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1. Introduction i

Ignition times of diffe~ent cellulosic materials· at different constant
levels of irradiation (1 - 15 cal cm-2 s-l) have already been correlated
in tems of the thermal ba.Lance of the solid U). In some problems, it is
more· iJJIportant to cOITelate the data for the conditions at which isp-ition
just occurs, that is, the t1&eshold conditions. When the radiation is
constant in time, the threshold condition i.s given b:y a constant or
minimum intensity, .but for a' pulse varying with timel 2) the threshold
conditions for a given shape] of pulse are a function of two parameters,
the peak intensity and the pUlse duration. Such a correlation is obtained
in this paper for lalloratoryl results 'on one thin and three thick materials
and the results have been generalised to a wider application on the
assumption that the materialS are inert and ignite at a fUed temperature.

I .
2. Experimental method and results

Talllel

Materials tested

Maten.k
Weight/unit Density

I ~a . f!/cm3cm2

i
Black filter 0.01 0.53

Ipaperl

Oak I 0.42 0.66

I
0.23 0.37Western red

I .

cedar
I

I
Fibre insulating 0.30 0.24-

board I

Before testing, the thiL materials were blackened on the surface with
candle black, all the materi!us were dried at 95°C and then allowed to cool
over phosphorus pentoxide. Tl}e apparatus and the method of use are
described in detail elsewher!:U). With this apparatus a pulse similar in
form to a nuclear explosion can be produced( 2) • . .

File No.F.1020/2/ll.
January, 1959.

I

I
I

Fire Research Station,
Bareham Wood,
Herts.



- 2 -
~~t" ,J1, "';()-:,.C ;' -: ~ ~~ (J.
:~::::.t :'~'t: G~'~ ~~ :/_\.:~~;-C·:~';.' =-:

,
In these experiments, botl?- the duration and the peak intensity of the

pulse were varied and any igni~ion was noted';.- In general" about eight
tests were' carried out at eaehjpeak intensity and each pulse length.
Ignition usually occurred after the peak intensity but well before the end

Iof the pulse. .

3. Theoretical anatysis

The themal balance method used earlier( 1) for constant intens1ties
of radiation assumes that iE"lition occurs at a certain fixed temperature
and that when the material is heated it behaves as if it were inert. Here,
the same assumptions are nade, I

: i
I

3.1. Differential equatioris - diJIlensianal anaJysis
I

The temperature ris'e e. at depth ~ at time t of a slab· thiclmess
21, irradiated by ,all inten.s~ty varying with time let) on one face,
losing h~at on both sides by.NeY1onian cooling is given by

., '." • It. ~.,.;- • L'~ --'. .,.

•••••• (2)

•• ~ ••• (1)

N@

i'
J 1'1

i
j

wh~re /( is' the thennaJ. conductivity

t the density

c the specific heat ~f the solid
I

and H is the Newtonian cOoling coefficient.
, I

If dimensional analys~ is us;d, no particular fona to let) need
be asaum 00.. For any given pulse shape, two parameters are 'required.
For convenience the peak intensity I, ,and the time to peak intensity
t have been chosen ',', ' .'f 'l,',

•••••• (4)
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the thennal d.if'fusivity

,

where.+is e. shape £\mhtion
J . L

, Let A. = !1C

j. = T
l;f I

X/L = X.
.~ = 1{{

"Ip
Substituting and rearrahging equations (1, 2 Biid3) giveI ',

I

kbe 'Jl-tf ., ~
,

C' oAl- P'I
•••••• (5)

i

1}i = ~lIl1f ~ Ht /(1i
0;\' K i K.

,

'd¥ _ lit 1/,1
~ Kfl

,

The solution ma;y be~tten as
i

liB ~ F, [11£) ~ ) 'J- k. 't »
. ~ t.-, .

