Spiral Wave Instabilities

The thermodiffusive theory for simple flames predicts an oscillatory instability for systems with high Lewis number.

Pearlman and Ronney (Phys. Fluids, 6 (1994), 4009) reported observations of premixed laminar flame propagation in lean mixtures of ‘heavy’ hydrocarbon fuels in ‘air’ comprising 80% He and 20% O2. These systems have high thermal diffusivity compared to the mass diffusivity of the limiting reagent.

Experimental records were collected using high-framing rate (1000 f.p.s.) image-intensified video cameras.

The resulting images played back at reduced speed indicate a quasi-2D flame front passing through the reactant mixture from an initiation source. Superimposed on that ‘flame sheet’ is a spatiotemporal structure, with areas of higher intensity propagating across the flame sheet towards the edge of the cylindrical container.

Example images are shown below and indicate the development of target and spiral waves similar to those observed widely in excitable media such as isothermal inorganic solution-phase reactions or in biological systems.
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Upper frames: sequence showing evolution of target waves from a pacemaker site in mixture of 1.46% butane in He-O2. Lower frames: sequence of images showing rotation of a spiral in a mixture of 0.8% octane in He-O2. Images taken at intervals of 1/500 s. Tube i.d. = 28.5 cm.

The Excitable Sal’nikov model

An alternative to the thermodiffusive interpretation of these phenomena builds on the similarity to the responses in excitable systems and emphasises the observation that such structures appear only for experimental conditions close to the lean flammability limit where heat-loss is competing strongly with the thermal feedback. Again, the Sal’nikov model can be invoked.

A schematic representation of the physical problem forming the basis of the analysis of Scott et al. (J. Chem. Soc. Faraday Transactions, 93, (1997) 1733-9) is given below
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The Sal’nikov chemistry is taken to be operating in the thin flame sheet in which conduction and diffusion of the intermediate species in occurring. Heat loss to the cold gas ahead will be modelled by a simple Newtonian cooling term involving the local temperature T and the temperature ahead Ta.

With a slight rescaling of the model from that adopted previously, the governing equations can be written as:
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assuming zero flux boundary conditions at the walls and that ( = (ss and ( = (ss everywhere at some initial time t = 0. 

We expect ( << 1.

Excitability

The response of this system can, to some extent, be predicted by considering the behaviour of the corresponding uniform system in the (-( phase plane.

The two nullclines corresponding to 
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are sketched below:
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The two curves cross at the steady-state point, which lies close to the maximum in the (-nullcline. It is the relative position of the intersection point and the maximum, allied to the smallness of the parameter ( that gives rise to the excitability in this system.

If we consider a perturbation from the intersection point to a location in the phase plane at some very slightly higher value of (, then the system responds by moving rapidly back to the steady-state point. Because of the small value of (, the rate of change in ( will be very much higher than that in (, the latter remaining effectively constant during this response so that the resulting trajectory is almost horizontal.

If the perturbation is slightly higher, however, so that the system is shifted to a point to the right of the middle branch of the (folded) (-nullcline, then the trajectory moves to the right – to higher self-heating. It reaches the right-hand branch of the (-nullcline and then evolves (relatively slowly) along this, until it reaches the minimum. As ( decreases slightly, so the trajectory leaves the (-nullcline, and makes an almost horizontal transition to the left-hand branch of this nullcline. There is then a final slow return along this branch to the steady state.

The response forms an ‘excitation event’, but the system eventually returns to the same steady state (and will become susceptible to further excitations given a sufficiently large stimulus).

Waves in the excitable Sal’nikov system.

If the values of the parameter ( is chosen so that the steady state corresponds to an excitable state everywhere, no spontaneous wave activity is observed. Waves can, however, be initiated by imposing a suitable perturbation at some point. The region of the (-( parameter plane for a system with Le = 1 is shown below:
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where crosses denote wave failure, open triangles denote the formation of permanent-form travelling flames; filled triangles denote transient flames and open circles denote conditions for which bulk oscillations are observed.

Targets and Spirals
Spontaneous wave initiation can occur in the model. If ( is varied slightly to a different value at some restricted locality, the system becomes locally oscillatory at that point. This point then acts as a pacemaker: each oscillation may provide a supra-threshold perturbation to the surrounding region leading to a propagating wave of activity. Repetitive initiations give rise to a nested set of circular flames – a target.
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Successive computed images of flame initiation from a single pacemaker site at the centre of the reaction domain.

If a flame front is ruptured, the broken end develops into a spiral:
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Targets and spirals can be generated computationally from this scheme for an arbitrary choice of the Lewis number, including for Le < 1, suggesting that these structures are not of an essentially thermodiffusive origin (at least is the usual interpretation of that term in flame theory). It does, however, appear that the parameter range in which such structures can be found is significantly wider at high Le than at low Le.
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