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COi!l.iliN.l'S ON EXPElUlillITS ON THE .5ELF...IiR.:..TING OF' FIBP.E I1fSUL:tTINC :lOAJID

by

P. H. 'I'homas

1. Introduction

Mitchell(l) reports two kint;,,; of eXl"Cl'iJ:Jent; the first, the measurermnt
of the self-heating in terms of the temperature l~se, "nlCn various volumes of
fibre insulating board are held in different aciliient te=pcratures and the
second, the minimum anbient temperature at wha.ch this self-heating proceeds to
ignition. The times after which this i(,nition occur's are also eivcn. Three
types of board were uEed.

The differential equation for a solid in which heat is generated is

= 1. aT
k dt

- i!f
K

............ : (1)

where '12 is the Laplacian operator
T is the t empcra.ture (absolute)
k is the thennal diffusivity

'q' is the rate of generation of heat per unit mass
f is the density

and K is the thennal conductivity.

At the surface the boundary condition is

.........•...............' (li)

q

where H is the heat transfer coefficient at the surface.• and the
suffix 'A' denotes amba.errt conditions.

For simplicity we assume that the reaction rate is independent of ti~e

(see Appendix I) and that the Arrhenius Law is obeyed so that

~~. .
Q.f.e· .•.•••.•.•.•••••.•. t •••••••••••••• 'f ••• 'f •• (2)

where Q
f
E
R

is the hea~ of reacti~unit mnoa
is a constant
is the apparent activation energy caJ/~mole
is the universal gas constant.

It is implicit in this aasumptLcn that the reaction is t empera'tur-c not
air rate controlled.

Also for simplicity only one dimensional heat flow (linear or radial) is
considered, i.e.

= a?-2ax + a s;
xax

where n = 0 for a slab
= 1 for radial flow' in a cylinder
= 2 for radial flow in a sphere.

•••••••••••• f ••••••••••••••••
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It is iDtore"Uns eo note that i can be wr~tten

I. ,(~ f f ~a_ IS Il<fA '1 >,

e ~tr-\Aj y)

y

Pravj,ded T - TA «1, equation (1) may be written
. TA

• •• . . • • • •• (4)

~ e
q'e-"<" de -J.e- ~ at

A llimple llelf-heating equation whioh conadders parabolio
temperature distribution in th& material for the steady state oan
be written

~e 0<. oe e
I,e. J 0< e e - .

This equation shows the essential feature of self heating namely
that theI1l til a maximum value of cJ for ~ioha steady state i,
possible ~2) (3). This oritioal value ch is a.funotion of D<~4),
though in these experiments tfc for all but the smallest samples is in
effeot ccns tanto .

. 1

. . Prom the d9finition of cf. it follows .that Log eft T~ should vary
Unearly' with lirA , the slope detem1n1ng the .value 6f E. The' values
d. appropriate to·spheres of diameter equal to the siv.es of' the piles
of material used~xper1mentallyare listed in Table (1) of Appendix II.
Prom these it becomes possible to plot )fj,tohvllo ignit1a1 dntn,' .
as shown in Fig. (1). The data do in faot appear as' straight lines
and give values of 21,000 • 30,000 .oals/gm mole for E; This 'is
greater than the estimate of about 20,000 or less mde by Bowes (5).

....

2. The use of self-heating data

Provided d does not exo~ed de. a steady state oan theoret:l.oally
exist. In praotioe, after a long time the reaction rate is not
independent at time, so that it is not striotly pemissible to oonsider
steady state oonditions. This is however negleoted in these oonsiderations
(eee Appendix I). For the steady state it is possible to calculate
the relation betweenBo - (the s'!ffix 0 denoting oonditions at the.
oentre x " 0) and the value of o .; This oomputation has been
performed for oertain values of o(Appendix III) and the results.

