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ON THE ROLE OF DIFFUSION OF CXYGEN IN THE SELF JGNITION OF
- FIBRE INSULATING BOARD AND WOOD

by,
P, H, Thomas

. Summary

The self-heating equation is derived in an a.ppmmma.te form for
similtansous thermal and mass diffusion in a symmetrically, heated porous
solid. This equation has already been discussed by Buben (1) ang its
application to the self ignition of fibre insula.ting board and wood is
desoribed here, Some of the mmericel velues of the relevant parameters
are derived for fibre insulating board and wood and they show. that fibre
insulating board is sufficiently poromns for there to be a sharp ignition
point thermally controlled, The oritical ignition parameters for fibre

? insulating board, and dust piles which are more porous but equally
reagtive and exothermic are theoretically little affected by whether or

y not the reaotion is oxygen dependent, If the reaction requires oxygen

there is a temperature jump to a region where oxygen availebiljty controls

the reaction, OCaloulated values are obtained from the theory for the

temperature jump on the assumption that there is no exhaustion of reactant

in the solid frame,
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ON THE ROLE OF DIFFUSION OF OXYGEN IN THE SELF IG-NITION oF .
B _— PIBRE INSULATING. BOARD AND WOOD -

by o oo -.'Jf.-.-'. Gt LT
P, H, Thomas ..

1. Introduction

. The problem to be discussed is the relative importance of the diffusion
of heat and oxygen in the self-heating and ignition of fibre insulating board
and wood. In the absence of definite information as to the role of oxygen in
self-heating this paper explores some of the consequences of the. assumption:
that the heat generation in self-heating is oxygen dependent, Only dqualitative
conglusions can be drawn at present but it can be showm-that with certain
simplifying as tions an equation can be derived which has been discussed
already by Buben \1) and which demonstrates certain well known features of
the ignition of various combustible solids, We assume (&) that within any
elementary volume the temperatures of the solid and the gases in the pores
within the solid are the same, (b) that the reaction is zero-order with
respent to the solid, and of ‘order "m" with respect to oxygen and (c) that
it obeys the Arrhenius Law. We shall discuss here only the case of
symmetrical heating.
We write:- .

r the half thickness of a slab or redius of the cylinder or sphere
T absolute temperature

E activation energy

R the universal gas constant

x the distance from the centre of the slab, cylinder or aphere

Q, the heat of reaction per unit volume of oxygen at N.T.P.

% rate of consumption of oxygen, mass per unit volume of gas phase per sec,
the porosity of the solid :

surface per unit wvolume

a pre-exponential factor of dimensions length/time

is the density of oxygen

the thermal conductivity of the material

the gaseous diffusion coefficient

the concentration of oxygen by volume of gas pha.se

%7 the Laplacian operation ©h- 4 4. and k is 0, 1 and 2
arrt " aa ot

=l R N TR

~ for the slab,. .cylinder and sphere respectively.

The heat fransfer equation for a symmetrically heated body
- T <2 &~ - r is thus, for the steady state

"“_;- '_..} ’, M’“ .
o — — be -
77T = éﬂz—-’- eeeeos (1)
'
The mass diffusion equation. is
. 4-1?‘ § . :‘«"‘
VD ‘\J e = éﬂ:-—u"';i’! * ssoeco0 (2)

and w._h 20966¢_‘b %. cowvoodo (3)



a formila given by Penman (2) for the Qiffusion coefficient of a solid of
porosity ¢ in 'l_:en(;s of the coefficient D, in air. BResults given by

Dye and Dallaville (3) suggest that this may slightly underestimate D, The
coefficient could not exceed 1.0 so there is at most a 50 per cent error here,

The reaction equation for-a reaction of order "m" on the intermal surface
of the solid, neglecting changes in total pressure, may be written

= p/ T B ) (ll-)

2, Theoreticdal

F:_:;om equations (1) and (2)

" R . '
Ko7 + DV & = o veeree (5)

