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THE CORRELATION OF IGNITION TIME WITH THE PHYSICAIi· PROPERTIES OF. . MATER:w.s

~ PARI' I SPONTANEOUS IGNITION OF CELI.tJIreIC MATERIAlS

by

D. L. Simms

1. Introduction

Several attempts have been made 1;0'correlate the' time taken to i!l;ni te
materials 'bY)~~ionwit1:l·the·physica+properlieso~the' irradiated ".
materials. t~ .t 2) 0) . "More data are nO. available and in addition it is now
lalow:z; that the . time' tilieri.toi~itea~io~ ra.diaD.t int~sities. increase!'
consJ.derahly WJ.th. decreas:u;s. sae of J.rra.diatedarea. (4)' SimJ.larly th"­
effect ·of low absoxptivity\.?) .is .to mcreaae significantly ,the time tak~

to ignite particularly lit higll ~tensities. ,~he(c~rrection factors. nee»- .9ry
to allow for both these effects are now known.(4) 5) These corryct:j.~ ":'1' tors
partly account for the discrepancies' be,tWeen the earl~er analy'sest 1) t 2) 6\U'"
the experimental .results.· ·..L

T~iflnote p:;esentsa COrrelation ~orspontaneous ignition in tenns of
the thennalbalarice of.: the solid. ,~he amoUnt .of chemical heating :in the
solid :m~ by pal~lJi.tion be shown to be general,lynegligibleup to the point
of igilition\6):in th~.J'reserlt e~eriments and is not considered in this
discussion•. q.a,rdonV) regards the..effect,.of diathennancy in the surface
layers as insignificantafter·tIie .firiilt two. seconds and as most ,of the ignition
times ,are Longer- than 'l;~, :diathennaricy is not considered here.. .~.? .' .

(1), ,••......•.....,.~..·t » o

2. Thennal balance in the'solid at time 't' and at depth 'x' ~rom the cent~

~he tempe~ture rise Q at a dep~:',X" 'in 'an infinite slab of thicla1esB 2J!..
and: absoxptivity 'a' losing heat from both faces by Newtonian cooling and
exposed on one f~e'.',to an intensity of irradiation I .is obtained from

?H) 1- ~O-... = -f<.. at:CDc ". '
.... ~.. ~.' .

...... "
.'

••••••••••••••••••. (
( 2i)

•....... ~ ..e"...... (2ii)

o o
••••••••••••••••••

= H;';"where h . {A

and H is the Newtonian' oooling constant,
c .

(
. ,

K is the thennal c.onductivity" '

f is, the 4ensi ty' ,

c is the specific 'heat ci~ the materiai,

'k':ts ,the thennal '.dij'f'!1sivityeq\Jal'to K/fc~ .

'. l . ~
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The solution to this equati9Il is complex .and: is discussed in the APi;'i;I;dix,
but rearranging the terms'in equations (1) ., 0) shows that, the solution must
.be of '!;h~form ' . '

<. eifG'1L~)
Within ,certain ranges of values of 1;P.etwodilitensionless groups, the

Fourier nl'miber!1 and the Biot number h,c,tLSeful' approximations m~be made.
These ranges .teo are shown' diagrammatically in Fig.. 1. '

, . ',( ',' .

2.1 The slab with a linear temperature gradient
, -/4' ' .

'For the range 9f values of ..{;?:- and l:!..ttn: the area A Cif, F,il;'. 1,' there
is effectivel¥, a linear temp,era~-e gradient ;t;hrou&h, 'the slab (Appendix,
equation (14)). The 'mean temperature rise· tim is'given by(Appendix,
equation (17)) . . " . '

". Nt-·

o =;if(I - .e,-:ferL) (4).
, I-v'-. ., "

H~ -..ts a dimensionless group obtafue:l'fro~ the Biot .and Fourier

numeers-by"eliminatingK,' the thermal cdtiductiv'ity,', which 'is, of .courae,
absent if there are no' thermal ~d:ients. '. .