.are shown in Fig.2. The only measurements made in. the experiments
wore the aotual temperature rise To - TA, the value TA and the .
size of sJPeoimen 'r'. In order to use.equatiOllB (3) and the relation
between If <It! O. in Fig.2 to detel'mine E, a somewhat cUmbersome
procedure would have to be adopted, if the whole range of values of
To - TA were to be inoluded. If, however, only small values' of
self-heating are oOllBidered a simple procedure is praotioal. It may
be shown that if an the right hand side the steady state version of
equation (4)8is approximato{to eo - a oonstant - the solution for
a sphere is

0. ~. b
( 5)
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the
to be

....... '" (6)~ ff--_.-
Gl"

should vary linearly with io
Bit follows that the plot of
equation (6) would be expecbed

It then follows from equ~ti~ (5) and the definitions
that

.1 (..,. _ T' '
Ql.-. c>' (,,4 I

2 +cJ.-. \ --y '- j-=

i.e. a plot of Log r/. (To - TA
2-+-V- i'2

Since equation (6) over-estimstes
experimental results according to
convex upwards.

It may be seen from Fig.2 that for Do < 0.4 thi,s is not an
unreasonable appr-oxmatian. '

, ...
t\ ' O· To R '

, If C' ~ <O. 4 then To - TA <, Lt~/hich for TA equal to 550OK,
R =2 oals/gm mcle/"c and E equal to~O,ooo oals/gm mole gives
To - TA <. 12 OC .•~ . _ 10:.
"v 1. rn:

If To - TA« TA, O.li. \s approximately equal to q f r f {.e.. c

KKtA
of: () and {

The rcsul, ts which are shown in Fig. (:3) do in fac t sugges t such a
curvature. The value of E obtained from the slope at small values of
To - TA is 22,000 cals/gm mole which is in reasonable agreement with
the other estimate of 24,000 for the wood fibre inBulating board.

There ie a JIIl.xinulm value of eo which for a sphere is 1.69(6)
Whereas, using the values for E given above a-vaLue orlt o of 2.9
was obtainod without ignition. A possible explanation of this
discropanc~ is that tho theoretical values of 00 arc lesa reliable than
thos~ of: 0 • For example, it IIl\Y be shown (soe Appendix IV) that
if e is replaoed by 1 + f) in the equation for a slab, a value of
5.1 is obtained for the critioal (. This is 1.6 times the corroct.
value. On the other hand there is no upper limit to the value of 90 ,

A second possible reason for obtaining values of e0 larger than
theorotioally possible is that the rnte of heat generation may
decrease with time as roaoting material becomes exhausted. Thun
self-hea ting which would cause ignition were the hoatingto be oonstant,
would be inBuffioient if the rate of heat output fell with time. The

. extont of this effeot oould not be found without a more detailod
analysis than is attempted here.

3. Rato of generation of heat

• . . . . . • . .• (7)

It follol'ls fr~ equa tiona (2) and (3i) that

CitrA) = K't R~l..
I' PEro('l..

which means that the scale Of6~(-tin Fig.(l) can be related direotly
to~ whioh is plotted in oals/gm/fnin. The value assumed for K was
10 o , g. a. units.. In the dr.cn obtained from the rise in temperature
on heating we have from equation (6)

..2S.. ~-\A ~ L ~l".)
2"rrt..,'- bt<'

Here again the scale S- To ~TA oan be direotly 'related to I::l
Lot ol.. ' r" ..1

and this is, done in Fig.3.
Those vnlues of 0/ a~ mioh larger than thoso obtained

from i~;",iti"n ,c]ntn (Fig.l, L ',!hioh ,erG tl1<;"':1'o).v0n 'O,bo\}t)lO' tin"ll
tho,,' o,;tL Y\ ted by J30'T"'~ \:l) and RAnkin & Robcr-snon ,7 • ' ' .' •
A rate of heating of 10 oal./g~. at 25000 is equivalont to self
hcat Ing nt ~ "c s-l whf.ch also suggosts that the fillUr<J is too large.
Al though an error in measuring T of t per eent produces an error inir of ~ t per cent i.e. about 25 times t this oannot aooount for
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the disorepanoy which, moreover is not a result of the physical
assumptions rre.de (Bowes, for exrunplc, found thnt a la.w of the
AlTheniuB kind was obeyed) nor of this p..'lrticular mabherratioal
treatment.

