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SUMMARY

Approximate expressions are obtained for the critical explosion parameter
and critical temperature rise for thermal explosion in a short cylinder of
material of finite conductivity and with a finite surface heat transfer

coefficient.

Crown copyright

This report has not been published and
should be considered as confidential advance
information. No reference should be made
to it in any publication without the written
consent of the Director of Fire Research.

MINISTRY OF TECHNOLOGY AND FIRE OFFICES COMMITTEE
JOINT FIRE RESEARCH ORGANIZATION



H H o B B P P R P H O @ =

L~ o

EQOWBQN

LIST OF SYMBOLS

Pre-exponential factor of Arrhenius equation.

Thermal diffusivity.

Dismeter of cylinder,

Activation energy in Arrhenius equation.

Average surface heat transfer coefficient for all surfaces of cylinder.

Thermal conductivity.

Length of cylinder.

Half-length of cylinder.

x/T

z/1

Heat of reaction per unit mass,

Radius of cylinder. _

Temperature, OK,subscripts o, 5, A, refer to centre, surface and
ambient respectively.

Time

Distance along radius.

Distance along half-length.

hr/K , dimensionless.

Effective heat transfer coefficient, dimensionless.

Explosion parameter, defined for equation (1).

Dimensionless temperature, defined for equation (1).

Fourier number, equation {1)

Density.
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INTRODUCT ION

In experimental studies of thermal explosion in explosives and unstable
compounds it is usually most convenient to studf‘samples in the form of short
cyllnders. |

The critical parameter of the statlonany state model for thermal explosion
in & short ¢ylinder of material of flnlte conduct1v1ty has been calculated by l
Frank-Kamenetskn1 for a boundary condltlon which assumes an 1nf1n1te surface
heat transfer coefficient. In practice, however, one is commonly concerned
with explosion in cylinders of .small size' for which the effect of a finite
surf'ace heat transfer coefficient cannot properl& be ignored.

This note extends the approximate procedure.of _Franl;—Ka.menetskii1 and
Thomas2 to a calculation of the critical explosion parameter for a short cylinder
with a general boundary condition. Certain other results pertinent to the

experimental study.of the explosion of short c¢ylinders are also obtained.

THEORETICAL

A

Self-heating equation

With heat generation due to & zero order reaction obeying the Arrhenius
equation, the equation for salf-heating in the finite circular cylinder
0£Lx<r, =l < z<| (diemeter D = 2r and length L = 2l ) takes the

form

s %, o1 e x2 % Do _ 89 . ()
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when the exponential approximation1 for the Arrhenius term is used and the

following dimensionless variables are introduced:-

9=TE (r-1,),
m=x/r, n=3z/l
= at/r?

)

In order to introduce a general boundary condition,it is convenient to

2
E r -E
RT?, K
in'tro.dQCe an average heat transfer coefficient, h, for all surfaces of the
cylinder and an average surface temperature, Ts' The boundary condition may
then be written '

46 _ —Q(QS atm =1,

dm
a6 - _ql. =
Y oz;os at n=+1,

where

)

R

hr/K and @ = E (T -T

.
A

The remaining conditions are:-

29.:0&1;111:0, 48 _patn=0
and

0= 0vwhenp=0

For thermal explosion, we require the maximum value of the function
S(x, D/L), denoted 80, for which a steady state solution to equation (1) can
exist. This may be found by the method of F'rank-—Kaa.mene't:s,ki:i_1 and Thome.s2 in
which the conduction terms in equation (1) are replaced by a term involving an

effective heat transfer coefficient. The equation then becomes

dae o) g
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where €  is the dimensionless cenire temperature,/d is the dimensionless

effective heat transfer coefficient and S is the surface to volume ratio
v
which, for the finite cylinder, is 2 (L + r)/rL.

In the steady state the maximum or critical, value of O in equation (2)

corresponds to 90 = 4 and is given by

Sc.:ngrﬂ. (3)

IG is evaluated by inserting the quasi-stationary solution (9 large) of the

exact conduction equation for the inert cylinder (equation (1) with § = 0)

3

with, in this case, a radiation boundary condition
S = 0.

Comparison with equation (3) then gives

into e quation (2) with

8, -1 0u2e (YD W

@1

where 5 is the first root* of

Ytand = o p/L

and}l is the first positive root* of
jU=J1 (/M) :0(J0 (/ﬁ-&)

where J1 and Jo arg Bessel functions of the first kind and of first and zero
order respectively. .

When &( =0 , equation (4) reduces to the equation obtained by
ol Freu‘:.k-l(.amenet:akii‘I , who found that the above procedure tends to give values
of 80 about 8 per cent higher than those which can be obtained analytically
for certain geometries without approximation of the conduction terms.
Accordingly,values of Sc‘calculated from equation (14.) may be reduced by 8 per

cent for consistency. with the latter results.

o ; ..
Roots of these equations are tabulated in Reference 3.
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Critical temperature rise

The above procedure does not provide a satisfactory estimate for the
critical temperature rise; +thus, it gives a value 40 per cent too low for
the infinite c¢ylinder when{ =23, This temperature rise is better estimated
by a comparative method due to Wake and Walkerh° Extending their approach
to the comparison of critical temperature increases at a given ambient '
temperature, and using the approximate proportionality of the “A correction
for different geometries as recently justified by Merzhanov5, we have, in the

notation of the present paper,

o L R
e n (@ e (20 , /D) cylinder
sphere = 1 (D) 8¢ (8¢ ) sphere

6, (=¢) (5)

90(3¢) cylinder

£lon

where N, (L/D) is a function calculated by Wake and Walker for the finite
cylinder with heat generation at a rate independent of temperature, and

OO (¢) is the critical temperature rise in a sphere, at given:d , for

sphere
a reaction obeying the Arrhenius equation6. For an infinite cylinder with

2 =20 , the estimate of the critical value of @  given by equation (5) is

five per cent higher than the value given by solution of the self-heating
equation with a reaction rate governed by the Arrhenius equation, Having
obtained an estimate of the ecritical value of QO, sub-critical values
corresponding to any ‘?/ Sc &1 at given:i can be estimated by the method
of Thomas and Bowes', This method may be expected to yileld reasonable
estimates for sub-critical OO for any completely bounded solid with a surface
to volume ratic similar to that of a sphere.

Estimation of-3

From a consideration of the heat balance between the cylinder and its

surroundings in a sub-critical steady state, it is seen that, for the effective

transfer approximation,(see also Thomas's second approximation methodz)

n¢ (Ts - TA-) _ /300(_1"0 - TS) =ﬁ (T0 - TA) ;

whence T T
o) s
! Ts - fA .



where ;‘4110 is the value of‘ﬂ at o =n0 and is calculated from equation (7)

by inserting the value of Sb for X =20 . For a cylinder having L/D = 1.6,

as used in a study of thermal explosion in peroxides (to be reported elsewhere),
this value of Sc is 2,33 andf%s is 2.42. Equation (6) provides a convenient
way of estimating X from experimental measurements under nearly-stationary
ccxditions, i.e. in the neighbourhood of a temperature maximum or pre-explosion

inflexion in the temperature record for a self-heating system.
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