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ABSTRACT

The onset of Darrieus Landau and thermo-diffusive instabilities in an exploding spherical laminar flame is
marked by the value of the Peclet number, Pec, which is dependent upon the Markstein number. Values of
Pec for a number of different mixtures have been measured at 0.5 and 1.0 MPa in a spherical explosion
bomb. These values are presented as a function of the flame speed Markstein number, Mas, and it is found
that neither different pressures nor the different mixtures have a great effect on this correlation. Values
derived from much larger-scale atmospheric explosions of methane/air and propane/air also closely follow
the same correlation. This suggests data from high pressure laboratory explosions might be used to predict
the effects of large scale atmospheric explosions. Findings from other workers follow the same trend,
although different detailed results can arise from both different definitions of Markstein number, and
different measurement techniques.

Because of the importance of a necessary minimal stretch rate to stabilise a flame, a more logical and
fundamental criterion for the onset of this type of instability is one based on the flame stretch rate, such as
a critical Karlovitz stretch factor, K. As a result, the correlations are also expressed in terms of K, instead
of Peci. As Masr becomes highly negative, the regime of stability is severely reduced.

KEYWORDS: Darrieus Landau, thermo-diffusive instabilities, large-scale explosions, critical Peclet

number.

NOMENCLATURE

S stretched flame speed (m/s) Greek

Ss unstretched flame speed (m/s) o flame stretch rate (1/s)

u unstretched laminar burning 1) flame thickness (m)
velocity (m/s) v kinematic viscosity (m?/s)

Ly burned gas Markstein length (m) o unburned to burned gas density ratio

May flame speed Markstein number ¢ equivalence ratio

Ma,  burning velocity strain rate Subscripts
Markstein number cl critical

Pe,; critical Peclet number u unburned

K critical Karlovitz number b burned

r radius (m) ST stretch rate

t time (s)

INTRODUCTION

As the flame radius increases in a spherical explosion flame, the flame stretch rate decreases and
when it falls below a certain threshold, the Darrieus Landau and thermo-diffusive instabilities create
increasingly severe wrinkling of the initially smooth laminar flame surface. As the flame radius of
a spherical flame increases further, the wrinkling of its surface extends over an ever-increasing
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range of curvatures, resulting in an increasing flame speed and a strengthening of the pressure pulse
[1]. The resolution of the wrinkled surface, the derivation of its surface area and its increasing flame
speed have presented severe problems in attempts to mathematically model the phenomena, and
solutions have not been possible beyond a radius of a few cm. Consequently, semi-theoretical studies
have involved a combination of fractal analyses [2, 3] and experiments [4, 5], some on a larger scale,
extending to several metres [6-8].

A key parameter for the spherical flame is the critical flame radius, 7., that marks the onset of the
unstable flame with an increasing flame speed. Because of the thermo-diffusive character of the
instability, this would be expected to have a dependency upon the burning velocity strain rate
Markstein number, May.. The appropriate dimensionless radius is the Peclet number, Pe.;, comprising
re, normalised by the flame thickness, d, equal to the cold mixture kinematic viscosity divided by the
unstretched laminar burning velocity.

As a result, a key objective is to derive the flame speed, Pe., and Ma,,. If the dependency of Pe.; on
May, is independent of the pressure, then the high values of 7., that might occur in large atmospheric
explosions, could be predictable from measurements in smaller, high pressure, laboratory explosions.
This is because of the increase in Pe,; with increased pressure due to the reduction in J as the pressure
is increased. The purpose of the present paper is therefore two fold, first, to ascertain whether the
Pec/May, relationship that has been reported, is valid for a range of fuels at pressures higher than
atmospheric, and second, whether such relationships might predict the onset of instabilities in large
atmospheric explosions.

EXPERIMENTAL TECHNIQUE

Measurements of spherical flame propagation were made in a spherical stainless steel bomb with
three pairs of orthogonal windows of 150 mm diameter in [9]. The internal radius of the bomb was
190 mm. The bomb and mixture could be heated and the initial gas temperature was measured with a
sheathed chromel-alumel thermocouple. Four fans, driven by electric motors, located close to the
wall of the bomb initially mixed the reactants. With liquid fuels, it was vital to ensure all the liquid
was evaporated and the fans enhanced heat transfer and promoted mixing. Flame speeds, together
with the critical radii, 7., were measured for a variety of fuel/air mixtures, at constant pressure, by
high speed ciné imaging. The onset of flame cellularity and increasing flame speed are indicative of
the onset of Darrieus Landau, thermo-diffusive instabilities. The maximum possible measured flame
radii, r,, were 70 mm, set by the size of the window and increasing pressure. Pressures were 0.5 and
1.0 MPa, temperature 360 K, and equivalence ratios, ¢, of a variety of mixtures, ranged between 0.8

and 1.3. The flame speeds, S, = dr,/d¢t, changed with the leading radius of the flame front, r,, due to
the changing flame stretch rate, given by a = (2/r,)(dr./dt). Values of S, within the stable regime were
plotted against a. This relationship became more linear with increasing pressure and was extrapolated
to zero stretch rate to obtain the imaginary, notional, flame speed at zero stretch rate, Ss. This enabled
the Markstein length, L, to be obtained, from the expression.