.' ~'. ..' '.
2.2 The semi-infinite solid.,

"J/;.' ,','
For the range, or..valu!3l;,-of~?-and· h.£ inth~ area B in Fig. 1" the

front' surface behaves as though tlie' slab was a semi'"infinite solid
(Appendix,. equation (J,.8) ) and. ,. ' .

.c: ~.'.C. /~, 'nU,'.. , .... '(3).
C1 " ~~, ~ ..: l ' •••••••••••••••••• (5) ,

wherefF=:j"/lI'" :' ' '.' '.' ..

t3 is a fun;tion of the FoUrie~.and Biot nUmbers independent of the
ihickness which has no meaning in the ,semi-in~ite solid. .

. ,

3. Results -,' :

Data are only available at,present for materi.a1:s in ·the foi;1nof nqn- '
uniform slabs (Table 1) and semi-infinite)solidS (Table 2).. The data have
been corrected for the effects of area. ( 4- " ' ':'

4-. Correlation' of data •

( 6)

Experimental results m~ be correlated in terms Qf' the groups of prop~rties
in equatians (4) and (5). It has b,een q~ventional(ll :to ;cansider the absorbed
energy, equal to aIt, rather than the abaorbed intensity ot: radiation, aI, as a'
variable and so the results are plotted 'in tenns of .. two dimensionless variables:-,;:..y.t- '.'. '.,,:.

a.; _. ", "j .

the energy mOdulus.tlf2pc..()M.- ' :he form of w~~ ~resentsthe ratio of the'

energy received by the ~ace to the heat content of ,1ffl ,s ampl e .at ignition, arid

the cooling modulus p if- ' the form of which i-epre~~ts the ratio of. the energy

lost 'by cooling, to the heatconterit. in t~rms of- these g~Pl! equation: (4-) .
for slabs with 1in~ar temperature gradients m~be. i-e=ged' as '

0.:;: f- _ '. H t;-Ifd-:, ,"'j , .

-~/JO'c{) - ( -HEJ .
<!;fr- ( ,.~ " I -.~'--pell:.

This is, Shown in Fig. 2.
. '. ~\

2,.> ,"
~" .

. :' .
;.



Equa.t:i.an (5) ;f,oJr> 5emj",;in~'~r- ,3c,15,,"!s m~ be rearranged as, .

This is shown in Fig. 3.

~quation (7) contains the same variables as' equation (6) except that
~ kt replaces the thickness 'of the slab in the formation of the dimensionless
groups and OF replaoe3 () •. m. •

Cor.rela:tion of results
"--:a~_~~

..'

(8)

.~~..~.~~..~~.g ..~,

,
WhS':>. tJl~ eoo'l.ing modu.lll'~ -A tends to zero, as it nonnally' (ires

... pC-L

for short. exposure time:;!, then f:rom equation .c 6)

o.-Tf.- I
perM. GJ..... > . .. .

Hence from values of ~J." for small values of ~ a fi:r.st
. 2P~~ . P'i'J-<-' " •

a.pp:rorlmat~.=.~? Q-u; m:'Y be ob~&:Uled and the approprIate value cnosen
fOI' the,Ny\ytmn.an .:Jo!:'l:m.g 1J000~'taD.t H over- the temperature range, The
vaIue ,,:e IYIII is then adjust,:iil. to give t.b.e best fU between. the expe~.>

ment.!l1. px!n'!;s and equation (6). Th~ c<orrelatio.n obtai.ned (Fig. 2) 1.-;;
adequate oonai.derdng th<, assumptio.ns made and the expezdmerrta't variati':lllS.

S 6litimird'init;e solids•. -=- ~ -.....,
Ht

When t~:.coo~.in~ m?dulus pc ~ p..f- tends to zero, as it nonnally; does
\.,'" .. ....

:f\~.~-:) s.l'.\Cx~G f"-JCpo3t;.!'P, times, l15 have from equation (7)
o.-rt- ~T1

pcl ~eF -:> .. :<...

o..It-
Hen~et:f'rom "slues of' pc m for s~ values of the cooling modulua

.p C W . a. first approximatdon to Ctf' ~~. be obtained and the appropriate

value for the Newtonian. )?ooling oonstant, H. over the tempera.ture range
chosen, The value of CJF is -(;hen adjuI"ted to give' the best fit between
the experimental points and equation (7). (Fig. 3.)