Consider the following simple modal of a s phcr-o Large enough
for the surface.temperature to be consiucrcd equal to the ambient
oven temperatura (i.e. c/... -;> C"? ). If 'ro is the ccntiraL
temp'ere.tu~. then the heat loss from tho sphere is .less than

. '1(7-0)~' y~,iJ • On tho othct: hand the hlJnt loss is greater

than4- iTl' L fS,( T;. -T. )
r

---~::>,
I
;
I

._._------_..:--

._.~

-I _-r
o ..1"

'l -

Fig.4. Real and approxi..Imto temperature
distribution sphere.

{r, l > 1K (1'" -7~ ) (Hence 9: .~/ ji5 --y:~i The full theoretical model givos the
reaul t 'j..::: 6J1/~tr. '''''T.~ )!'f"' see equa tion (16) (AppendiJc III) for small
values of (To - TA). Clearly ovon an approximate treatment shows
that the estimated. mt9 f(f heat generotion is' grC}ater than 5 times
that mcasu'red by Bowes\5) .and Raskin &: Robertson\S). .

4. Time for ignition to ooour

Equation (4) must be solved by direot oomputation if the term
.;; is retained. Some compute. tiona have in faot been J1'Rde by Copple et al\8)

but these do not cover a suffioientlylarge numbor of values of
d near the oritical for the time to ignite under conditions just
above the or!tical to be de texmined. .

Despite this it can be seen from equation (4) that for any
given value of ;r J inoluding that just in exoess of the 0r-Jioal
value, the ignition-or mathematioally, the point at whioh are becomes

infinite - oorresponds to a certain value of W ti being the time
to ignite. Theoretioally the value of ~ (TA - Tl) where TJ. 1s the
initial temperature of the solid will have some effect, but this is
probably not large: in simple conduction hoating the time for the
centre to reaoh, say 95 per oent ot the improved surfaoe temperature
is also given con:)J.rt.:J.;· b:' ;'\ Q..;rtnin vnLu.... of ~ i.e. 0.4.

The larger the value of I" tho smaller, relativc to the' qtl:1er
terms in equation (4) 1.a the conduction torm.

Thus for J"'>"7 I

.!f?'~ -::d=: Je e ~ (8)
K dt I

i e kti _ 1..~ --J
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From equation (8) it follow:! that

ftti."L
t:-

t. : <. R. ii.'.,
cyr -- <::-. _..

r=
where c is the thernnl capacity.

This in the more Cene':::-.ll form
F:

ti =A e mi:.

is known as the induction cqua tion and is often the moans of doten,'ining
E.

For critical conditions

ti ti r2
and Mitohell' s data for tho ignition times of different sized specimens
are shown in ~.(~) to f«lllo.-: this rcla tionship very cl.os e'l y, (For the
wood board JI! '7/1 = 0.75). .

However, the three materials do not give oomparable values for ti
- and as the three 1M terials appear to have similar values for 'Y it
would seem that fUly difference between rraterials in the values of
tilr2 would be due to differences in 'k' - the thermal diffusivity.
This is unlikely to vary by as muoh as a faotor of 60 r:hioh is that
apparent in the results be~7een wood and ootton felted fibre insulating
board and it is thus clear that the preceding analysis is inadequate•

. Some other factor, such as the diffuoion of air must be relevant. So
long as it is a diffusion faotor there will be a square law between the
time to ignite and the linear size.

