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_’ M .rolytic solution of the cguation dosoriBing hoat condustion in the
:| — U} SLSlnsk OF oontir.uously dictributed hoat cources duo to ch¢1c31
. ._ ;; ?i; ;? ducozposition and to tho 2boorpiion of an intenso short curation
| |E¢-_! fﬂ_ '2 L -Zzo of light, Tho critioq.l 1izat intonolity orpollo ol giving
’LS' E_L E.;f sauv 10 & thermal oxploscion is cdolduced and o pinimua critical
- -.worncity 4o shown to oxist. 7Tao zodel prodiots ull the major
) o oxpurimontal foaturos of iznition by light.
E - Soveral consitive oxplosives having high sabsorption coefficioniu

for 1icht in or mear tho visidle range have boon ignited by intenso

1i:ut 2laokos of short duration 1~ 4. The future developamont of

1 .. aay load to light gources capable of igniting a widor Taxzge

cJ oxplosivea.

[} .
uc_;, 2 wl It io0 known that zany zothods of igniting oxplooives dopond

iz D
DE’ . /3 £5.. . tho initlal formatic. of a locelized Togion of hipgh tezp.r.t.Ts -
G(’) 3 7}382;0: spot®s. The uso of an intorsa light sourco of short durution
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offors tho Posaibility of imtrodusing gonizollsd hot gpots into =
on ¢xplosive and thus of gaining somo knowledge of the kigzh |

tc=porature docospositioz kimotics of tho oxplosive. Blanchard 556

tog daseribed the initial resulis &P o digital compuier study of

N
5
F

k4

tho rolovant thormal rsgize ond tho prosent t.uthor7 hau used an
approxizate anclytic modol {0 oxplain Berchtold’s rozults4 Lo
silver nitridse Sinoco z=o genorally 'a.ppiioablc nodol of the
iznition prc;ocsa kas beon decerided, and in view of tho usuzl
linitztions of mumericzl colutiors eoven an spproximate analitic
solution would b6 usefule Iz gonoral the thormal regins is
xtrezcly cozplex.  Accordingly several simplifying ..p;aro maticza
zre nade in this pepor for tha sake of mathematical tractability
tat Thoy havo Tcssozcblo physical valicl;'a:? .argd_ Tosult im 1litsle

orror in the qi'ﬁic,al igaition intensitiea.

BASIC SQUATION

Tor simplicity tho following ono-dimensional .x'-g’g;"aq is
congidercd. Light is incident norzally &nd unifomly on the freo
cuzfzo0 67 a nomogenodus, isoircpic ozplosive :':.asn £i1ling %ho i
half<space -5,>Q « The free surface is in contaot with a vacmia
and the entire explosive mass is initially at the unifora tcsporaturo
To. The Vo‘qaz‘tion exprossing local oonservation of energy has tte
Zom

. -
e %%" k?-l- + goveple/tr) + <Eye 3 @

vhore the ayz:bols bave the following mocningss
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B ] - ebvsoiute temperaturs, O - densidy, & ~ keat cupaolily,
e v

- tizo, k - thormel conductivity, g - ozotheralicity of the
FE crolocive dooompoaition (en ch/un.* z3s8), Y = frequanc: faotor,

E - oo%in :-on enerzy, I = cbzorption ooafﬁcient,_k ~wavelanzia

o2 light, E - 1ight cnoTgy Zluz density iz the imtexval ( A 5)«&)

&t % w+ QO , difforing froz the incident valuo by & reflexion
componcat.
¥ In goneral boil E)' and & ars complicated funstions of
§ uyavoléngih, 50 that on anslytis solution of (1) 48 impossidle in
?‘g +ho czse of polychronotic rcdiztion. If =onochromatic r=diztion

of intograted intonsity E (cﬁéf@/@i‘t ma/unit tizs) at 3- +0O

is uaod’tha relovant equation

n‘?ﬁ_—-—k-——- +c;o-»0~l>( E/RT)+ ocE',e, @

{0z =z .

43 moze tractable. Tho-use of (2).a3 the Besio ogustios
icplics that Arrhenius: kinetics and exponentisl abeoiption
adoquetely desoribe the Pigime. It is further assumod. that;il
i tho quantities involved, wWith the exseption of | amd E, are
%3 izdcpondent of 3, and _t latsnt leata of phase transformation,
zoactent consuiption snd hydrodynanic effoots are ignored.
, The boundary condition at 3 = © vwhich satisfies Stefun's
B radiation law makes a- colution difﬁcult. The ¥ewitonian boundary
condition. IT .

4:-:-‘-.2 | 33 = “"‘f » 3= 0 (3)
5 3.
j
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~ wili bo usod bolew,

If %he .‘ejnt i3 gwitched on at the tz..a'(x.' e O %o initial

condidtions aro

T=To, Eo=0 whe tT<o @
INERT PHASE

Egua%ion (2) with conditions (3) and (4) zenmains cxiremcly
intracicblo but sindo torz III of (2) is snzll coopared with the
o%tzor tqm until explosios 1s imnizont it nay bo noglected in
tro first stage of tho solution. (2) can now be writien in the fora

2 N -

%'Q"‘ %Q" + et (5)
¥hoero T= K’h\("/a'c. e—_- arc a dimonaionlsas tice
=ad distonco rozpoctivolyy A= -9(,'0) E. /M is & te-poratuxe
proportionzl to the enorzgy fluz aad U= ‘T‘.—..». ° e Zquations (3)
c..‘.d (z,) Bocozo

