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" THE CORRELATICN OF IGNITIGN TIME WITH THE PHYSICAL: PROPERTIES OF.

-PART I : SPONTANEOUS IGNITION OF CELLULOSIC MATERTALS
by
D, L. Simms

1, Introdnction

Several attempts have been made to correlate ‘the t:une taken to ignite
materials ‘H) f‘gﬁ%}ion ‘with ‘the physlcal ‘properties of the irrediated
paterials, auore data are now availsble end in addition it is now’
known that the t:une taken to ignite at-low radisnt intepsities increases
- considerably with decreas gize of irradiated -area,\ leS Similarly the

effect-of low absorptivit;?g) is to increase significantly the time 1;9.1‘:m
to ignite particularly at high in‘te:us.’z.ties,0 ?he correction factors nee. 3 ATy
-to allow for both these. effects’ are now known, (&, These correctj Sy tors
_ partly account for the discrepancies between the ea.rlier ana.lys:::fl) ?2]5‘ 1
the expern.mtal resultso : . T

‘I‘his ‘note presents a correlation :f'or sponta.neous ignition in terms. of
the thermal balarice of. the solid; . The amount of chemical heating in the -
solid may 'b{ Yalculatian be showmn to be generally negligible up to the point
of ighitiom resent exper:un..nts and is not considered in this
 discussion, Eﬁ regards the effect of diathermency in the surface
leyers as insignificant ‘after- the first two seconds and as most of the ignition
tim% are longer than. th;is d:x.athermancy :Ls not considered he::'e°

2a Themal 'balance in the solid: at t:n.mé "t' and a.t depth 'x’ from the centre

The tempera.ture rise Q at a depth "x‘ 4n ‘an infinite slab of thickness 2.£
and absozptivity 'at losing heat from both faces by Newtonian cooling and
expose& on one face:to an intensity of irradiation I is obtained from

| ¥o _ L 2@
~t >0 L aX-—J' .‘.‘. ,é ab’ .-.o-oo-ooo-.or‘o'o_oq (l)
At the front face n T 3 -
| B » _ - = = o
= +£, t>0 5 _k- -,ﬁ'Q ' ax" ‘ oo-rogooaco--oooooc (2i)
At the rea.r' face - ?_,Q
x =‘ ﬂt‘e, t7 o) .‘ /Zg. - L 'a-}c" oo---ooap-oo.oacioo (zii)
and at .‘ S
t" = &) 9- = O essecoronesrevreve (3)

where h. = H/K

and H is the Newtm:.an cooling constant ' o A
K is the themal conductivity, |
fDis the density, ‘ ;

T e is the sPecifJ.c heat of the ma.terial . | L :

- k is the thermal dif'i‘usivity equal to K/'ocr '



" The solution to this equa.t:u.on is complex a.nd is discussed in the Appendix ‘
but rearrenging the terms in equat:l.ons (1) = (5) shows' that. the solution must

e of the forn .
o f Z ﬁ”ﬂJ

Within certain ranges of values of the two dlmensi.onless groups the
Fourier number and the Biot number h.{, useful’ appm:d.matlone may -be made,
These ranges are shown d...a.grammatically in Flg, 1,

"N

[y

2,1 The slab with a linear temperature gra.dient L0

- For the range of values of -%- and h-@ in the area A of Fig, 1, there

is effectively a linear ‘temperatule gra.da.ent hrough the slab Appendlx
equation (14 The mean temperature r:Lee o 18 given by (Append:l.x
‘equation (17) . a
, _ HE |
— (06.2. . ‘L . . + N
9, ! 2}"{ (l ‘Q’ ootoo----o-oto-o- (Il-)

A
HE é.s a d:l.mens:mnless group o'bta.ined ‘from the Biot and Fourier

num ers “by elim:l.ne.tmg K, the the:mal conductlvity, wh:l.ch is, of -course,
absent :|.f there are no thermal gra.d:.entso

2,2 The semi-infinite solid.,

-

For the range of. values of %and h«e in- the area B in Fig, 1, the
front surface behaves as though the slab was a semi«-a:mfm:.te sol:Ld

(Appendix . equation (18)) and. |
ep)

| wfi-:H(‘4'
whemip". = ,ZW

is a function of the Four:.er ‘and Biot numbers independent of the
ickness which has no meann.ng m the semlninfzn:.te sol:.d,

;aaoocooooo-ooc.’.oo (5)

3 Results e

Data are only a.va:l.lable at. present for materials in the form -of non-
uniform slebs (Table 1) and semi—mflnlfe solids (Ta.ble 2), The data ha.ve
been corrected for the effects of area, ) .

o Comla.t:.on of data o .