6. Discussion and' conclusion.';!

In this series of experdment.s , igniti.on was not obtained below
1 cal.cm~~=l, but above this level the ignitiOn time may be obtained for slabs
of cellulosi.c materials from Fig. 2 and: :t'or semi.,infinite solids from Fig. 3,
or from equatd.ons (6) or (7)., T,he. best fit betwe~ the e).Cl?er:lJnxntal resjrlts
and these equatdons is obtaiD,ed with a va.;!.u", of 525"C fortfF .or tim. It is
fortuitoll..'! tha.t the same value ma;v be used for the mean temperature of a slab
and for the surface of a semi~:i.nfiniJ~ solid.. Examination of the eo.ergyi
modulu.s .shows that the g:roupgyZ p C 1:>'..... j,g the actual heat content of' the slab
at ignition and this may be l:irlied with the. production of a critical amount of
fiammable gases, but the group pc,gE 9r is only the equivalent dimensional
fonn and is not th.e actual heaf 'c'ontent of the semic,infinite solid. The,
greater scatter obtained with the results for the semi.,infini'te solid (Fig. 3)
is presumably associ.ated with. th;e incompleteness of the thennal model.

- 3 -
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Despite this, a large part of ignition behaviour may be readily understood
in tems of thennal heating. '

The principal use of this typ!l of analysi;! is to obtain dimenl'lionless
:t.'onns of the variables and provided that the role of' chemica.l heating ma;y
be' neglected similar analyses could be employed for non~cellulosic materials.

Flaming persisted for most' of the :results reported :i.ti Fig~, 2, though
fOI' some of the ignitions at high intensities, flaming did ncit persist after
the remov!U. of the radiati.on,. It is hoped to consi.der this aspect 'of
ign.:i.t:t6n :!n ~ :t'u'!?.lre reporc.o.. ..

',' " ..

"
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TABLE 1

D=scription of materials which. behave as' slabs with a linear temperature gradient

Thespecifio heat of' s.ll these mater-ials was taken as 0.34 cal/gmjdegC. (ai)
All properties are tsk'9ll as the values 'applying at room temperature.

-. ~ ."••" .'_.-0

'0

The:cma1 (8)
. Range of

Material Colour' JoF~ReOo Denaiv oonductivit.y (Ki Thiokoess Source of :bltensities
Symbol h...f..Rat0 No. g 0lJl-- Cll om-Is-l deg O~ .x 104- 2£=. radiation of X'adiati~

f cal =-26-1 /'"

- .. Foa2-
"

Cotton Black R.169 0.::;7 1.8 0.01,,::; earbon arc(9) 1;7 :.. 13e5 1& 0.12
1 ft 2 radiant panel(10) 1.2 - 2.3 •Cotton \'lhite R~5'+ 0.57 1~8 0.045 II 1.0 :.. 1.8 0 0.l2

, - .
Fnter paper Black R.110 0.53 1 7' 0.02 Carbonaro 1.2 - 12.9 .. 0.06

• 0

D=nim Khaki R.26 0.52 1.6 0.06 1 ft 2 radlant panel 1.3 - 1.9 "r 0017

Drill Bll1<3 R.24 0.46. 1.5 0.065 II 1.3 - 2.0 t::>. 0.22
Drill Black R.7 0.39 1.4 • 0.056 II 1.5 - 1.9 I] 0.20
Gaberdine Olive R.30 0.59 1~9

• 0.029 ii 1.1 - 2.0 0.08. V



TABLE 2

Description ot materials which'behave as semi-infinite solids

The specif'ic heai of' all t~~e ~ter18.ls was taken as 0~34- cal/gm/degC,
All properties are-. taken as J;he v:B.lues applying at room temperature,

. '.. ..• r;:. . ;,.~ -::
. . <: "~.'. ". .-, '.- .

