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Introduction

Considering the common use of methane gas in the chemical process industry there is a lack of
detonation phenomena data in the literature for methane-air mixtures. This lack of data is due to the
relatively low detonation sensitivity of methane-air, and thus the need for large-scale apparatus.
Experimental studies performed in tubes have shown that it is very difficult to achieve deflagration-
to-detonation transition (DDT) in methane-air mixtures. The only reported observation of DDT in a
methane-air mixture was by Lindstedt and Michels (1989) in a very long tube equipped with a
Schelkin spiral. Experimental results from a study on the critical condition for DDT in methane-air
mixtures are presented in this paper.

Experimental

A series of experiments were carried out at atmospheric initial conditions (i.e., 293K and 1 atm)
using methane-air mixtures with methane concentrations, on a volume basis, ranging from 5.5 to
17%. These tests were performed in two different detonation tubes, one 12-m long with an inner-
diameter of 174-mm and the other 520-mm inner-diameter and 34.5-m long. The tubes were equipped
with orifice plate obstacles spaced at one tube diameter, with blockage ratios of 0.3 and 0.6. A weak
electrical spark was used to ignite the mixtures at one end of the tube. Fast-response piezoelectric
pressure transducers, photo-diodes and ionization probes were used to measure pressure and flame
time-of-arrival.

Results

Typical data on visible flame propagation velocity as a function of propagation distance is presented
in Fig. 1. Based on the test data presented in Fig. 1, two flame propagation regimes can be clearly
distinguished. In the first regime the flame achieves a steady-state speed just below the theoretical CJ
detonation velocity. This propagation regime is commonly referred to as “quasi-detonation.” The
velocity deficit relative to the CJ detonation velocity is attributed to energy losses due to shock and
flow interaction with the obstacles. In the second regime the flame achieves a steady-state velocity
which is roughly equal to half the CJ detonation velocity. This is known as the “choking” regime and
is characterized by a flame speed close to the speed of sound in the combustion products (Lee et al.,
1984).

In experiments with obstacles with a blockage ratio (BR) of 0.3, propagation in the quasi-detonation
regime was observed for mixtures with 8, 9.5, 10.5, and 12 % CH, in the 520-mm tube and 9.5 and
11% CHy in the 174-mm tube. In tests with a BR= 0.6, propagation in the quasi-detonation regime
was not achieved in either tube for any methane-air mixture.
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Figure 1. Effect of initial mixture conditions on flame propagation in tube with BR = 0.3

Various investigators have demonstrated that the detonation cell size can be used to describe the
critical condition for DDT in gaseous mixtures. The cell size represents a chemical length scale for
the detonation wave. For DDT to be possible, the mixture detonation cell size must be small enough
relative to the characteristic size of the tube. Thus, detonation cell size data is necessary to analyze
the critical condition for DDT. This cell size data was obtained in tests performed in a smooth tube
using both the smoked foil and the pressure oscillation technique. A photograph of a typical foil
showing the cellular structure for a methane-air mixture at atmospheric conditions is presented in
Figure 2. The detonation cell size measured for three different methane-air mixtures is shown in
Table 1. They are in agreement with the measurement made by Moen et al. (1984) for a
stoichiometric methane-air mixture.

Figure 2. Cellular structure of methane-air mixture with 11% CH4 at atmospheric initial conditions.
(Scale: vertical length of foil is 1-m)

As a result of the limited available experimental cell size data, a model is used to estimate the
detonation cell size for a wider range of mixture composition. In the present analysis a model
developed by Gavrikov et al. (2000) is used to estimate the cell size for the mixture conditions
corresponding to the DDT tests. The predicted detonation cell size for methane-air mixtures at
atmospheric conditions is shown in Table 1 and Fig. 3.



Table 1. Experimental data on detonation cell width and results of calculations.

CH, Detonation Pressure Average Calculation
content cell width | oscillations cell width (Gavrikov et al.,
2000)
%(vol.) cm cm cm cm
8 - - 49
9.5 2148 1847 19 29
10.5 - - 26
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Figure 3: Measured and predicted cell size for methane-air mixtures at 300K and 1 atm

Discussion

It has been shown by Peraldi et al. (1986), and other investigators, that for common hydrocarbon
fuels in air the critical condition for DDT in obstacle laden tubes is given by d/A = 1, where d is the
orifice diameter and A is the detonation cell size. In order to verify the applicability of this DDT
criterion for methane-air mixtures, the value of A for the critical mixture was estimated for each test.
The detonation cell size was taken to be the average experimental value from Table 1, if available, or
the calculated value using the Gavrikov model. For each test performed the value of d/A is plotted as
a function of the orifice diameter, d. Those tests resulting in DDT are shown as black symbols and
the tests that did not result in DDT are shown as gray symbols. Also shown in the figure is a
horizontal line corresponding to d/A= 1.

In general, there is good agreement between the current DDT results and the DDT criterion within the
range of uncertainty of the cell size determination. For the 0.6 BR tests DDT was not observed, even
for a test with a corresponding d/A value of 1.8. Since DDT was not observed, the critical value could
be even larger than this value. A similar breakdown in the classic DDT criterion for high BR tubes
was reported by Kuznetsov (1999) in hydrogen-air mixtures. The relatively high BR of 0.43 used in
tests performed by Peraldi et al. (1986) in a 300-mm tube could explain why DDT was not observed
in a stoichiometric methane-air mixture.
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Figure 4: DDT results plotted as d/A versus orifice diameter d.

Dorofeev et al. (2000) proposed an alternate DDT cell size correlation based on the analysis of a wide
variety of experimental data. Instead of using just the orifice diameter in the correlation they
introduced a characteristic length scale for the obstructed channel, L, defined as

L =(S +D)/2/(1-d/D)
where S is the obstacle spacing, and D is the tube inner-diameter. This length scale includes the effect

of area blockage and obstacle spacing. For the tests reported here the obstacle spacing is equal to the
tube inner-diameter (S = D), so

L =D/(1-d/D)
Based on their analysis of previous experimental data, Dorofeev et al. proposed that the critical DDT
condition could be expressed by L/A= 7. The data shown in Fig. 4 is re-plotted in Fig. 5 as L/A versus
L. The data shows good agreement with this correlation. For those tests performed using the 0.6 BR
plates, where DDT was not observed, the maximum value of L/A is close to the critical value of 7.
This shows better agreement with the critical condition than the same data plotted as d/A in Fig. 4.

Summary

The DDT process for methane-air mixtures in obstructed tubes at atmospheric initial temperature and
pressure were studied. The relatively large size of the facilities make it possible to observe DDT in a
range of conditions for an insensitive fuel such as methane. Critical conditions for detonation onset
were determined in the tests.

The results indicate that for a tube cross-sectional area blockage ratio of 0.3 the critical condition for
DDT can be characterized by the d/A= 1 criterion proposed by Peraldi et al. (1986). However, for a
tube area blockage ratio of 0.6 it was found that the critical value was significantly higher, up to a
value of d/A of at least 1.8. The data also shows that the critical condition for DDT can be better
described by L/A = 7, where L is a characteristic size for of the channel volume between orifice plates
which depends on the orifice plate dimensions and spacing. This is in good agreement with previous
data obtained for other hydrocarbon and hydrogen mixtures with irregular detonation cellular
structure.
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Figure 5: DDT results plotted as L/A versus characteristic size L.
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