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Abstract 
The paper deals with the assessment of the stability characteristics of gas flames, 
through the analysis of their morphology. The activity has been carried out in the 
DHARMA laboratory of Istituto Motori – C.N.R., where the burning properties of 
combustible gases are investigated in conditions representative of i.c. engines and 
gas turbines. 
The experimental approach is based on the analysis of spherical expanding flames, 
in a high-pressure, constant-volume vessel. The flame growth is recorded with a 
high-speed, high-resolution shadowgraph system.  
The results have been obtained with mixtures of CH4, H2 and air, varying the initial 
pressure from 3 to 18 bar, and the amount of H2 in the mixture from 0 to 30%. 
Initial temperature was 293÷305 K and equivalence ratio φ=1.0. The explored 
range of operating conditions allowed to evaluate the relative weight and mutual 
interaction of two key parameters: the starting pressure and the H2 percentage. 
As well documented in literature, the tendency of a flame to become unstable can 
be inferred from the so-called “stretch analysis”, which, along with the laminar 
burning properties, delivers the Markstein length. The latter is a measure of flame 
stability. 
Evidence of instability, if any, eventually shows up as a series of morphological 
alterations of the smooth laminar surface, namely large cracks, followed by cellular 
structures. The appearance of these perturbations on the flame surface can be 
associated with two characteristic times, allowing the definition of two 
corresponding dimensions. Aim of the paper is to evaluate these critical radii as an 
effective marker of flame instability, as compared to the Markstein length. 
 
Introduction 
The renewed interest towards CH4 as a fuel for heat engines has been driven by the 
need to reduce CO2 emissions, since methane is the hydrocarbon with the lowest 
C/H ratio. This feature can be further improved through the addition of H2: while 
this species enhances the burning properties of CH4, it can promote instabilities in 
the form of self-accelerating wrinkled flames. With reference to i.c. engines, this 
kind of flame propagation is known as a possible source of knock, hence the 
interest in CH4-H2 flame instability [5]. 
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Experimental setup and procedures 
The DHARMA laboratory is built around a high-pressure (≤ 200bar), optically-
accessible, cylindrical chamber (i.d. = 70 mm, h = 90 mm), made of stainless steel. 
The mixture is ignited with an automotive inductive ignition system (energy ≤ 60 
mJ). Combustion pressure is monitored by a high-frequency (500 kHz) dynamic 
transducer. Mixture is prepared from high purity gases with the partial pressures 
method. System operation is fully automated, to maximize safety and repeatability 
of the tests. A parallel-beam, direct shadowgraph diagnostic scheme has been 
implemented with a c.w. DPSS laser (532nm) and a CMOS camera (Photron SA-
5), allowing for high-speed, high-res. imaging. Further details are given in [1]. 
 
Results and Discussion 
The propensity of a flame to become unstable can be inferred from the “stretch 
analysis” of an expanding spherical flame in the laminar (isobaric) regime, and can 
be expressed by the (burned-gas) Markstein length Lb. Positive values of Lb are 
associated to flames with speed decreasing with stretch (which are stable), while 
for negative Lb the flame speed tends to increase with stretch (becoming unstable). 
In the isobaric phase, the flame appears smooth, with little or no sign of distortion. 
Experimental evidence of instability appears later, when the flame travelling the 
chamber volume may go through various morphological alterations, namely the 
appearance of large cracks and of fine cellular structures [2-6].  
Figure 1 shows three sets of frames obtained in the case of pure and H2-enriched 
CH4 mixtures at 6 bar, at selected times after the spark: they were recorded at 7000 
fps and 1024x1024 pixel, with a shutter speed of 1 µs; optical magnification ratio 
was 3.27:1, resulting in a spatial resolution of 15.3 pixel/mm. 
 