(11)

',.- ,
, .

.,

o

,', "

,~ .

'.' '~.

.-.

~ ......-.'

r,

.. ' ..
' .. " ..

" ..~.' . .. ..
" '. · . (12) Range ot

DenaJ.~ Thermal ..
Material Colour conductiyity Source of intensities Symbol·.'. ·g·o=· ..

cm'Pls'?la.eg C~l lo'r radiat;i.on of' ralliaUon..
f> .pal x ="28<>1

\'1
~<- "," .' :c.... -. . 'r cal 'f,:! ~.' ,. ... , ,

.. . " .' -." , ..,"
Oak Natural ",0, ... '. ,. 309 Carbon 2;4- 14-00 0• ',' D:ro - .-

Black (cand1e). II' " 1,9 :.. 2,9 '. ,
: :"";.

" " ? '.- ;,.' . ,~ .,) " " 105 - 2,5 •Fibreboard Natural .~<' 0,25 '" . ~ 107 it it 204- 1200 ~- -- 'n ' , , ". ~

Rad.:!-ant i>ane:!- . 2,1....- 1,2 - .","

. Black '~ car1ian~
· Carbon"arc 1,7 7,1 A.. , - ...

-Black . canllle ' r

" " 2,0 '3,6 + 1
.' ,,' '. -

Cedar ':Natural· 004- .. 2,'4- " " 109 12,0 0
,-,

"
1 Radiant panel 1.6 201 • ..

- -'". : -: \. -.
Black (candJ.e)

.
Carbon 104- .;. 2,9 '0arc

if .
"

-.,
Radiant. panel 1,7 2,4- ":X-

MahogazV , Naturai 0.6
,

3,4- Carbon 1,9 12,0 .
V

.
, arc -

Black (caitdle) " " 1.9 -12,0 ....
, " ,

." I
. .

"
. ~ ; •.... , ... ,':•..... ~:_~

...... -;

-.

B

0\

I
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APPENDIX
: '"

The temperature rise of· an· irradiated slab.

.: -.' •• • r '. r:-.· -. "'~', r' r~.. :.. -, ., ~ ;'1'

and

()
F

o~cetl- - -~
. The temperature 0_ of the front surface, x: =-.--e. , is thus

o..-Iil r: a.:r-£t. 00 ..e. ..:.... k. Ok.2. ~

== ;QH (If.nJ H ~rP--+--e~(O':+~~I1
0..,I Jil 00. ,~--Il. 0tln,..1. t- .... "" .. co 1' .. " ••••• _ ~l.l)

+'£H" H - f @- -+ ')1-(«~ 2--f --l1l '

and the:;~ture.00 ~~ac:,SUrface::=-==~i~it-

. -~H(I+,J.lJ -+- . H ~ [!L+iYO ~~.-t."LJ]

or J~ 00 -'2_~<>I. 2.t;- •••••••••••••••• " (12)

+ iH H f fU-f_I{~2-t'-..-.e~)J

This does not. contain 0. term in'~, which has 0. small first value. (1.4)
enables the approximations of Section 2.1 to be made.

2. Special cases

This

. The two independent dimensionless parameters for the surface temperatures
of the slab =e·h.e., the Biot number and k the Fourier nunber-, of whachf\!-I - .S;L..". ~2.. . ..

o..-T is a function. Useful' simplifications to the above equations may be
made .for certain values of these parameters (Fig. 1).

(i)
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2.1 The slab -witil a linear. temperature rtradient·
.... ", - . • ".At" - ,._.... - • _

This is def~ed aa a-slab in whi~th.~'~te~~ s~~t~>~!;:mpeta~...~..
gradient has in effect been :a.ttainec;. . , .-' ", . ."'

The condition for this from equ~tion (13)":'~ . . . . .
00 ,'-'..lo; l.t;- ..,',' ..., "'-

;('+pi~L'{a:.L:7>JJ.:. ~ ..~~.:~~;~~:! ..k]j{ ..