The boundary conditions are
e(_._?_“ e (":i,_'.’._.d = 4.'.-{(__ St = &
sl el
7= 7
b - ‘U., ‘a’f— e = Pl
so that from (5) we have
L) = -
& D
Henge A
% (_‘S.fé'- $
N T = — XL ‘L
’1(- LI B NN ) (6)
As an approximation (."') we replace
pavde by (+A) sﬁb(t‘-’@ ceeene (D)
. ‘-!,..z-!.

where k and X% are respectively O and 2,4 for a slab, 1 and 1,7 for a
oylinder and 2 and 3,0 for a srphere.
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The values of oL quoted are Frank Kemenetskii's effective. transfer
coefficients (&) which, although distorting slightly the temperature
distribution, are chosen to give the correct value of the critical -, .
parameter in the case without mass transfer, Thus ... -

. - .2 s e‘l/ £ T | ihm
- 7 LYy - RN Lo el - ‘
0<§ ,i! ,‘,.&A\‘Cf’l’;.:‘“) _:i‘:.. C\) f > (. B = i | (\ —_— \‘rﬁ' ‘u’)

124

which is of the form

f..'g o o ’ A,
(T-"T.‘Q = ,jlr,é)‘_% /&’-{(\__ zg\/;-_f@) veenas (8)

where
’4' d?f-w%ﬁ 1Y \’2
= X (\r e ceeees (9)
a.nd. : B ~ < Ceseess (10)
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3. Application of theory :

3.1. Existence of shaz;o"ignition ﬁoint

For fibre insulating board

K = 1.2 x 10™% cal cn~! g1 51 - : . :
Q is of order 2 cal cm3 of oxygen (5) - a value obtained for
coal and assumed in this problem to be the same for wood. ¥

Dy = 0.18 cmZsec—?
€ 2 0.8
Hence -~ B = 0,003

¥ This is of the same order as the heéat releassed in the oxidation of
carbon, For the monoxide it is 2,6 and the dioxide 4.4 calories/co,



A larger estimate of D would reduce B.

Equation (8) has been studied by Buben (1). The relation between T and
T, is shown diagrammatiocally in Fig. 1. . .
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Fig, 1., Characteristic sélf—heatm curve

Buben shows that there is a condition which must be satisfied in the following
disoussion viz. that E/RPS4 but }if"g;yomal values of E and T this is always
satisfied, More important, if ~"“/E*% there are no critical points (curve
(a) in Pig. 1) but if 3"3‘72‘44% there are two points (X) and (Ygowhich divide
the steady state equilibrium into three kinds, a thermally controlled regime,
an oxygen diffusion controlled regime, and an unstable regime separating the
first two, (o) in Fig, 1,>.

We can illustrate the significance of these as follows, Suppose heating
takes place in an oven in which T_ is raised very slowly so that the material
can be regarded as always in equilibrium on curve (b) near the origin, Here
it is the thermal balance which is important, As T, rises T - T rises and
eventually point {X) is reached, Further increase in Tp must cause a jump to
(Y) where in the new equilibrium the predominant role is played by the limitation
to the oxygen supply. It is this jump which is the sharp ignition point, In
practice, another reaction may become important at the higher temperatures but
this would not affect the principle of the argument, The reverse happens on
oooling, only the jump is from (¥) to (X). Clearly as B becomes larger the
critical points become less well defined,

For fibre insulating board E = 25,000 so that

2
E

which is less than 0,25 so that there is a sharply defi?eg critical ignition.
It is indeed observed that after ignition in a furmace 6) the rate of rise of
temperature of fibre insulating board rises rapidly for a time and then falls
until the charring reaches the outside surface - when presumably the oxygen
supply ocan increase rapidly because of the cracking that has ocourred in the
charcoal., ° ‘

There are some data f‘oz‘ the diffusivity of hydrogeﬁ and carbon dioxide
in air for different woods (7) both along and across the grain,
Across the grain the diffusivities for hydrogen are of order