A- 1-/- •••••• (6)

.1=-1 .••••. (7)

•••••• (8)

where Fl-n are unknownI£\mctions. The maximum temperature is

given by I
,
I •

Iff)~ _ F [ I#f:.) Yt.],
, J.. 'K ,1-

7' I (. .•...• (9).i.e •.
,
I

!
so that the threshold conditions are

, ,,' I
.. . .' F.. [III. k. t JIff), z 3 --- j ~

I,.:' :1<. t 1-

whe~ e. is the effe~tive ignition temperature., ,

,

I
I

•••••• (10)
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3.2. Simplification of problem.
: I

. Two approximations uaed in the earlier paper(l) are oonsidered.
The first, the slab with a J.i;.near temp.erature gradient, the second the.
semi..:iJlfinite solid. I-

"3.2.1. Slab with lfnelr t~erature gra,die:nt . .'l' '. . . ....,
. The mean temperat1p:"e rise of such a slab, is independent of

the thennal conductivir' k · . .' ..' .
Elim:iJlating(l..) K. from equation (10) and substituting Be:

the mean temperature f9r ~ gives .

I·

= £ '~~j..4ll f ct

;.'

Since the enerl!3f E in \;he pulse. is. proportiOnal' to If" tf'
equat~On. (16)}"the r:elation can be, written as. .

£ =' £[ 116e.]
(dB. ... S l\Pel

I

-.' £ I£ = ~l . is similar in f'orm to ·the energy modulus obtained
tCl.t~c.' . I' ,

for c~tant'intensitiesof irradiation(l) but rePr~ents the
ratio of' the heat in the pulse to the heat absorbed. '.

'= ' I '
Hct.." is a modulus connected with the size of the bomb.

It ~resen1;~~ the rati~ of the energy lost in the time up to the
maximum to the energy' absorbed a;t ignition.

,- I
3.2.2. Semi-inf'inite solid

I
The s91ution for the semi...infinite solid is independent of

the thickness2t; so bn el..iminating 1 from equation (10) and
writmg eF f'or, the::f'rOnt surf'ace i~tion temperat~. .

l

••• u.(13)

Similarly,:

.u ••• (14)
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TABLE 2

-.
«

, '

POINT(S). OF METHOD RATE 25%: ,PETROL PETROL ' EXPANSION EXPANSION
OF

,
DRAINAGE PICK-UP

INJECTION OF SHEAR' PICK-UP AT AT

TEST PRODUCTION INJECTiOi-J TIME AT N AT F SURFACE SURFACE
No gl/felmin dyne/ern" (rnin.) (% by volume) (% by volume) ATN AT F

B
Generator r

1
+ 0·074 125 "-8'-10 4-4 1-8 6·0 5·8

centrifugal (Generator

pump operating at
1351bJin')

B
Generator

2 + 0·08 125 8-10 7·7 25·3 6·3 7·3
centrifugal

pump

~
Small

3
' generator

0·04 ' 125 ' 8-10 7·6 22·2 5'8 6·5+centrifugal
pump

f~
Generator

4 + 0·08 125 8-10 ' 14·8 20·8 6·8 6·7
centrifugal

pump

B
.

5 Generator 0'08 70 2 7·8 - 12'0 ' 8·2 8-4
only

".:: i Generator

6-~~ ,+' 0·08 125 8-10 40·9 30·8 6·7centri fugal 6·6 ,
pump "- .
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•••••• (16)

•••••• (15)

.'. The similarity between equations (12) and (1.4) is that Jktp
which has the dimensions of length a.z;d is a measure of the depth
of penetration of thel heat replaces (, whilst SF, the mir.f'ace
temperature, replaces a the mean temperature.

,
3.3. Analytical solutions l'

it is only possible to solve equations (12) and (14) completely
with a knOVlled.ge of the torr of f 17j.

. . 3.3.1. The fom of f ('7) .
I

A :f\mction amenable to anaJ.ytical treatment and applicable
to explosions of different sizes is shown in Fig.l and given in
equation (15). I .

