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COMLENTS ON EXPEAIMENTS CON THE SELFHELTING OF FIBRE INSULATING BCARD
by

P. H. Thomas

1. Introduction
Mitchell(l) reports two kinds of experiment; the first, the measurement
of the self-heating in terms of the temperature rise, when various volumes of
fibre insulating board are held in differcnt arbient terperatures and the
sccond, the minimum ambient femperature at which this sclf-heating proceeds to
ignition. The times after which this icnition oocurs are also glven. Threec
types of board were used.

The diffcrential equatian for a solid in which heat is generated is

29 - ldar _ -
Y, T =R %/0 N &

where ‘72 is the Laplacian operator
T is the terperature (absolute)
k is the thermal diffusivity
'q' is the rate of generation of heat per unit mass
. /2 is the density
and K is the thermal conductivity.

At the surface the boundary condition ié

H(T - Tp) = —K% D P TTFP PRI ¢ £))

where H is the heat tranafer COCfflClcnt at the surface, and the
suffix 'A' denotes ambient conditions.

For simplicity we assume that the reaction rate is indcﬁendent of time
(sec Appendix I) and that the Arrhenius Law is obeyed so that
q = Q.f-e '“E/Irr .I'.Il.l.'l.;l....l'll..l.'.........’...'..(2)
where Q 1is the hea# of reaction/unit mnos
is a constant

f
E 1is the apparent activation energy cal/gm/mole
R 1s the universal gas constant.

It is implicit in this assumption that the reaction is termerature not
air rate controlled.

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

2 d? :
VAR~

0 for a slab
1 for radial flow in a ecylinder
2 for radial flow in a spherec.

where n

it n

It will simplify the analysis if we, cxmloy three dimensionless parame*
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It i interesting to note that 9’ oan be written

g =
L . Qpf o e 3
v, - Ta)

Y

whioh is of the form .
: heat genereted chemically
heat lost by conduction

o Pravided T = Ty << 1, equation (1) may be written
. . Ta _

2y = 146 _ g ,°
e =% Je @

- A simple self-heating equation which considers parabolic
temperature distribution in the material for the steady state can
be written 7 9

. 1€, J ot 8 e .
This equation shows the essential feature of self heating namely
that therf %a a.maximum value of ¢ for which .a steady state i i
possible (2 (3), This oritical value ¢ is a funotion of D(?‘l),
though in these experiments (f( for all but the smallest samples is in
effect constant. 0

: ' :

. - Prom the definition of c{ it foliows that Log &:rﬁ should vary
lihearly with ' Ta » the slope determining the value 5f E. The values

« appropriate to spheres of diameter equal to the sizes of the piles
of material used cxperimentally are listed in Table (1) of Appendix II,
From these it becomes possible to plot Mitohollo ignition dntm, .
as shown in Pig, (1). The data do in fact appear as streight lines
and give values of 21,000 « 30,000 cals/gm mole for E. This is
greater than the estimate of about 20,000 or less made by Bowes (5),

2, The use of self—heatinLdAta

Provided d does not exceed _&_a steady state ocan theoretically
exist. In praotioce, after a long time the resction rate is not
independent of time, so that it is not strictly permissible to consider
steady state conditiona, This ia however negleoted in these considerations
(see Appendix I). For the steady state it is posaible to caloulate
the relation between &, ~ (the suffix o denoting conditions &t the .
centre x = 0) and the value of d ., This oomputation has been
performed for certain values of ol (Appendix III} and the results.

.are shown in Fig.2. The only measurcments made in.the experiments
wore the actual temperature rise Tg ~ Tj, the value Tp and the .

size of speoimen '¥', 1In order to use. equations (3) and the relation
between d a4 @, in Fig.2 to determine E, a somewhat cumbersome
procedure would have to be adopted, if the whole range of values of
To ~ Tp were to be inoluded. If, however, only small values of
self~heating are oonsidored a simple procedure is practical, It may
be shown that if en the right hand side the steady state version of
equation (4)#is approximatedto 6o ~ a oonstant - the solution for

a sphere is .