·5. Disoussion and conclusions

An attempt has beon made to analyso data on the self-heating and
self-igni tion of fibre insula ting boards aooording to a a irnp'Le thermal
theory. The values of activation enorgy aro.scmethwat larger than
evaluated by Bowos but the materials although similar were not identical
and they nny wall have slightly different aotiwltion energies. ThOugh
thore doos appear to be a real differenoe bC~1een the data from the
experiments of Mitohell on the one hand and of Bowes and Raskin &
Robertson on the other, Mitchell's data gives much higher rates of
self-heating. The rates of heating caloulated.from the ignition and
self-heating data of Mitohell are no t in agreement. This suggests that
R f the simple theoretioal model is inadequat~.e erences
(1) Mitchell, N.D. ~ "NeVI light on Self-Ignition". Nat. Fire Proteotion

Assoc.Q. (195l).!§ (2) 165-72. .

(2) Sem<lnOff, N., "Chemioal Kinetics & Chain Reactions" Oxford. 1935.

(3) Frank Kamenetsky D.I•• , J.Pli.y:Chcm. USSR. 10(1939) 738.

(4) Thomas P.H. "Self heating in Conducting Slabs, Cylinders and
Spheres with Nm7tonian Surface Cooling. Department of Soientific
and Industrial Research, Fire Offices' Committee and Joint Fire
Research Organization. F.R. Note 197/1955.

(5) Bowes, P.C. "Estimates of the Rate of Heat evolution and of
the activation energy for a stage in the ignition of some
woods and fibreboard". ibid F.R. Note 266/1956.

(6) Charnbre P. L., J.Chem.Phys. 1949]9 1795.

(7) W. H. Ruskin & I•• F. Robertson. J,n adiabatic appara tus for the
study of self heating of poorly conducting maJ;eri..'\ls. Rev. Sci.
Instrm. 1954. 25 (6) ·541-4. .
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Time de,pende!1t reactions

The heat output calculated fran Mitchell's self-heating experiments
is larger than that calculated from his ignition experizrents (compare
Figs. 1 and 3) and both sets give values larger than obtained by BC71#ea
and fran the results of Raskin and Robertson.

We consider here to what extent "tl'lis can be explained by allowing
for the dependence of the rate of heat. output on t:i..rno,

. If thG 1033 of reactant with time is negligible for the condd tiona
, of 'Bowes t experiments then equat ion (2) may - as assumed by Bo-yes - be
used to cD1culatc E, This WfS detcrminfd 8f 16,000 cal/gm mole.
At· 250~ q.,. was measured as /60 cal.S'" s-( {U'ld these] t oget Iez- with
an assumed value for Q of order 100 cal/gm 9) gives r as 800 8-1 ,
a value which, like E is much smaller than would be expected for a
cellulosic product (i6

f
) ~piga1 v~~es frc in fact, for E, 25-35,000

cal/gm mole and for 10 - 10 s-.

The effect of loss of reactant is to reduce the variation of
heat output with temperature, which appears to reduce E. While,
qualitativelY this is a feature of Bowes' results,' quantitative~ the
explanation is inadequate as sha.m below.

••• •'..... (11)

and we have forWe \7rite "wI! the concentration of primary reactant
a first order raactdon F /,6 "_

- -/1\ I
dw= -',...J f --e. elk

~d Cj, -; - cr 1i;.
. For isotrerma.l heating Vie have from equation (19)

, - If - t e- '~~i':' T.t:,

. '}- - (i.)( -e '«7 ~.