Itt) =e~~ftle-¥;
i

and . £" :: £1,17, tf
if;

where e .is the eJq>~ential £\mction

and E is the totb. energy in the pu:lser
I

.. u •• (17)

Equation (15) is a better fit than an equation of the fOnD

.- . I . :'. .
I .'" i:.

I{t): e~ (1:) e- ~r
. I ~

• ••••• (18)

with which it is compared in Fig.1.
I

3.3.2. The slab wi~ a linear temperature gi"adient . .; .. " ,:

An analytic sol~tion to' the mean temperature rise can now
be obtained (Appen~ 1) by the elimination of the tem 'e'
'between . I

i I{.2fAJ-1 J3 r:

...,
and

I·

I
I

,
E :.

• I

', ~~IC.1..e I

3C~1
W :

•••••• (19)
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is shown in Fig.2. and is of the

e).,If'f
4I'cl.B:

and

where
,E'.... ,£ --- ...

(XCfl

= I!-ti
The solution to these equations
form

.... ••(ID)"

which is similar to the generaJ. fom of equation .(13)
I

3.3.3. Semi-infinite bolld

No solutian in te~'s of elementary functions has been obtained
for the semi-ini'inite Solid.. H~vever, a solution' has been 9btained
by using an electricall ana1.ogue~5) and the fOnD of equation~14) is
shown in Fig.3~ .

5. Correlation of data

~'he experimental results C~ist o:f values of E for various values
of tp and these are i>lotted in Fig.2 and 3 as the dimensionless. variables
~veh by equation (12) and comp~d with the analytic solut"ion of equations
(18) and (19) for the slab with the linear temperature gradient and as the
dimension1~ss variables of equation (14)' with its solution for the semi-
infinite solid. _ I .

The value chosen f'or ,li.. .was 52500 as obtained previously(l) and it
gives a curve which is below the: experimental line for the slab by a factor
of' 30 per cent for low values Of'll/GV (kiloton range) and by less than
3J per cent for high. values (megaton range), and a curve 4D per cent below
the experimental lUle :for the semi-infinite solid.

. I .
6. ~iscussion and conclusions I '. " ~.

The effect of density in the ignition of thick solids vazying in
de:nsity by about ~ : 1 is a.ccouhted for satisf'a.ctorily by the dimensionless
cOZTelation employed and it "is probahle that for thin and thick oellulosic
materials these correlations canl be used generally using an ignition
temperature of 525OC.

All the materiaJ.s tested in these experiments have been totally
absorbing. Predictions for materials which reflect sane of the: inCident
radiation may be estimated :from values of absorptivity given elsewhere~

Because the area irradiated in the laboratory is less' than the area
irradiated in the field, the energy required in the laboratory is .greater
than the energy requj.ryd in the held. Unfortunately, the data. available·
for the effect of area~713), althOugh showing the effect is greatest near

I
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.
near the threshold canditidn does not pennit an estimate of its magnitude
closer than 20-40 per cent.1 Thus the theoretioal lines may repreSlm.t the
field cmditions better th8n the figures suggest.

I

, In the absence of fiJde data for ignition it is predict~on the
basis of laboratory tests ana. calculation, that it is probably satisfactory
to assume that
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. Appendix I

Calculation of the Th1eshold Oondition for Ieffitian:
I

The mean temperature rise ~m of" a slab wi.th a liJiear temp~r8.ture
gradient, thickness 21, losing heat, fran both ad.des by Newtonien cooling is
~enby ,

•••••• (24-)

where ' .C = J.I.~" i

~~l· i
, I

The threshold intensity is that which is just sufficient to bring the
material to a mean temperatureeI. At ~ POin.t, .~ is aer-e and
equaticn (23) becomes .. i .'. .'

I .

e':= e~C I
. 3 C,.

, W . . . ' . '... ,'
The locus of the, threshold ihtensity for ignit~ is givenby-' the

equation which satisfies both equations (23) and (24-) ~ . .
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FIG. I. PULSE SHAPE NUCLEAR. EXPLOSION
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