: O . |
4, - _cé: 2__3:_94){ ° Caveadeien (8)
N
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It may be seen from Fig.2 that for O, < 0.4 this is not an
unreasonable approximatian.

1 .
- 4T - -
: IfBa<o.4 then To « Ty < o Li'-éz—-‘a-\v’hir::l'l for Ty equal to 5509,
R = 2 oals/gm mole/°C and E equal t0"20,000 oals/gm mole gives

TO -TA<12m ﬁ . 1_-—&
© R T
If T - Ty <K Ty, d & 1is approximately equal to i’-ﬁt E;T e

K R Ta
It then follows from cquation (%) and the definitions of @ and
that . -\
_T"c - Ts' . 1 TT

—'—L'K—'" ( -:.-..._.—- : T— Q_{i_ﬁ € ° o L R I (6)

2+l YT/ T

i,e. a plot of log ol (To - Ta should vary linearly with _,_]1;_ .
2+~ : _ >
Since cquation (6) over-cstimates O it follows that the plot of the

- experimental results according to equation (6) would be expected to be

convcx upwards,

The results which arc showm in Fig. (3) do in fact suggest such a
curvature., The value of E obtained from the slope at small values of
To = Ty is 22,000 cals/gm mole which is in reasonable agreement with
the other estimate of 24,000 for the wood fibre ingulating board,

There 1s a maximm value of 90 which for a sphere is 1.69(6)
whereas, using the values for E given above a.value of ¥, of 2.9
was obtained without ignition, A possible explanation of this
disorepancy is that the theoretical wvalues ofﬂo arc less reliable than
thosg of JY . Por example, it may be shown (soe Appendix IV) that
if ¥ 1s replaced by 1 + O in the equation for a slab, a value of
5.1 is obtained for the critical ¢ . This is 1,6 times the corrcot.
value, On the other hand therc is no upper limit to the value of Bo.
A socond possible reason for obtaining values ofﬂo larger than
theorctically possible is that the mate of heat generation may
decrease with time as reacting material becomes exhausted. Thus
sclf-heating which would cause ignition were the heating to be constant,
would be insufficient if the rate of hcat cutput fell with time, The

.extent of this effeot could not be found without a more detailed

analysis than ls attempted herec.

3, Rate of generation of hcat

It follows from cquations (2) and (31) that

: P
. KERT,
: A) = A
qr; PEFYL LRI RN R R R (7)

which means that the scale ofdﬁ{a—m Fig.(1) can be related direotly
to g whioh is plotted in cals/gm/min, The value assumed for K was

107* o.g.8. units, In the dota obtained from the rise in teuwperature
on heating we have from equation (6)

°< T—Q-’T—A = i a‘L’l_.)
240k v 6K .

Here again the scale S To ;ZTA oan be direotly related to 3
and this is donec in Fig.5.-2'+°L‘ ' . '

Thesc values of §- are moh larger than those cbtained
fram irnition datn (Fig.l, é which ars thamselves aboyt 107 tines
thos' watbwnted by Bawes A ) and HRaskin & Robertson ). LR, .
A rate of heating of 10 cal./gmfmin, at 2509C is equivalont to self
heating at ¥ °C s~L vhich also suggests that the fipure is too large.
Although an crror in measuring T of ¢t per cent produces an error in
9 of Tﬂl?: t per cent i.e, about 25 times t this oannot account for
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the disorcpanoy which, morcover is not a result of the physical
assumptions made (Bowes, for exmmple, found that a law of the
Arthenius kind was obeyod) nor of this particular mathematioal
treatment.

Congider the following simple model of a sphere large cnough
for the surface .temperaturc to be considered cqual to the ambicnt
oven temperature (i.e. K Ho® ), If Ty is the central
tempemtune then the heat logs t'rom the sphere is less than

L) &0 ¥3#2 , On the other hand the heat loss is grcatcr

Temperaturcs |
aotual

~appro:d.ngzq_ j

Fig.4. Real and approximate temperature‘
distribution aphere.