The relation betwe~.h~ and,E. for'"the ~7:ftt ~dSid.~ Of~qw::tf~ (~,.

to be ten times the right hand1s i de has been 09mput~'d a,nd is ''l;P~ ~Ol!er,
boUl'laAIy of the region A in Fig. 1. .

••••••••••.•.•.•.• ~ .. ~ ;,(15)

With the above condition equation (13)' reduces to

9 _ (j ~ o.I~)
F B - J-( Ct-f-~

0('2-
I

with

The temperature gradient through the slab is thus e.ff'ectively tlj.e
steaqy state value.

The mean temperature (). of the slab ~ be obta1ned'~rectlybY
integrating equation (10) so ~t .''. . . . "

a-T «ues « - ~Or!~?-t: .h., '.
Q"'- %l.HH~[!l-J~k>"..i1J ~>"n..... ~~... (i6)

-;- ~/L
and

.......... ~ .. It .'~. ~ •• It ( 17)
aI{ .z: /

Te~ 'ro this series other thari'thei'1rst May,b'e ~eglected ,if h'-~;\: ' , .,
.is smalH14 (C-0<J25). Equation (16) then re,~es to ,.'.

I-ft-).- . ~f!8L'--e ",
. .

Computations have been made to.find the relatiOn 'betw~en 'hL ana. .
/) f) . ". ..' '"

let ()IF - &'h1... 0 • '. .' .' ••••• .,; ,

- so that _ has a gaven value, e.g. 0.05, 0.25 and 0.5•. ' These02 9 . .."..
..c:. ""'" . . .

give respectively the 19wer boundaries of the regions C, D and E 'in Fig. '
• < 1. • ..' •

2.2 Semi-inf'inite solid
- .

This is nonnally defined as a J!lateria). of such thickness that there .
is no appreciable rise in temperature of' t~e rear sur.f'ace. ','In' the - ......
context of' this report, it is _sufficient fo"];' the frani; s~~e teinpe~1;ure,

rise of the slab to be the same as for a semi-infinite solid 'andthe
limits o~ h£andp for which this is t~e to wi~in 10 p~r 'c~t, are'

shown in areaB of Fig. 1. . .

Equation (2ii) mB\Y then be replaced by

()- -·0 X- ~ 0
and the solution to equ~ion (1) may be shown -to: bee 15) .

\ (ii)
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where f3
In particular, forht<,

approximation to be va.lid.
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Key I· ....~~ . .
Equations far front
face temperature {)F.

KEY TO FIG. 1

Remarks

A Unifexnn slab Temperature gradient within
10 per cent of. stead;y' state.
value.

Maxi rnlJlD difi'erence' between
front and mean temporatures
less than 5 per cent. of mean
temperature.

,I B Semi-infinite (f F from equation (5)
. Bolid ...

.. .. ..

" Li:Aear gridiezl1l: [) . ;from equation (4-)
in slab an! (h frf)1IJ. equat~on (15)

D ditto .. !titto
..

E ditto . .; ditto.

Fr.ont sur:f'ace temp~rat~

within lO.per cent of that
far semi-'i.nf'iIiite solid•

.As fi:Jr A.

. AIl far A•

.As far A. DiN'erence betweOll front and.mean temperatures greater ·thaD
50 per cent of mean•... ..

{
Overlap
'at region
Band B

f:J-F ei:ther .from equati<m (5)
•orfi:ain (15 ) with ()m t'raz!I
equation (4-). ..

. .
The front face temperature
be calcul8.ted' i'rom.B or B
.approx1mations•.

" .,. ~.



. I

o

hi
=1-2hi

=0'5

hi
=0-05

/ /A' / /
Cond ,:,d:iVlty
in efie.ct
infirute

10J-----+---+----f--t---+--+-------f----i

51--------1---+---:"L----f--+--t--------f---t

·z

cr::
, w. -

ex
::>
o
LL

0·051--------+---+-----+-----+--------+--1

5

FIG.I. ROLE OF DIMENSIONLESS GROUPS
IN DETERMINING SURFACE
TEMPERATURE· RISE
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