Inhibition of Flames

The use of halogen-based fire extinguishants has been widespread. Bromine atoms produced from these species are effective in terminating radical chains and so inhibiting the development and propagation of combustion. The use of these specific compounds is, however, now banned under the Montreal Protocol and the search for replacement inhibiting processes is underway, being guided by research into the fundamental processes operating in such cases.

The underlying principles can, to some extent, be attacked using a simple representation of an exothermic branched-chain reaction coupled to steps through which an inhibitor is generated and acts. The simplest for of such a model is effectively an adaptation of the Gray-Yang scheme:

We consider a branched chain step involving a single reactant A and a radical X subject to an Arrhenius temperature dependence coupled to a quadratic termination step that is exothermic but has zero activation energy.

(1)
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The inhibition is achieved through the endothermic decomposition of a precursor species W to produce r inhibitor species S in a reaction with a non-zero activation energy (typically somewhat smaller than that for the chain-branching step). The inhibitor acts by providing a termination step for the radical that is effective thermoneutral and with no activation energy.

(3)
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kw(T)w, qw taken as > 0

(4)
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Unscaled equations


[image: image1.wmf](

)

W

T

k

q

X

k

q

z

T

t

T

c

w

w

t

t

-

+

¶

¶

=

¶

¶

2

2

k

s



    
[image: image2.wmf](

)

AX

T

k

z

A

D

t

A

b

A

-

¶

¶

=

¶

¶

2



    
[image: image3.wmf](

)

XS

k

X

k

AX

T

k

z

X

D

t

X

i

t

b

X

-

-

+

¶

¶

=

¶

¶

2

2

2



   
[image: image4.wmf](

)

W

T

k

t

W

w

-

=

¶

¶


with

[image: image5.wmf](

)

W

W

r

S

-

=

0


Dimensionless equations
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with ( likely to be a small quantity. Note the parameter ( = 1/(ad as used earlier.

Reduced Forms of Model
1. Steady-state approximation on x:

Because of the likely small magnitude of the parameter (, which gives the time scale for the radical concentration development, the radical species is likely to attain a dynamical steady state with respect to the concentrations of the major reactants and to the temperature
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2. No inhibitor: r = 0

Even if no inhibitor is produced, the above system is of considerable interest as the endothermic decomposition step still has a negative feedback effect. The use of the steady-state form for x leads to a set of three coupled equations
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3. No precursor: ( = 0
If the precursor to the inhibitor is omitted, the system reduces to
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which are the classic flame equations for a second-order exothermic reaction. The analytical methods indicated previously can be used in this case to calculate the flame speed.

Basic results
For model 2 with the endothermic step but no inhibitor produced, the equations produce three different types of response:

(a) initiation and propagation of a travelling flame front, with the temperature attaining some steady high ‘flame temperature’ after the passage of the front;

(b) initiation and propagation of a travelling flame ‘pulse’, with the temperature attaining some high value in the reaction zone, but falling again to zero in the rear of the flame;

(c) initiation but failure to propagate.

The transition between these three responses accompanies an increase in the initial endothermic charge in the system as represented by the parameter (, and there are two ‘critical’ values of this parameter (dependent on the other parameters in the system) corresponding to the transition from (a) to (b) and from (b) to (c). A typical variation of the flame speed with ( is sketched below:
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Thus, even in this adiabatic case, there is quenching at sufficiently high endothermicity of step (3).

Influence of Inhibitor
For the full scheme, the above response curve is modified by the production and action of the inhibitor in addition to the endothermic effect.  The effect of increasing ( (the dimensionless parameter associated with the rate of production of the inhibiting species) is to reduce (cr as sketched below:
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