.........
•••••••

(101)

(10ii)

I,
and we can write

where

.Cj- =

<f(-f

....... ,(12)

.......... (13)

If tre heating is not isothexme.1 but" say, a presres's ive . rise in temperature,
the exponent of t in equation (12) is less. If the heating is aocord.1~
to

. .-L ...L._ BJ:·
-.- - 7:' ,(14)I .: ,) .

this reductiQl factor can -be r~adily evaluated.' Thus from (101) and (14)J ~.J~ :. _ rf 0 - G:/A (+., -8-':) J '-

I tv 0 ''''"" . C(A. •

9·
c

•••••••••



Now 'Whatever thi value of~ the value Of(}';'1~Oa.nnot be less than
'r« (i.e. 1 2.7,) if q ¥s i.ncreas:lng With rise in temperature. It

therefore follows that the difference between Bowes" values of q and those
derived from Iiitchell' s whrch is of order 5 - 10 cannot be explained by the
loss of pr imary reactant. '

If th';re were los s of reactant in' Mitchell' s experimen ts, the actual
estimation of the r-at cs of hol.1t output would be affected in a way not
readily calc'.l1?,t0il.. Tll"y vouLd correspond to values for heating in 'a time

less t!lan t!,,, act.ua L '!::,;;!) of' the rrcasur-omen t f but from the procedd rg
arguments it :'..s not ll0C,'libl'3 to explain the difference, whf ch is of order 10,
between ti10 ;,()muts of the UcIO kinds of data by loss of primary reactant
because th',' [i1:"-,(..:o:-,,')[1, lJi:(,i"'rmce is greater, than a factor of 2.7.

BOI''''8 has S'.\'!:gee'GJ<l tj at loss of secondnry volatile reactant Ill!'\Y bo
in'\"Olvca aid. J';~l:':;: is ~0it.'1b o msddered,



Vie 1~::'.lGu}~tte t!:'.e heat t ransf'er' coefficient lie by" convec t icn for a sphere
f'r'cm t ho :',: (.:r:",:ul::t.

, i
.~',... -:-.
, ~I :.••:

:, I _

I '.i:."1 -

=
VI .
/~.A

whcrc i:' L.,;;:'1t.1 d~_8n:eter of t he sphere
1-,"' .i.s 'G:', 1 ~hc-=,,:'11 conduct ivd ty of air
I '.a..i s ·t:l'-~ ~:r:'t1.YHi:'.tional constant

.... .) 'j .. n~:: ki.nematLc vi sec... e i ty of air'-J.. .. '
.J: .~ t' t:l~ thr:~·J::.;'1.1 d.i;:'fusivi ty of air....... ~ ... ."

l\ T i'J "S~18 (~'·.i'forC:1CC in t crrpe reture between the surface
." (ina e"':1~ient. tc;:tperatu.!.~c

''1;1- :L:; i~<) ,;n:::i.::'~t, i.e. even t'2.1:'Tflc J:'a h :r e (:·:J:solute).

j
ccef'f'a c i cn ~ :I}; for a black body and a small difference in

4ft =
o iswhere

Now

The ra(I.~ rl'~"~ 0:1

temperature is

the Stefan-Boltrlman constant.

We have «. = (f-¥d D

~T = ReJ, fA'
-"E

where' &$ is the damenai.cnl.es s surface temperature which is known as a
f'unct i.on of ·cx..for critical condition~. It is alviays Leas t han 1 2..'1d may be
shown tlw.t the term in rd... involving t/sis much sma.lle~( <,10 per cent) than
the radiation. It is sufficient therefore to take e- l+ as unity and an
approximate value of E of 25,000 ca~gm/mole.

,I

A Table of the values of TA measured by Mitchell for the various values
of 'I" appears below with the computed values of 0/... and the corresponding values
of Oe,. It appears that the var'LatLon of ,f with I r' is not of great
significance for these exper.U~e~ts.

:fABLE I

i

IIr' ins. I T.\ OF nbs. c{ '0 i.z.,j -->-._.

1/16 1060 2.5 1.7
1

946 3.0 1.9V;;: ; 874 4-.4- 2.2
i I 856 7.2 2.6
1 816 11.6 2.8
2 762 17.3 2.9:
4- 726 .30 3.1
6 712 U .3.2

11 688 67 3.2
..1 ,_. - --.-
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we obtain

i ... t tho cerrs ro ,

.'. 1r at
"

~: ',".,

I
) ...