Experimental reeulte may be con'ele.ted in tems 8 the gmups of propert:.es
in equations (4) end (5)s It has been convent:.onal( to .consider the absorbed
energy, equal to alt, rather than the a'beorbed intensity of’ radiation, al, as a

: va.r:.able and so the results are plotted m tems of " two d:!.mensionlese vamables--

S ‘

~ the energy modulus W the form of whic:h represents the ratio of the

. energy received by the . sutf'fa.ce to the heat content of' the sample at ignition, and
H .

the cooling modulus P— Y/ the form of wh:.ch represents the ra.t:.o of the energy

lost by cooling, to the heat content. In terms of these groupe equat:.on (4)
for slabs with linear temperature gradients may be. rearranged as

oLé . M7 ST
rZ/OC'. Q - (’ “-—.—e-'#‘pE{a!t; seeeecssaassesasss (6)

This lSr shom in Fig. 2.
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Pc—m:’ = O’ _ 2‘(3%’@_ | | .cuocouoa.ciooooo.cg (7)

'l‘h:.s is shown in Flg,. 3
quation (7) contains the same varisbles as' equation (6) except that
kt replaces the thickness of the slab in the formation of the dimensionless
groups and QF replaces Q"mv

5. Correlation of results -

5.1 The slab with the linear temperature gmdlen‘&.

F
When the oonling mo&u.‘lue Hb tends to zers, as it nomaliy dpss
footd -

for shorh exposure times, then from equatmn (€)

oIt

5 I ) PeORUUQIBIURSIERL D (8).
c&ﬁ @M_ | / )
Hence from values of .ﬂz,Ik for small velues of _HY_ o first
? Pez

approximation &0 (91 may be o‘b*an.ned and the appropriate value chosen
for the Newtonian cosling ocrmetant H over the temperature range, Tha
valus of & is then adjustad to give the best £it between the experi-
mental pyints and equation (6), The corrselation obtained (Fig, 2) is
adequate sonaidering the assumptions made and the experimental variations,

502 Semimjn:f‘inite solids

When the eonl 'Lng modulu.s

- ;<
» o ?‘ Tt
P ghors ekposvre times, we have from equation (7)

ol _EF .
‘ocr’ 9 :\7, ' oooeoaoooooeooooo? (9)

oIt
Hemce frow values ozﬁm four small values of the cooling modulus

et tends to zero, as it normally; does

: m , A Pirst spproximation %o 9 may be cbtained and the appropriate
value for the Newtonian, oollng r'onstant, H, over the temperature range
chosen, The value of (J;is then adguq+ed ‘t:o give the best fit between
the experimental points and equation (7)., (Fig. 3.)

6, Discussion and- conclusionz

In this series of experinenta, ignition was not obtained below .
1 cal,cn~2g 1 but above this 1eve1 the ignition time may be obtained for sla.'bs
of c:ellulos:c materials from Fig. 2 and for semi-infinite solids from Fig, 3,
or from equations (€) or (7). The best fit between the experimgntal results
and these equations is obtained with e value of 525°C for F oTr gl It is
fortuitous that the same value may be used for the mesn temperature of a slab
and for the surface of a sem"'mmf’m:ﬁp solid, Examination of the energy
modulus ‘shows that the group mfc. Qy.... is the actual heat cantent of the slsb
at ignition and this may be linked with the. production of a critical amount of
flammable gases, but the group pcJBt 9;- is only the equivalent dimensional
form and 1s not the actual heat '‘content of the semi-infinite solid, The.
greater scatter obtained with the results for the semi-infinite solid (Fig, 3)
is presumably associated with the incompleteness of the thermal model,

m3m



Desplte this, a large part of :l.gnltion 'behav:.our nay be readily understood
in terms of thema_'l. heating,

The principal use of this type of analysig is to obta:m mmem31mless
forms of the varisbles and provided that the role of chemical heating may
be neglected similar analyses could be employed for nonmcellulouw mafemalse