2 x 104 to 5 x 10~ on?/s

[



Along the grain there is a considerable variation from wood to wood,

For Norway spruce, Douglas Fir and quick grown Ash, D'has a. value of

order 0,12 for hydrogen, Since Dy for hydrogen ia 0.61 and for oXygen

in air 0,18 we must reduce the above walue by this ratio O 18/0,64 to.,

obtain values for oxygen and we conclude that if the only diffusion” is

across the grain there can be no sharp ignition points in wood, I_Eg‘ven .
allowing for diffusion along the grain it is doubtful if for the named

woods there could be sharp ignition points, However, for Beech, Poplar

ard slow grovm Ash the diffusional flow of gas is 10 - 100 t:unes greater

than for Spruce, Douglas Fir and fast grown ash, If an appreciable proportion
of the exposed surface were end grain, one might expect a sharp ignition point
for these woods,

3.2, Critical values of the temperature rise

‘Buben has discussed these equations for any va.lue of "m",
Proceeding in the same way equation (8) may be written
1

u -
Al ('_'_ = \ T . ssanee (11)
. . - _E-,t

e, where y = B%?. and x = %(T-—TQ) '

Differentiation of equation (11) 1leads, when ﬁ is put equal to zero, to

e
";:_-. - ~ esssne (12)
C=+y) ( — @G s
. ' - & 3y
. P fC'—{.‘:""— j‘a ..
and ¢ = RETE

From equation (12) we then have the equation for the critical va.l&es

&/:--cé? (/+69J(/-7‘-(‘*«)CC¢) ceeeen (43)

Tt can be shown (1) that z < Lisa necessary condition - thoug'h not a
sufficient one for there to be.critical values of ®, For "m" equal to unity
it follows from (13) that the critical values are

L = /-—2:7 f:,//-q{_y G c

T+
2 E+y
Now bt — .C{-:r? > S‘s'b__,::__ Oucgé
J 2500 ‘

i.e, C must be less than 0,20. If y is assumed zero, the critical value of G,
as mentioned above ‘equals 0,25,



For values of y and C pertaining to fibre insulating board i.e. 0,04 and 0.1
réspectively, the oritical ignition-point X ocours at @ equal to 1,26, a

26 per cent greater temperature rise than would occur if gaseous diffusion were
neglected (i,e, m = o)_. This increase is, however, dependent on the value of
"m" but the effect is not large,. This can be readily shown to be so for the
limiting case y = o (for very large activation energies i.e, neglecting 53<<f)
Thus we have from equation (13) with y zero

£ _ /*(M-IJC;{E ./ _[/—(w-,)cjz-. &%
A

the negative sign indicating the ignition point X, Equation (1_2.) shows that
there are only critical values to & if'C is less than (1 +Vm)2. For c

equal to (1 + Jm)=2, the oritical value of O, is dqual to 1 + [m. For C = 0.1
wecobtain valtedlof @ for various velues of m. These values are given in Table I.-

ceeees (14)

TABIE I
& ©-
R ¢ - v f e
o )
0 1.0 1.0
0.5 | 1.07 | 4.7
100 1.11 2.0
1.5 1.20 2.22
2 1.30 2.1

Critical ignition temperature for \ agtivation energies and various
orders of reaction (fibre insulating board)
These values of Ogp ha.zre been derived by the approximation of éguation (7) and are
too low, the results \4) for m = o being 6c equal to 1.2 = 1,61 for the slab and
the sphere respectively, when the temperature . distribution is not epproximated,

The results in Table I show, however, that the effect of oxygen diffusion on these
values is not large, :

3,5. The oritical values of the ignition parameter & .

From these results we conolude that for low values of "m" the
“‘oritical value of Qc "is 6f ordér unity and that it is peimissible to
replace ewh - ERT avf % - ¢® to a first approximation.

