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Instabilitiesin high pressure, iso-octane-air spherical explosion flames
Russel Lockett, Yue Huang
Department of Mechanical Engineering & Aeronautics,
The City University, London, EC1V OHB
1. Abstract

High speed video shadowgraph and Schlieren images of spherical explasies dlbtained in the Leeds bomb
have been analysed in the context of the Bechtold-Matalon linear magfiarical explosion flame
instabilities. Analysis of the dispersion relation identifies the peninsulatabitity, and the conditions for
which the spherical explosion flame is conditionally and/or unconditionaditable. Histograms of cellular
length-scales have been derived, showing the change in cellular lealgtiwith flame Peclet number. Non-
linear effects result in larger wavenumber (small wavelength) cellularityttbladapredicted by the linear model.
Finally, rich 3 bar and 4 bar explosion flames exhibit cellularity withdigtinct ranges of wavenumber
(wavelength) that may be linked to the Darrius-Landau hydrodynamic ilitgtédmall wavenumber

instability), and the thermal-diffusive instability (large wavenumber iilgtgb

2. Introduction

Thermal-diffusive effects present during the large flame stretch raterimerin the early stages of expansion of
a spherical explosion flame may temporarily stabilise the flame surfadehaninderlying Darrius-Landau
hydrodynamic instability causes the surface to become unstable [1ktaliilesation or otherwise of the flame
surface during expansiasdependent on the flame Lewis number (the ratio of the thermasidiffuacross the
flame front to the molecular diffusivity of the deficient reactant in the preloeat) zand the Markstein number

[2].

Bechtold and Matalon [3] have conducted a linear analysis of the stabilfthefisal explosion flames in
which both hydrodynamic and thermal-diffusive effects are presemy ddrived a dispersion relation
identifying the regime of stability and instability in terms of thiisons to a quartic equation involving the
cellular wavenumber as a function of flame Peclet number (ratio of flarmes tadaminar flame thickness),
thermal diffusivity, Markstein number, and expansion ratio (ratio birmed to burned gas density).

Any irregularity or disturbance on the flame surface will collapse or {Bpvdefined by the relation
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The rate of change of normalised disturbance amplitude is then
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The transition from stability to instability is defined by the dispersaation
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where
a=n(o+1)+1, b=2n>+ @4 +50)n+4, 2.8
and
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c=—®%+2n2+(3(0+1)—§)n+2. 2.9

The dispersion relation defining the regime of instability can be represgragdiically by plotting cell
wavenumber against Peclet number [4]. A typical graph of this fedisplayed in Fig. 2.1 below.
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Fig. 2.1: Graph of cell wavenumber (n) versus Peclet number (Pe) for p = 2.0 bar, ¢ = 1.4 flame.

3. Approach
3.1 Experimental

High speed video shadowgraph imaging of spherical explosion flamiéfeetrt conditions was obtained in

the Leeds combustion bomb [5]. The windows of the bomb werenth in diameter.A white light source

was collimated using a large diameter convex lens, and the light was gassggh the combustion vessel. The
transmitted light was then focussed using a second convex lensfe@nertihe outlet window. The dynamically
varying shadowgraph obtained from the spherical explosion flames wéneechpsing a high speed video
camera operating at 2000 fps.

3.2 Image Analysis

MATLAB was employed to determine the position and area of an extended setdatills on the surfaces of
a number of unstable explosion flames, from the onset of cellulariéger. The explosion flames analysed
were: (1) p=2.0bafh=1.4,(2)p=2.0bafy=1.6,(3)p=2.0ba=1.8, (4)p=2.0bafy=2.0(5)p=3.0
bar,¢ = 1.4, (6) p =4.0 bay = 1.4.

Figure3.1(a)p=20bar,$p=14 (b)p=30bar,p=14 (c)p=4.0bar,p=14



Sample flame shadowgraph images are presented in Figure 3.1 belewnafes of the expanding explosion
flames were employed to plot graphs of ¢S, versus normalised flame stretch k in order to derive the Markstein
length and Markstein number.

Histograms of cell length scales and corresponding cell wavenumbers weegl derm the cell areas during
the expansion of the flame. This data has been added to the waeerRmcket number stability curves in order
to assess the limits of validity of the linear model. These are presentedReshlts section.

3.3 Modelling

Chemkin was employed to model the laminar flame species and temperafiles fooall of the flames
identified above, in order to obtain the laminar flame thickness and memmnal diffusivity for each of the
explosion flames.

4. Results and Discussion

Figure 4.1 shows a set of histograms of cell wavelengths, shdwiw the distribution of cell wavelengths vary
as the flame expands, for the 2.0 ldar, 1.4 explosion flameFigure 4.1 shows that the mean cell wavelength
decreases as the explosion flame expands. Figure 4.2 shows the cellmlaeresnderived from Figure 4.1
embedded in the stability curve of cell wavenumber versus Peclet ntonki@s flame. The experimental cell
wavenumbers shown in Figure 4.2 also demonstrate how the cellssteicres&e with an increase in flame
radius (Peclet number).
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Figure 4.1: Histograms showing variation in cell wavelength as a function of flame expansion

Figure 4.2 shows that the linear theory predicts the onset of instabtlityeasonable accuracy. However, as
the flame expands, non-linear effects result in an increase in celhwaber, significantly above that predicted
by the linear model.

Figures 4.3 and 4.4 show the stability curves together with experiment&bidtite explosion flames identified
in Figure 3.1 (b) and (c) respectively. Note that the theoretical stabilitysumixmth graphs predict that both
explosion flames are unconditionally unstable. The image of the 4exjplassion flame shown in Figure 3.1
(c) shows cells containing two ranges of wavelengths; a short wavetatiglhrity imbedded within a large
wavelength cellularity. This dual wavenumber cellularity can also beiis¢lea cell wavenumber data included
in Figure 4.3 (b).
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Figure 4.2: Stability curve of cell wavenumber ver sus Peclet number with experimental data.
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Figure 4.3 (a) Stability curve and wavenumber data (b) Stability curve and wavenumber data
for p =3.0 bar, ¢ = 1.4 explosion flame. for p =4.0bar, ¢ = 1.4 explosion flame

5. Conclusions

The following conclusions can be drawn:

1. Mean cellular wavelengths are observed to decrease with flame radius.

2. Non-linear effects results in larger wavenumber cellularity than thdigbed by the linear model.

3. The theoretical stability curves predict unconditional instabilitpferl.4, 3.0 bar and 4.0 bar explosion
flames.

4. A dual wavelength (wavenumber) cellularity is observed ipthel.4, 4.0 bar explosion flame.
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