Flaming persisted for most of the results reported in Fig,- 2 +hough
for some of the ignitions at high mtens:.tles, flaming did not persmt after
the removal of the radiation, It is hoped to consider this aspect of
ignition in a future report,

c.'-x)“
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TABLE 1

Description of materials which behave as slabs with a linear temperature gradient

The specific heat of all these materials was taken as 0,34 cal/gln/degco(l'l)
All properties are taken as the values applying at room Lemperature,

O
Material | Golomr | ZeFBeOo Densijgy Gmducfﬁﬁ’ilm (8) Thickaess | Sourcs of iﬁiﬁiit‘i‘is Symbol | n 4
. Ref, No, | g o™~ c a,‘lA 1 =1 < o 22c;m, radiation of radiation | °YBU0 ‘
CIL g deg G—.xX 1 -2 =] m
‘o ) _ cal co™<3 Fa 2.
_ = 3
Cotton Black | R.16 | 0.57 1.8 0.045 | Carbon arel?) 1,7-135 | ® |o.12
' _ _ B 1 £t2 radiant panel(10) | 1.2 - 2.3 | ®
Cottom White R.5% 0.57 1.8 0, 0L5 .. . 1.0~ 1.8 o 0,12
Filter paper | Black R.110 0.53 1.7 0,02 Carbon araz 1,2 - 12,9 A 0.0€&
Denim Khalki R.26 0,52 1.6 0,05 1 ££2 radiant panel 1,3 - 1.9 v 0. 17
Drill Blua R.24 0,46 . 1.5 0,065 | " 1,3 - 2.0 A 0.22
Drill Black R,7 0,39 1,4 ° 0,056 " 1.5 - 1.9 n 0,20
Gaberdine Olive R.30 0.59 1.9 ¢ 0,029 " 1.1 = 2,0 v 0,08




'TAB'LE 2

Description ot materials wh:.ch behave a5 sem::.--:.nf:l.m.te solids

The specific heat of all thesa ma.ter:lals was taken as 0,3l ca.l/gm/degc (11)
.All propert:.es arc taken a.s the values applying at room temperature, -

P

‘ ' ok D;:ns1t§ - . Thermal (12). S . Range ?f‘
Material Colowr . (. g.am=J |, . = conductivity - Source of _intensities Symbol.-
L : R R ca.l cm 1s'=‘1deg C"l x 101,_ - radiation - | of rad.z,at;on n :
- : cal cm~25~d |
SRR S | c R

Oak Natural IR R Mo A e 3,9 Carbon are 2.4 - U0 )
Black (candle) | - . . | . - LA 1.9 = 2,9
. : . L . n "r".’”,: "‘-’_'; |- '-'-‘"': e N " " . 105 - 205
Fibreboard | Natural .| - 0,25.7| % - 1,7 =+ i 2.4 = 12,0 -
. _ ;j' 'L“ ﬂ;}:[“' R . M&mtmml -
.IBlackﬂ carbom) |/ ... - IR Carbon’are '
Cedar = | Natural AQ-;.'ZL-Qa# b - 2.4 " "

] . . o g ':-'-; ; - . ) . - o "‘.A - Rﬂ.dJ:.ant panel ', .
. Bladk (candle) | _ ' . Carbon arc
T I R N e | ’ Radiant. panel
Mahogeny. | Natural . | . 0,6 |~ 3.k Caxrbon arc -

~ |.Black (candle) | .~ = = Lo e o LI
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APPENDIX

The temperoture rise of on irradiated slaob.

el | R : T

1. ‘General solution S oo

-~

The solution to equatlons (l) ( 2) and (5) is given by( 13)
_ alkx 2- R gy x
aH( + L) [{1@%{{ " LY J

. 9:_1:' w —/ﬁ.\“f' cos, 2

n [ EEEEREE N ERNNRENES NS ] (10)

a0 H Z Ege+,€1(ae'-+,€3)__[ce»saz z
where A, ) Ch. =1 2,3 2k, ) are the positive roots of
& f/ﬁmﬂz = KL
and XW ) [h_; (2, 3) ,@{z,) ) are the positivé”roo'.;:.. bl

" The temperature Q_ of the front surface, X -/é
. aXkl LA Z —-ézﬁfﬁ
QF ";QH(H,@ H , @4,5 (y. +/£]_] |
: S ° —BRPE veserresccresneons L11)
C =

aH —_’J Z@wfl(d A2 |

and the temperature Q off the back surface, - = «é :Ls

9 3 O_I.-M . LB a:r__,é__é % - ’éxu-
8 T TaH(i+ j_@) H 2 Eu *WXJ"’&JJ |
T 2 2R ¢ &