.'

-'+
=€ ._ ••••••• e· •

..........

(11)

J ' c9..
_'-f

3

, l.

d >t -e
b

d.J
tI-7>

t) - A

()( (It ~ { R 19~)

•. .

r;;..O :0

Co:> 1/\

at 1= (~< ) = ~ r

0( (&0 -lfs)

i.e.

so that from (14) ,

Hence

For smnll values of
aido of equa tion (16).

!L
do«

•• •

? Id-'-f)
.. ,» rGTh S

, Tables of I.t as 11. fun9tiqn ~ for equa tiona (11 and 1':-:) ar-o given,
by Chandresekar 'and \iinref} ~ll)D The values of 4's and 1's satisfying
equation (14) for given c! and {l a can then.be obtained.

Henoe J can be obtained ns a 1'l;oo tion of cJ 0 and ~.' Tho results
are shown in Fig. (2).

A-. l.lthough the,.re is II larg,evaria tion of I [, with r1.. for a given
V'0' a ourve of eJ!rltgainst tI/cJ}s praotically indo pendent of Ii. (Fig.b).

Small values of 0:.:..0 _

fJ a we put &equal to () a on the right hand

-= rr: d {' &~ «.. \

4,
-cf e ~

oS

and nt the centre

...........
. 1

1

'. ,
.~
t



This reb. tionrhjp ~_~ ,-,l~o shown :i.rJ.. Fig. (2) and it is seen that
it is a vp.ry good appr-oxdrm t Lon up to () 0 ';;;' 0.4.

Sin E L-J .- T.. - 74] _. - t 1 1 t ."ce :;- _ I~ -:;:::::-;. as appr-oxzma e y equa 0 R~ so long
I\," ! /) .' To .

as T _''P \ "7":::- 'ill. ....c _." ,. 0 - 1=C"s
~;_,) Do _ qf f E: .../--e {( T;J

f\KlAl-
Equa tion (1'1) may then be wr:l. ttcn

.... . "i. e.

'. '"



We consider the effect on the critical pammc ecra ~ o.........t Jll,;)
of changf ng the form of the hca t genera han function. This effect is
greatest when the var-Ia t Lon in tompc re ture is greatest, i. e , when cJ... ~ ~

& . ~
Let G be rO[llnccd in tho b..'\sic e qua t i on (4) by 1 + ci , Then

cq'lCt'::iQ~ (.~) for the steady s ta to becomes

d.} -t- h. (/l:.-~9 ::. -' rr' ~+·8) . . (J' t:..')cJ " ' n (,{,., .

Tho boundary conditions arc as before

x =0 ~ =0ax .......... (;{ Li)

x =1 .......... ('11 ii)

The solution to equation(lO)and(;.1 i.) is

t.» f. ~tl . t~ .~ k11'~ 1It1+ e ffl-#];I(
.J.. v ~ (I +-v J)' ...---'-'-- (. '/.). . ~ 111 - IJ1 f'. J:..,

. - ~

h -_ -n ± i J4 .r ~-n2
were m.,.. _ o

J 2

VIc have from (~Iii) and p.l)

i.e. for tho slab when n =0

sphere when n ::: 2

oy1 inder ...rhen n = 1

L, e.

21)4 ({- n"
'\A,11.. :

e. =OOB Jd' -:rl + n. 8mjI_ ;2
1 + 0 4 ~4 5- n2 4

Ther}i is no limi ting value of IJ " cf increasing to 8,' mrlmum'
value as (Jo tends to infinity. The J1Rximum value of dis given by

Tan : jo-~i = - 2 f rJ_]2
n

cf __li_,2 =2.47
4

cf ::: .'3.'65

rf == 5.08

Tho critic~l varuo of I eft for th,Sl' s phcre is only ill tarod by
60 per cent but the critical value of 0 0 is eliminntcd.
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