Henae (~: )> 1 (e .) (The full theoretical model givos the
regult 4 = 6He(0 ’*)/r sce equation (16) (Appendix III) for small
values of (To =~ Ta). Clcarly oven an approximate treatment shows
that the estimated mtf Sf heat generation :Ls~gr?a§er than 5§ times
that measured by Bowesl5/.and Raskin & Robertson 8), - .

4, Timo for ignition to cocour

Equation (4) must be solved by diréct computation if the term
. i3 retained, Some computations have in faot been made by Copple et a.l(,e)

but thege do not cover a suffioiently large number of values of
near the oritical for the time to ignite undexr conditions Just
above the oritical to be determined. '

Despite this, it can be seen from equation (4) that for any
given value of d‘ inocluding that just in excess of the ogié:ical
value, the igm.tion-or mathematically, the point at whioh becomes
infinite - corresponds to a certain value or ki t4 being the time
to ignite. Theorctiocally the value of 'R (Tp = T1) where Ty is the
initial tempcrature of the solid will have some effeot, but this is
probably not large: in simple conduction hecating the time for the

centre to reach, say 95 per cent of the improved surface temperature
is also given c‘mn-rt-ﬂ by A certain velue of:r‘é i.e, 0.4.

The larger the valuse of d the smaller, relative to the’ other
terms in equation (4) is the conduction torm,

Thus for d >7|

%
r23 —_— )
R{ Tde Illflll!.l..l'......ll.'l.'..l.....l....(a)
ile. kti =

1
= 4
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From equation (8) it follows that .
E N
2 - = P
e SRR R R ()
i e + -
¥

where ¢ is the thermal capacity.

This in the more gencml form
I
ti = A o EL:

is known as the induction equation and is often the moans of determining
E,

For critical oconditions

ti 0< r2
and Mitchell's data for thec ignition times of different sized specimens
are showm in Ii:]g(s) to follow this rclationship very closely,{For the
wood board .7}‘: 0.75?. »
However, the three materials do not give comparable values for t4

- and as the thrce materials appear tc have similar values for 9~ it
would seem that any difference hetween materials in the values of

ti/r2 would be due to differences in 'k' - the themml diffusivity,
This is unlikely to vary by as much as a faotor of 60 which ia that
apparent in the results between wood and cotton felted fibre insulating
board and it is thus clear that the preceding analysis is inadequate,
Somc other factor, such as the diffucion of air must be relevant, So
long as it is a diffusion factor there will be a square law between the
time to ignitc and the linear size, .

Be Discussion and conclusions

in attempt has been made to analyse data on the gelf-heating and
self-ignition of fibre insulating boards according to a simple thermal
theory. The values of activation encrgy arc somethwat larger than
evaluated by Bowes but the materials although similar were not identical
and they may well have slightly different activation cenergices. Though
thore does appear to be a real difference between the data from the
experiments of Mitchell 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 ocaloulated.from the ignition and
self-heating date of Mitohell are not_in agrecment. This suggests that
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Appendix I

Time dependent reactions

The heat output calculated fram Mitchell's self-heating experiments
is larger than that calculated from his ignition experiments (compare
Pigs, 1 and 3) and both sets give values larger than cbtained by Bowes
and from the rcsults of Raskin and Robertson. .

We consider here to what extent this can be explained Ly allowing
for the dependence of the rate of heat output on time,

If the loss of reactant with time is negligible for the conditioms

"of Bowes! cxperiments then equation (2) may - as assumed by Bowes - be

used to calculatc E, This N;las detcrmn?d ag 16,000 cal/gm mole,
At-250%C Q, was measured as /60 cal g 3.nd these togetler with
an assumed value for @ of order 100 cal/gm ( gives as 800 s~

a value which, like E, is much smaller than would be éxpeoted for a
cellulosic product ('6) Typigal va}ges ?re in fact, for E, 25-35,000
cal/gnm mole and for 10 -

The effect of loss of reactant is to reduce the variation of
heat output with temperatuf'e, which appears to reduce E. While,
qualitatively this is a feature of Bowes' results, quantitatively the
explanation is inadequate as showmn below.