We then have equation {8) becoming

. ._.8 - ‘-
£ = g - é',/(z' - ﬁ € (/\'P@dk e Cr/
ze (+#)de Ae (- c8)" 3

The left-hand side of this equation is similar to the well lmown
paraméter d which must be less than a maximum value d. for ignition
not to take place, For zero "m", Jc has the correct coriticil values of
0,88, 2,0 and 3,32 for the slab, cylinder and sphere (fjf We define
these values for zero "m" by dJ, so that the oritical value of & , &%
" is obtained from the maximum value og J, d, where :

g 8°
/‘ro 6- cd)m cessss (15)



Differentiation of equation (15) with respect to 6 gives the
characteristic equation identical with equation (14) - the
negative sign being taken, It has been pointed out above that for
any "m" there is a maximum value of C above which there is no
critical state. This therefore defines a maximumm ¢ 7¢§ . for each
value of m. PFrom equations (14) and (15) we obtain the following
mumerical results for three values of C, 0.1 and 0,2 and (1 + {m)~2

TABLE 2 o
Values of /]

m |[C=01]C=0,2]C= (1+fl;1)-2
0 1,0 1,0 1.0
1 1.12 ) 1.30 AT
2 1‘27 - 2.12

—— . —T
3 1-&-‘8 - 2.78 )

4 [
The effect of "m" on 6’2/([ is not large for a first order reaction and the
most important effect of the inclusion of mass transfer is to restrict the
range of physical and chemical properties where oritical values of
and 6 can oceur. ' ;

3.4, The ignition jump

In connéxion with Fig. 1 it was pointed out that]heating the material
slowly enough for it to be regarded as,in_equi_li'bﬁ.um' at each instant .
leads to a temperature jump from X 0. Y. ‘

Clearly the magnitude of the temperature jump A%¥ can be caldulated
from equations (11), (12) and (13), and for m equal to unity and
¥ = 0,4 the result is shown in Fig, 2, The asymptotic formla for C+0 is

S . J . A Y ;
A /fY’ il = - "75<f/ “o
: T B —
. - . A Iy . EJ A ’/_rv
For fibre insulating board, the values listed above give 7 Y equal
to '12.2.;. ,-fT.-

v
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with Penman's diffusion relation and 190°C with Dye and Dallaville's, This
result will be affeoted too by the value assumed for Q which is only approxi-
mate and which will, moreover, be influenced by changes in the chemical
reactions ococurring after ignition, but clearly the temperature jump mey be
some two or three hundred degrees, Also thermal capacity effects will reduce
this estimate, by an amount which cammot be calculated from this steady state
theory. It is interesting to note that the upper limit for this jump is less
than that set by the exhaustion of the reacting solid material - not taken
into _agcount in this theory. This limits the temperature jump to a maximum
of G&/¢ where is the heat of reaction per unit mass of ?olid
reactant and ¢ is the specific heat.. Q, is of order /7¢O cal/gm &
' for fibre insulating board, so P/e .is of order 300°C.

e



From the results of Mltchell(gc)me would expect cubes of wood fibreboard
to ignite at temperatures between 180°C and 260°%C if the linear size is
between 1/5 in, and 2 in, Over this range, which covers most experimental
conditions the temperature jump on ignition would be expected to raise the
temperature to about 550°C or less. There is thus a possibility that
_gombustion of the s0lid carbonsgeous char to ash could just ocour.

Y4, Discussion and conclus:l.on

The self-heating equation for similtaneous heat and mass diffusion
is derived in a form similar to that discussed by Buben 1) and the
insertion of nmumerical values into the relevant parameters suggest that
in discussing the conditions necessary for ignition in air, oxygen diffusion is
not important for fibre insulating board nor therefore for dusts and sawdust
where the porosity is greater, even if the reaction depends on the presence of
oxygen, For wood, we should not expect a sharply defined or oritical value unless. -
‘the wood were of certain species and moreover had a significant proportion of emd ~-
grain exposed, The effeot on the dritical parameter of any dependence of ;
the reaction on oxygen is not likely to be s:r.gn:i’:.cant for fibre insulating board,
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FIG. 2. THE TEMPERATURE JUMP AT IGNITION
DUE TO OXYGEN LIMITATION





