in the new primary acoustic 
oscillations regime for φ = 0.32 and h = 4 mm. The red circles remark the partially-quenched areas. 

3.2 Flame Fingering 

Under certain conditions approaching to local extinction limit (Fig. 8 (a), Fig. 9 (a)), a novel instability 
was discovered. The tested flames can form isolated flame balls that travel in straight direction at a 
constant velocity until end of the chamber or extinction and show a high-curvature reaction front.  

(a) 9.5% H2  (b) 10% H2  (c) 20% H2 

   

Figure 8. Water path left by the flame cells after its propagation. The flame travels from the bottom to 
the top of the chamber. 
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 (a) 10.25% H2  (b) 10.5% H2  (c) 11% H2 

   

Figure 9. Water path left by the flame cells after its propagation. The flame travels from the top to the 
bottom of the chamber. 

The one- or two-heads flame front can be formed by a single or a couple of flame balls propagating 
almost straight up- or downward independent of the effect of gravity. Since reaction takes place at a 
convex semi-spherical surface, a track of combustion products behind the front forms almost vertical 
trace looking as a finger. In general, it is a history or a flame propagation trajectory probably fixed by 
condensed steam on sidewalls. Such a regime is a bounding behavior near the extinction limit due to 
heat losses to the sidewalls. Similar behavior was found in [1] for a horizontal thin layer chamber. The 
existence of the flame balls with a finger of combustion products was supported by local flame 
extinction due to energy losses as predicted by Zeldovich [9]. Local extinction does not allow to 
propagate a planar flame and provides high curvature flame balls. The fractal dimension of such flame 
structure is in the range 1.4 – 1.5 and approaches to 1 as for 1D-process. Normally, in 3D-geometry, 
such purely diffusion controlled flames may only exist at microgravity conditions, as experimentally 
obtained by Ronney [8]. 

In slightly richer mixtures, a different behavior is found. So called single or multiple “finger” flames 
bifurcate into several branches that travel in transverse direction to the vertical axis, propagating as 
fractals with a characteristic fractal dimension of around 1.6-1.8. In this case, both one and two-heads 
flames can coexist, forming characteristic chaotic patterns that remind of a snowflake or a tree. Double 
heads branches, as more stable, propagate more straight creating more regular tree structure. One head 
branches are completely chaotic. Figures 8(b) and 9(b) are the images taken during the experiments 
representing the mentioned behavior. This opens a lot of questions on why this kind of novel 
propagation instability appears, how does it behaves, etc. The process is more similar to the instability, 
which appeared for filtering and smoldering combustion under micro-gravity conditions [18-19]. The 
“fingering” process is diffusive in nature. Due to the competition between chemical reactivity and 
diffusion, for more reactive materials a single finger front evolves into multiple fingers which can 
exhibit tip splitting.  

For more reactive mixtures, the process governs by thermo-diffusion and Darrieus-Landau 
instabilities. Typical flame shape as a fractal structure is shown in Figs. 8(c) and 9(c). A continuous 
flame surface without quenching zones is typical for such behaviour. The more is the mixture 
reactivity and flame stability (Ma > 0) the more will be an efficient radius of curvature until it reaches 
the scale of combustion chamber. Further development of flame front leads to thermo-acoustic 
instability as described in Chapter 3.1.  

The diagram of state of flame propagation regimes in a thin layer geometry under open-end ignition is 
shown in Fig. 10 for two different orientations: bottom ignition (left) and upper ignition (right). The 
fingering regions with single or multiple fingers and also with branching of fingers into a tree or 
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fractal structure are very sensitive to hydrogen concentration. In some cases, the difference of 
0.25%H2 might lead to completely different behavior, from a single finger to a fractal flame. A gap 
size above 6 mm results into usual flame behavior as for 3D-geometry.  

 

Figure 10. Diagram of state of flame propagation regimes. Fingering regions marked by grin and blue 
dash lines. The arrow indicates if the flame propagates up- (left) or downwards (right). Red crosses 

denote flammable region where the flame extinguishes in a near proximity to ignition source.  

3.3 Other behaviors 

In addition to those explained in detail, other kinds of flame propagation were figured out. For 
mixtures around stoichiometry, the flames oscillate violently with very high pressures at a different 
frequency to the acoustic one. The first hypothesis followed by the team is the influence of water 
condensation at sidewalls of the chamber. Moreover, when burning rich mixtures, almost no important 
nor characteristic features with a flame instability can be reported. In reality, we found more than three 
characteristic flame propagation regimes near the flammability limits in a thin layer. Some of them 
look very strange and we did not mention yet because they need more analysis. 

3.0 CONCLUSIONS 

Thermo-acoustic instabilities in narrow channels is studied experimentally for very lean hydrogen- air 
premixed flames. In particular, the effect of different parameters (e.g. equivalence ratio, channel 
thickness) on the transition from the primary to the secondary regime is assessed.  

During the primary acoustic oscillations, the flame remains mostly unperturbed by the pres- sure 
waves. It flattens and oscillates at a determine frequency until it reaches the end of the channel. When 
the regime changes, the front experiences violent oscillations and presents a characteristic finger-like 
shape. 

Regarding the effect of the equivalence ratio, the transition from primary to secondary acoustic 
oscillations happens for mixtures leaner than φc = 0.44. This point corresponds to a critical Markstein 
number of Mac = −1.17 under the prescribed geometrical conditions (i.e. h = 10 mm). The Markstein 
number is the best candidate to control the transition between the two described regimes because of its 
monotonic variation with equivalence ratio, decreasing for leaner mixtures. This points out the 
importance of flame stretch on triggering the secondary thermo-acoustic instability. 

Furthermore, the effect of the combustion chamber thickness was studied by varying h from 10 mm 
down to 4 mm. Three main modifications are found when reducing this parameter. First, the maximum 
acoustic pressure reduces for thinner channel as the viscous losses become more important. Second, 
the transition from the primary to secondary regimes appears at leaner hydrogen-air mixtures. Finally, 



11 

 

the primary acoustic oscillations are recovered for channels whose thickness is h ≤ 8 mm for very lean 
(φ = 0.32) mixtures. 

For the first time very unusual flame behaviour was found approaching to flame extinction. Due to 
heat losses and local extinction, the flame character changes from a fractal shape typical for Darrieus-
Landau instability to a finger flames typical for filtering and smoldering combustion [18-19]. There is 
a branching of the fingers with formation of a tree structure. Some branches may extinguish if a local 
deficit of fuel is met. As long as the gap is smaller or hydrogen concentration is lower, the branches 
occurred less and less dense until the multiple finger structure degradates to a single finger. They 
behave more stable being a double heads or they behave very chaotic being a one head in the nature. 
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