Vie write "w" the concentration of primary ‘reactant and we have for
a first order reaction - ~ /r?f

- —-w%-e - .. - | cesvess (101)
and | - & . ceeeeee (1041)

. For isothermal heating ve have from equation (19)

£ - fe g

) Ri . ) .
% - f/f'e ~+ ooac.--(11)
and we can write ‘-’{’_fz,—
.',P 2
‘-7/ % ¢ . verenns(12)
~ '
TRT
Wh.am 0 (P/ -'f .-0-000(13)

If the heating is not isothemmel but, say, a progressive rise in temperature,

the exponent of t in equation (12) is less, If the heating 1s according

to L !
| — = 7 T £t (1)

. 5
this reduction factor can-be r?.adﬂy evaluated,  Thus from (101) and (14)

_/“dw - 'f/ e (& 8&)#

/

__—: —%0 | '
{, jé/—;” e (13)

E 8/,{
For any appmciable rise in temperature the secomd exponential term is
negligitle e,f.c "E/RT and from (15) 5(1011) and (13) we have

f
C‘L = /a f%
— 2.
TG, e $es




Now whatever t?? value of -@B the value of i/r,aoe.nnot be less than

e (Lee. 172,7,) if q ¥s increesing with rise in temperature, It
therefore follows thau the difference betiecen Bowes' values of g and those
dorived from Mitchell's which is of order 5 - 10 cannot be explained by the
logs of prmazy reactant.

If there were loss of rcactant in-Mitchell's experiments, the actual
estimation of the rates of Ilrat output would be affected in a wey not
readily caleulzted, Thuy would correspond to values for heating in a time
less than the actoal 4im: of the measurement, btut from the procedirg

arguments it is not peusidble to explain the difference, which is of order 10,

between the reosudts of the two kinds of data by loss of primary reactant
because the duserrad diliorence is greater. than a factor of 2,7,

Boity has swggeoeted tjat loss of secondary volatile reactant mgy be
involived aad %l i:, i8 being cmsidered,
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ie crlovlate the heat transfer cocfficient N, by convection for a sphere

frem tho Yormia
Y .-
b N Y Y
! ‘\"" = 2+ l.‘.r) ( i ’-ﬁ". /11‘9‘)
; A0
Ry o= B 1t o, = }l-'—""‘t > -
5
. et D AT
Nt .oow o Grochef No, = ety 1
S fa
(e = FPrandtl oo o U
s, _
whore L s the dlemeter of the sphere
koode thy thetmal cenductivity of air
4 ! L3 I} .
2 is the sravitational constant
\\'j is thz kinematic viscosity of air
Aks the thermal dir'fusivity of air
b1 is the diiference in ternperature between the surface
. and ambient temperature
iy is the aiomt, i.e. oven temperature (absolube).
1

The radiasion ccefficient Hp for a black body and a small difference in
tenmperature is 3

He b Ty
where (f is the Stefan-Boltgman constant,

We have ¢{ = (Hﬁl\zﬂ (.)'D
AT -

where- B’sis the dimensicnless surface temperature which is known as a
function of (A for critical conditions, It is alwayz less than 1 and may be °
shown that the term in ol involving is much smaller,( < 10 per cent) than
the radiation. It is sufficient therefore to take 3 Y as unity and an
approximate value of B of 25,000 cal/gm/mole.

Now

A Table of the values of T) measured by Mitchell for the varicus values
of 'Y appears below with the computed values of ¢ and the corresponding values
of (J¢. It appears that the variation of Jwith 'r' is not of great
significance for these experiments. :

TABLE I

lrl

ins.