 
Figure 1. Evolution of flame instability for CH4 - H2 mixtures, for different 

amount of H2 (0, 20 and 30% vol.). P0 = 6 bar. Window dia. 65 mm. 
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Figure 2. Critical radii for the onset of flame instability as a function of the 

starting pressure, for CH4 and H2-enriched mixtures (20 and 30% vol.). 
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At moderate values of the initial pressure (P0 = 6 bar), the CH4 flame keeps its 
smooth (laminar) appearance until it reaches the chamber walls. If even a moderate 
amount of H2 (20% vol.) is added to the mixture, large cracks start showing up on 
the flame surface. This effect gets more striking as long as the flame travels the 
chamber, and eventually these macroscopic structures are suddenly integrated by 
finer cellular structures [3, 6]. 
Increasing the initial pressure, the flame gets more unstable, even with pure CH4. 
At P0 = 12 bar, whatever the H2 amount in the mixture, the flame always exhibits 
deviations from the laminar morphology, which take place earlier in the process 
(that is at smaller radii). The typical sequence of large cracks followed by smaller, 
uniformly distributed “cells” is always present; only, the characteristic times are 
shorter as the amount of H2 increases, leading to an earlier appearance of cellular 
structures.  
As suggested by Law et al. [6], two characteristic instants can be identified: the 
first is related to the branching of large cracks across the flame surface, the second 
to the sudden appearance of cells, almost uniformly over the same surface, with a 
characteristic size much smaller than the large cracks. One can choose to adopt 
either instant as representative of the flame loosing stability: this allows to define 
two critical radii for the onset of instability: rcrack and rcell. Aim of the current study 
is the appraisal of these radii as a measure of flame instability.  
Figure 2 reports the values of rcrack and rcell as a function of the starting pressures, 
for different mixture compositions. Whatever the amount of H2 in the mixture, 
flames at P0 = 3 bar always show a laminar behaviour, hence the lack of data points 
in these conditions.  
In the case of CH4 combustion, at P0 = 6 bar, no evidence of cracks could be 
recorded, but a cellular structure appears when the flame reaches the chamber wall: 
these points were omitted, since they are likely influenced by additional 
phenomena, like flame-wall interaction. At higher initial pressure, it becomes 
possible to define both rcrack and rcell, even if a noticeable uncertainty affects the 
former radius. As widely reported in literature, adding H2 to CH4 has the effect of 
increasing the instability. Our findings confirm this trend, with a reduction of both 
critical radii, as long as the H2 amount is increased. This effect gets less strong as 
the pressure is increased: adding 30% of H2 to CH4 reduces rcell by 24% at 12 bar, 
and by 21.5% at 18 bar. 
The effect of increasing pressure on flame instability shows up as a progressive 
reduction of the critical radii: the flame departs earlier from the laminar regime, 
and mostly develops under a wrinkled regime, even in quiescent atmosphere. 
Due to the intrinsic ambiguity in the definition of the critical radius for the onset of 
crack branching (rcrack), this parameter exhibits a larger scatter and a less distinct 
trend than rcell.  
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Figure 3. Correlation between the critical radius for the onset of flame cellularity 

rcell, and the Markstein length. 
 

In order to assess the ability of such radii to describe flame stability, the results of 
the morphological analysis were compared with the findings of the flame stretch 
analysis for the same set of data [1]. In Figure 3 the critical radius for the onset of 
cellularity (rcell) is plotted against the Markstein length Lb, obtained in [1]; the 
critical radius for the onset of crack branching (rcrack) is shown in Figure 4. While 
the radius rcell exhibits a fairly good correlation with Lb, the radius rcrack shows only 
a qualitative agreement, with a large spread of the data.  
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Figure 4. Correlation between the critical radius for the onset of crack branching 

rcrack, and the Markstein length. 
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According to these results, it seems reasonable to accept rcell as a decent indicator 
of the instability of the flame, while rcrack can be hardly taken into account as a 
quantitative parameter.  
 
Summary 
The effect has been analyzed of the initial pressure and H2 content on the 
combustion of stoichiometric CH4-H2 mixtures. Flame instability characteristics 
were evaluated for mixtures with different H2 percentage (0%, 20% and 30%), 
equivalence ratio φ = 1, initial temperature T0 = 293÷305 K and initial pressure  
P0 = 3÷18 bar. 
Two critical radii have been under scrutiny as suitable descriptors of the flame 
stability: rcrack and rcell, corresponding respectively to the onset of cracks and of 
cellular structures on flame surface. 
Both were found to decrease when either the pressure or the H2 content in the 
mixture was increased: rcell showed a better correlation with the Markstein length 
than rcrack, resulting in an effective and easy-to-obtain indicator of flame stability.  
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