+ o - Zggg%/z@fﬂzﬂ

The temperature difference between fron't and back surfaces

_ aTH At
-0, = L) < %ﬂ+jz(%/2%2)-}...........- (13)

This does not contain a temm in‘°(@ , vihich has a small first value.(uf-) This
enables the approximations of Section 2,1 to be made,

- 2, Speéial cases

The two mdependent dimensionless pa.rameter“ for the .Jur'face temperatures
of F‘[{:he slab are h-@ the Biot nunmber and'éa"' the Fourier number, of which

Zz .

O-I is a functicn, Useful simplifications to the above equations may be °
made .for certain values of these parameters (Fig, 1),

(1)



. e

2,1 The slab with a linear tempemture grachent -’ g ) el

This is def:.ned as a slab in wh:.ch the steady sta.te tempemtu:m
gmd:.ent hag in effect been attainedy . 3

The candition for this from eq_ue.t:.on (13) is
- aéa:f‘(?

. 7 2 S;Zz A )] - ()

The relation between h-e and_k_'g for“the left hand side of equation (11;.)

to be ten times the rlght hand 'side has 'been oomputed a.nd is the 1ower
boundary of the region A in Fig, 1.

With the above candition equation (13) reduces to '

0.0 - oI AL Lo
F B i H Ct_f.ﬂ) ' ) ooooooooc-'o_'o'.:'oooc'._:.(.ls)
The temperature gradient through the slab is thus effectively the

steady state value,

The mean temperature @ of the slab may be o'btained directly by
integrating equation (10) so that

_ ol a3 - Aot
0, o ZEZ@,ﬁ/H,,{ﬂ C). (16)[
with 0(,1 /é//é

and

< 0,25)s Equation (16) then reduces to

‘ __HC_" .
9'“’ - %__I.(/ — ’e . {,m) ‘ ._'..._;’..'..l‘.‘?._.-.i..‘.-. (17)

Computations have been made to find the zelation between h«f and

nzxs Sm this series other than the first may be neglected if h /é
is small(lh) ( ,

EZ so that F~ "M has a given value, e,g, 0.05, 0.25 and 0,5._ These
. . [N )

give respectively the lower boundaries of the regions C, D and E ‘-in‘Fig. )

2,2 Semi-infinite solid

This 1s normally defined as a material of such thickness that there
is no appreciable rise in temperature of the rear surface, “In the
context of this report, it is sufficient for the frant surface temperature.
rise of the slab to be the same as for a semi-infinite solid end the -
limits of h.€ and Kt for which this is true to within 10 per cent, are

shown in area B of F:Lg. 1.

Equation (2ii) may then be replaced by
& =0 S, x = 0
and the solution to equation (1) mey be shown to'bell5) -

N (44)
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: where Fg

in particular for: hé< 1.0,

approximation to be valid, ,é-z

gy

-

"fﬁ‘f"f‘;‘f‘;{i'éﬁ(ls)

i .];,:-a;-
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(.1 'i-

H

must be less than 0, 2 for the
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KEY TO FIG. 1

- Réglon

Equations for front

Ke: '
v face temperature GF Rgmar];s
A Uniform sled GF and Qm from equation (14.) Temperature gradient within Maximum difference between
. ' o T 10 per cent of steady state_ front and mean temperatures
value. less than 5 per cent of mean
* temperature.
B Semi-infln:l.ta 0 p from equation (5) Front surface temperature
' 'BOlid S oo i ‘within 10 per cent of that
. . “for sem:.—:mfm:.te so.h.d. o
c " Linear grg.ﬂien'h O _ ‘from equation (4) As far A. As for A but 25 per cemt. .
: in slab - . . from equation (15) L e s 2 -
D ditto. ditto " As for A. As for A but;50:per. cont.
.3 ditso ditto A3 for A, Dii‘remnoe between front snd
: ‘ . . mean temperatures greater than
50 per cent of mean. .
Overlap (9’? e:.ther from equation (5) The front face temperature can
of region ‘ar” from (15) w1th Oy from be calculated from B o B
B and E equation (C I ap;moximatim. . -
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Kcz)/I as in Tc!ble |
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Line calculated from czquat}on 6 —FE = —a—C
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Key as in Teble 2
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