S-S =L,a. (1)

The zero stretch rate laminar burning velocity, uy, is given by u; = Si/o, with ¢ the unburned/burned
gas density ratio. The length, L, and the radius r; were both normalised by the laminar flame
thickness, d, to yield the flame speed Markstein number Ma, and the critical Peclet number, Pe.,
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respectively. Fuller details of the techniques are provided in [9]. Values of ¢ and v were obtained
using GasEq [10].

EXPERIMENTAL RESULTS AND DISCUSSION

The measured values of Pe,;, at two pressures, are conveniently expressed most directly in terms of
the measured values of the flame speed May, as in Figs. 1 and 2. The symbols on the lowest of the
plots on each figure indicate the derived values of Pe,, for a variety of fuel/air mixtures, at pressures
of 0.5 and 1.0 MPa, respectively. Each experimental point is the mean from three explosions.
Bearing in mind the inevitable experimental scatter in both of the measured parameters, it is striking
that the influences of both the fuel and pressure are relatively small. It remains to be seen whether
such small scale laboratory determinations might be a guide to Pe.; values in much larger scale
explosions.
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Figure 1. Pe. variation with Ma for different fuel/air mixtures at 0.5 MPa. Dotted curve represents correlated
large scale atmospheric propane values from [7] and dashed curve large-scale atmospheric methane values
from [8].

To test this possibility, on the same figure, are plotted the values from two much larger atmospheric
explosions, conducted by Shell Research Ltd. in a large vented steel box structure 10 m, long, 8.75 m
wide and 6.25 m high [6]. Flame speeds were measured up to a radius of 3.5 m for CHa/air, ¢ = 1.1, and

CsHg/air, ¢ = 1.06. The black diamond symbol represents the methane explosion and the black bar

that of propane on the lowest plots of both figures. Bearing in mind the difference in presssure, fuels,
equivalence ratios and size, there is a satisfactory correlation, at each of the two presssures, between
the Pe.; and May values of the many different mixtures, irrespective of their value of ¢@. Furthermore,
comparison of the two figures shows but a small influence of pressure. Importantly, the two sets of
coordinates from the large atmospheric explosions are close to those from the small high pressure
explosions at 0.5 MPa, and slightly higher at 1.0 MPa. This suggests that instability data from high
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pressure laboratory explosions might be used to predict instability effects in large scale atmospheric
explosions.
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Figure 2. Pe. variation with Ma, for different fuel/air mixtures at 1.0 MPa. Dotted curve represents correlated
large scale atmospheric propane values from [7] and dashed curve large-scale atmospheric methane values
from [8].

Values of Pe. also have been presented by the Factory Mutual group for large scale atmospheric
explosions, in [7] for propane/air flames, and in [8] for methane/air. These flames were up to 2 m
diameter, with ¢ ranging between 0.81-1.22. These values were plotted against values of Markstein

numbers, taken from [11], that were numerically closer to the burning velocity strain rate Markstein
numbers, Ma;, than the flame speed Markstein numbers, Ma, [12]. To compare these values from [7]
and [8] more closely with those in the present study, it was assumed that they were those of May,.
These were then converted to Ma; using the tabulated values of the different Markstein numbers in
[5] for methane, and in [13] for propane. Necessary data for obtaining J were taken from [10]. The
numerous correlated data points from [7] and [8], after this conversion, yielded the upper broken
curves, also shown in Figs. 1 and 2. The dotted curve represents propane results and the dashed curve
those for methane.

There is a general consistency between these two curves, with greater stability at the higher Markstein
numbers for the methane flames at both 0.5 and 1.0 MPa. As with the lower curve from the present
study, the general correlation of Pe. in terms of Ma; is confirmed. The difference between these
curves and the lower one might be attributable to the different ways of defining the Markstein numbers,
not only between Ma; and May,, but also between the different expressions for the latter [11, 12].
Errors in its measurement are also important [11], including the extrapolation to zero stretch rate.
Others might arise form the different ways in which the critical radius is measured at the onset of the
instability.
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Figure 3. Values K. as a function of Mas- for ethanol/air at different pressures and q’) from [9], expressed in

terms of Mas. Cross symbol shows data for other mixtures from [14], not [16], as indicated in the reproduced
figure.