T4 ©F abs,

.

o~

1

|

OV o o

| i

16

1060
546

: 874
, 656
816
762
726
72

633
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APTINDIX TII

Relation hutwrer _,-’?_..;_, f__f_l_r_ ity no::t_:c'ritical condition

The steady state equation.for a sphere is from equation (4)

. .
¥ / ? P o | {_/'
L2 {,;c 55_& ] = - d/_e
. AR AT cise ,

By “ne milatiiuiion bn equation (1L f':)ﬁ.of/

ot -

. rou [
i TPt /Uc' °)
. . 5 .

s ' ..__;, - (’Qc . L9

U 61 2)

we obiain ! . ~ ¢

| 5 '5’; /i ‘(”) =€ .0

I A2 ZE -
At tho cenire, x = 0, o :(90 and »’(;(ﬁ:’_; 0
". L] } .:.11: == ".'};‘ LL’ = 0'1 éi-', = O a® P e b WS A (1..)
N - . ' &*’3 .
4nd at the vouudary x = 1
' ' AL
2, i

. h .’ a-t ‘é = (J { ) = ’}) .‘-

0(((90 '“H"s) = 3 %';)S

Tables of Y4 as a f‘unftian {, for equations (17 and 1¥%) are given
by Chandresckar and ¥ares (11 The values of g and s satisfying
equation (14) for given jand BO can then be obtained.

Henoe Jca.n be obtained ns a function of (56 and o{ « The results
are shown in Fig, (2).

é Llthough there is a large variation of 'J" with K for a givon

o, a ocurve of /J against /(9 is practically independent of l . (Fig.é).
¢ v

Small values of [Jo

For small values of 00 we put (9equal to (90 on ‘the right hand
side of equation (1€).

. o ("\0(“}) = J{’. &oxl

dot - dat
| 4
Hence ﬁ__L_Vu - - (_r e >
. o 3 - "
i.e. . & - A - d x

tr—

so that from (14) . A /A_ _._{ ebq‘,) - e
. % .

L~

“wl A
,&t‘

and at the centre¢ > O
&
4, =4- i@‘*)Q Y 6 T-)
X '

e G Ban mmra W M A% _awio . B e o s m e o es —

e a i b s s n bbbttt 1 =t



LPPENDLY III '

continuation

This relationchip is also shown ibeig. (2) and it is seen that
it is a very good approximation up to ¢ o' 0,4,

——

i;'?,-q

Since —C;--/ —'; T ——— ]is approximately equal to == 80 long
= . ) _

14 RTo

as Tz - T4 f.‘\’( Tho {9 o . - = /aT
' o B vl p f‘ r’ Y ) { o
v = éﬁJ____j:. <. _

KR Ty

Equation (1q) may then be written . 1=

-' ...... i.Ae.. ) ___C_L_,. (7_;-_}_&) _ CQZ_(- e T?-a
2+l YT 6

! oama v s



AFPENDIX IV

‘ 1

We consider the cffect on the critical parameters CJL A el Ja

of changing the form of the hcat generation function., This effect is
greatest when the variation in temperature is greatest, i.c. when 0{ > 00

o .
Lot ¢ be replaced in the basic equation (4) by 1 + 8. fThen
equatica (&) for the steady state becomes

_a_l_d --l» ﬂ.bl "9_. = f'rf-(l'}'(g - | (:“.,)

A s rlac

The boﬁndary conditions are as before

o 4§ <4, | eeeenn, (213)

= 0 ab
x ax

x=1 f=o0 . . N O RELY)

The solution to equation(10)and(.1i) is
M,

M ’ :
. Mm T
/40 -:.ﬁwo‘) ¢ eI ] &)

wherem.f)- . ntidad-n?

We have from (21ii) and (32)
' il
— s —.g -5 f4d - n
-n+ 1 ‘[—Zcf— n“ e .

n 1 .
- ...4{..2
+(n+1i 4J-n2e2+2 "
21\]4{_115

ch -3t ]4n3';' ne smﬂﬁ

Ther¢ is no limiting value of 5 . Cf increasing to a meximum -
value ag {/, tends to infinity, The mrximum value of o is given by

- 2
Tan (f-_zz =. -.Zfl:(.?lt—‘

1.

1 +290

€

1+

i.c.

Wiy
= Qo8
(o)

2
i.e. for the slab when n = 0 J ::1::;— = 2.47
oylinder when n = 1 = 3,65
sphere when n = 2 Cf = 5,08

The critical value of ' J' for thg sphere is only altered by
60 per cent but the critical value of Jg is eliminated,
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