Modern Studies of the CO + O2 reaction in a CSTR
The spontaneous reaction between CO and O2 is the ‘other’ stoichiometrically-simple combustion process, and is of great importance as representing the final stage of oxidation to CO2 of any hydrocarbon fuel.

Similar p-Ta ignition limits to those found for the H2 + O2 system have been reported for this reaction in closed vessels, although the high sensitivity of the location of these limits to the ‘dryness’ of the reaction (i.e. to the presence of H2O or other H-containing species) is also well documented. 

The reaction is chemiluminescent - the product CO2 is produced in an electronically-excited triplet state that decays to the ground state with the emission of visible (blue) light. Under some conditions, this ‘glow’ is sustained (steady glow) over several minutes accompanying the reaction.

An additional phenomenon reported for ‘dry’ mixtures even in closed systems is that of oscillatory glow - also variously described (not necessarily accurately) as repetitive ignition or the lighthouse effect. Sequences of up to 100 pulses of chemiluminescent emission, separated by apparently dark period, have been reported. At the end of such a sequence, typically only 50% of the available fuel will have reacted, implying that less than 0.5% consumption occurs per ‘ignition’. Direct measurement by thermocouple indicates that no substantial temperature excess develops during these reaction events - these are effectively isothermal phenomena.

CSTR studies
The use of flow reactors, combined with careful control of the H-content of the reactants, allows the investigation of transient phenomena in batch under truly sustained operation. Also, with careful attention to experimental procedure, the sensitivity of this reaction system to the ‘ageing’ of the reactor surface condition appears to be alleviated. 

For systems with ca. 0.5% H2 added to the CO stock gas, the p-Ta diagram has the form given below:
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There is a ‘second ignition limit’ separating slow steady reaction from an oscillatory ignition state - although the latter terminology needs slight qualification: during an ‘ignition’ a fraction of the CO fuel is consumed, but not necessarily all of it; it appears that all the H2 present reacts completely during an ‘ignition’.

At highest Ta, a steady high reaction state is observed: this has a steady chemiluminescence.

Within the oscillatory ignition region is a sub-region of more complex oscillations.

Period-doubling
The general nature of the bifurcation sequences between states of varying complexity as we traverse the shaded region of the p-Ta diagram can be gauged by simply allowing the ambient temperature to increase slowly so as to follow one of the two paths indicated by the dashed lines on the diagram.

For the path at high pressure, the response is indicated below:
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The oscillatory ignition has a standard period-1 type waveform, with each repeating unit comprising a single peak and each oscillation having the same amplitude and period as the previous one. As we enter the region of complex behaviour, so the waveform changes, adjusting to one in which alternate oscillations are large and small in amplitude. The period between any given peak and the next is approximately the same as for the previous period-1 response, but now the repeating unit comprises two peaks (large + small) and to the oscillatory period is double that of the period-1 state. This is called a period-doubling bifurcation. Notice also that as we enter this region, the difference between the ‘large’ and ‘small’ amplitude develops smoothly and gradually - there can be an arbitrarily small difference in amplitude between the tow peaks comprising the repeating unit: this is characteristic of a supercritical period-doubling bifurcation.

No higher periodicity is encountered in this scan: at higher Ta, the oscillation makes a transition back to a period-1 state (now with a ‘small’ amplitude) and, at even higher Ta, this undergoes a Hopf bifurcation to yield a stable steady state.

Higher periodicities
At lower pressures, the region of complex oscillations is somewhat wider: allowing the system to develop higher degrees of oscillatory complexity. A scan through this region under such conditions is given below:

[image: image3.png]\\1

0

T slowly increasing





Again, we first encounter period-1 oscillations of relatively large amplitude, and this state undergoes a period-doubling bifurcation to a period-2 (large + small amplitude) state at higher Ta. 

As the ambient temperature increases further, there is a subsequent transition to a period-4 state, which develops as a ‘doubling’ from the period-2 state. This is then followed by a very complex response, before we return to period-4, period-2 and period-1 through a period-halving sequence.

Sustained responses
To determine the actual (post transient) response under any particular operating conditions, we must allow the ambient temperature to settle to a constant value for sufficiently long before data capture.

Six such stable responses are given below:
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In (a) a period-1 response is established. The reconstructed attractor for this state would have the form of a simple limit cycle loop as presented previously.

At a slightly higher ambient temperature, the system exhibits a sustained period-2 response, (b), with one large and one small peak. The corresponding reconstructed attractor has two loops - one large and one small. These loops appear to cross on a 2D projection of the attractor, but in 3D phase space avoid crossing.

Trace (c) corresponds to a period-4 state. Evidence for subsequent period-8 and period-16 states at higher Ta have also been collected, but the range of experimental conditions over which a given type of attractor is observed decreases rapidly as the complexity increases, so these are increasingly hard to maintain for substantial periods experimentally.

For a finite range of operating conditions beyond the period 2n states, we find a complex response with no apparent periodicity of the type illustrated in figure (d). We will return to an analysis of this trace soon, but note first that within the range of conditions for which this response is found, there are small ‘windows’ of periodicity that are encountered. A period-5 and a period-3 state observed in two such windows are shown in (e) and (f) respectively.

Chaotic behaviour
Trace (d) from the previous diagram is reproduced below:
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Although there is no apparent repeating unit, this is no random scattering of amplitudes. To illustrate the existence of an underlying set of rules (determinism) governing the evolution of this system, we can construct a next maximum map. This plots the height of one peak, for instance as measured by the thermocouple, against the height of the next peak through a sequence of such maxima.

The next maximum map revealed for the CO + O2 system shows a classic ‘single-humped maximum’ shape. This is characteristic of a large class of dynamical systems, which all show the same qualitative bifurcation sequences.

The simplest realisation of a single-humped maximum map is the recursive relationship or logistic map





which has been widely studied.

The underlying strange attractor for this chaotic response is also shown. Again, apparent crossings of the trajectory occur only because this is a 2D projection of a higher-dimensional object. In fact, the strange attractor is a fractal object, having a non-integer dimension (estimated to lie between 2 and 3 for the CO system) and which sits in at least a 3-variable phase-plane.

Characteristic features of chaotic evolution
An important feature of a chaotic system relates to the sensitivity of such a system to the its initial conditions.

For more ‘regular’ responses, common experience is that experiments are essentially repeatable: any small differences reflecting the difference in the initial state two systems under identical operating conditions usually decrease in time - perhaps only persisting as a long-time difference in phase. To paraphrase Einstein, apart from some statistical noise, the ‘same’ systems give the ‘same’ behaviour.

For chaotic systems this is not the case. Two systems with identical operating conditions but with a minor difference in initial conditions may show a similar evolution in their early stages, but this initial difference will be amplified by the nonlinear behaviour of the reacting system and will grow exponentially in time. Eventually, there will be no correlation between the two systems.

This feature also means that it is impossible to predict the long-time behaviour of a system evolving chaotically - even if we know the exact equations governing the system. Short-term prediction may be possible, within certain tolerances of uncertainty, but nothing in the long term - even though it is a deterministic system.

{We should, however, note that the above does not mean that we cannot accurately predict if a system will be chaotic: we can, in fact, find the operating conditions under which the system is chaotic with arbitrary precision (provided we know the governing equations) and if one system is chaotic under those conditions, so will be a second system under the same operating conditions. The chaotic nature of the response is predictable and repeatable: the details of the evolutions of the concentration and temperature in time for a chaotic system are not.}

_1014615784.unknown