THE CRITICAL KARLOVITZ STRETCH FACTOR

That a minimal stretch rate is necessary to stabilise a flame extends beyond spherical flames and in
[9] this instability criterion was expressed as a critical Karlovitz stretch factor, K., rather than Pe;.
At normalised stretch rates below K., the flame becomes unstable. This approach is pursued in [9],
where it is shown that, for a spherical premixed laminar flame:

K,=(20/Pe,)[1+(2Ma, / Pe,] . @)

Values of K, as a function of May,, are shown in Fig. 3, which is reproduced from [9]. This study was
based on ethanol/air mixtures, with ¢ between 0.8 and 1.4, and the principal data points are for this

fuel. Considering the wide range of pressure. indicated on Fig. 3, and range of mixtures, the single
bold curve represents a satisfactory generalised correlation, although the data points on the figure that
were taken from [14] are not as well correlated. It is, however, clear that, as May becomes highly
negative, the regime of stability is severely narrowed, while the regime of stability readily can be
identified.

Values of K.; also were obtained from all the data in Figs. 1 and 2, using Eq. (2), and these are re-
presented in terms of Ma,. Fig. 4 is the counterpart of Fig. 1, and Fig. 5 that of Fig. 2. Again, the same
symbols are used to represent the large scale atmospheric explosions of [6]. Also shown in Figs. 4
and 5 are transformed curves, equivalent to the broken curves that appear in Figs. 1 and 2. These show
the data from the large scale explosions reported in [7] and [8].
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Figure 4. K. variation with Ma, for different liquid pure fuel/air mixtures measured in the explosion bomb, at
0.5 MPa, alongside corresponding data for large-scale explosions of methane/air [6, 7] and propane/air [6, 8].
The solid black curve is the best fit through the bomb data.

Ideally, the three correlation curves on Figs. 4 and 5 would collapse into a single curve, yet there
are clearly three different correlations. The probable reasons for differences between curves have
been discussed in the previous Section. Different forms of Markstein number are relevant, and
there can be no certainty that different research groups define Markstein numbers in the same
way.

Finally, shown in Fig. 6 is another combination of data from different groups, this time expressed
entirely in terms of May,.. In this case, the high pressure ethanol/air data from explosions at
elevated pressures in the same explosion bomb as that used in the current work [9], are combined
with the large scale atmospheric explosion data for methane and propane from [7] and [8]. The
large scale atmospheric data from [6] correlate reasonably well with the bomb data. The three
correlating curves on the figure are in fairly close agreement, and again support the view that
small high pressure explosions can give a fairly good indication of the onset of instabilities in
very large explosions at atmospheric explosions. The developing acceleration of the flame front,
after the onset of the instabilities, can give rise to appreciable pressure pulses [1].

It is interesting to note that in the correlation of normalised turbulent burning velocities in terms of
the associated Karlovitz stretch factor and May, in [15], for May = —5 a regime of laminar/turbulent
instability is entered when the Karlovitz stretch factor becomes less than about 0.02. This compares
with a value of K; of about 0.014 for Ma,- = -5 in Fig. 6.
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Figure 5. K. variation with Ma, for different liquid pure fuel/air mixtures measured in the explosion bomb, at
1.0 MPa, alongside corresponding data for large-scale explosions of methane/air [6, 7] and propane/air
[6, 8]. The solid black curve is the best fit through the bomb data.
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Figure 6. K./ variation with Mas, for ethanol/air bomb data from Fig. 3, and large-scale atmospheric methane
[6, 8] and propane [6, 7] explosions. Solid black curve shows a best fit through the bomb data.
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CONCLUSIONS

Observations on the onset of Darrieus Landau and thermo-diffusive instabilities have been compared
for relatively small spherical bomb explosions over a wide range of fuel/air mixtures at pressures of
0.5 and 1.0 MPa, for large explosions at atmospheric pressure. Results have been expressed as values
of both the critical Peclet number at the onset of the instability, and the critical Karlovitz number, as
a function of either the flame speed Markstein number, or the strain rate Markstein number. Plotted
in this form, there is a fairly good correlation of the three parameters, irrespective of the fuel and the
pressure. This suggests that data on the onset of instabilities from small, high pressure, laboratory
explosions might be used to predict their onset in large scale atmospheric explosions. A prime cause
of scatter in the correlation would appear to arise from Markstein number uncertainties.
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