= hy . h o const. *
=0 5 = gconsts ’ (6)
‘F(“-‘S‘— vzt <O . (1)

The Leplaco transfors of (5) is

= | -
Ié'l— *icu, fo c-{:(ﬂe r&‘b-— _C ‘{Z(f) (8)
5ay, because of (7))\:2:61‘ u=jue m’r .
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“ho Laplaco tTansfora of (6) is

¥

The momoral solution of (8) is
Ny
(L S, —~Sp. D> A
- == el (‘D) -+ Bee g C@ 63 EDC-wt)sl=?.
-7

3 mu3% bo Sere for admiszidle (Zinite) solutions and () gives

LN 1
C (I Aj (l-P)CS-»h)

50, Zinally,the solution of (5) is given by

) (Y,

whero the ¢perator il corraesponds to the lLzplace inversoe irang-

Zorzation. i

IZ tho ®caission funoiion™, ff(’b ) 5 of the 1light source is
specified, (10) ean be put in explicit form by standand Bethodas.
For brovity only the stop funoction ;

~F(’l‘) = s T <O}¥(?) n -

\C(ﬂ‘“ﬁo 3 T >o

corresponding to a comstant flux source with sexo rise tine, 1111 '

be considered hore. {10) now has the fora

0y —[«4* 0~ 0 T (¢ +ho) ]

-M{“’[ o (S o (arf (kN

(11)
Se
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vhors %= ’L‘{‘ ead c%_—_} e.\{% y '5J§
§

It is ohown in appendix I tkat 42T 102 then (11) oan bo

writion in tho approxinzte forn
G i) £ o (0 0AD + §¢ o (x-01sa)

41\{&:3»?%;(?/:;,) + e""“f@{g(x{/&)-&%cﬁ /1 "3 Lk cp-"‘o ( C /z")’}
+o(k) | © (22)
vheTe *'d%c} j\ { ae-’cc,glf 3 i°ez~{‘c5 - o,%%

Tao fora of the repeated intcgrals of tho error funciion corplezent

s

and rslated functions is chown in Fig.l.

12 }l:O., (12) has the form

e 22.&6%%?4:) - -t--‘- e fa © (’“ Clax)+ie c"f" (> ‘c/"‘> (23)

a solution proviously given by Carslaw ead Ja.egera.

.b k‘_"

How in cases of intercst ks 10~2 (see Appendixz ) so (13)
can bo uacd as a good approximation to (12). Zence (13) is a good
description of the evolution of the temperature profile provided
that chemiocal reaction is insignificant. It will not bo walid

if high efficiency photockenical processca can ocoure

ISERT DECAY OF EOT SPOT
The total energy dissipatod per unit arca wkhea tho lizat hns
baecn switched on for a tixme t. is givea by

&- E 't' = ‘f:co-'% and tiug

it
j &c._f("=9.z,... T y 8AY
vhors x> w To =< tond/oe .

6.
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Tho tezporature profilo zZivon by o 1igst pulso of £ixed
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onorzy donsity, & saud of dimecnsionless duratien X is given

by

U/T = U/hxs (14)

. a
wheTo U/ Ao iz gives by (13) axd | is constani.

Bho proZiles givea by (14) oo ploticd in Fig.2.

I2 4ho light sourco iz cwitelod 927 of o $ize t, the appropriate

enission funstics ic

=) = OD-— H(‘b-zﬁj gy T >0
o , T <o

7. A5t (1=e ™) ; 1s)

whore t | 45 tho Hcavisido function.
Tho combiration ¢ (10) amd (15) with }) o« O gives

U=0.6) = Vi (z=20) (26)

vkeTo U* ("c) is ziven by cquations (7) axa (13). (16) dccsrives

the ontive incx’ Iuzice corresponding to a resiangular light Zlcgh.

ol B

—

=, 2
] ]

An iatorostizz limiting czse ococurz when n, tends %o infiaity
vhilc T, tords to 530 in such & way that the total czorzy (whish
is proportional to Q.‘z-, ) rezains oonstaut.

Ths opproprizte czigsion Iunstion is
p £ 7 o
@)= 8L {3 D= T
c <
snd givoz tha pxofile

T.
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-
2oz (10) whexre Z Ls ex C e (17) 45 %ho liziting

Zoxm of (16) 20 T>0 &, = 0or3te, and with T-=0 yiolds

tho limiting case of (13) s U= 9"0 y & Tosult

ontircly te be expecicd Lor tho initial temperaturs disirituil- -

produced by a ligat pulso of infinitesinal duraticr.

REACTIVE DPIASE »

Ia tho above txeotzmialt hooy cuo.u .tion duo 1o chemical
In this section tko ofioct
&
o3 Jperturbation of the imort

A

ovolution of the tcopercture profile, in the following way.

reaction has teon ontiroly ignorcd.

02 chocaiocal reaction is introduced

Firstly, chemiczl rcacition during ihe ti..e for which the lighi is
switched on is ignozrcd and, scoozdly, the ratie of decay of the
ot spot due 1o Lozt comduction altordie light sourcs is switched
off is coasidored Yo Ts idoniical to that of the inert czse. Tio
validity of {this proccduroe ic cxzazined in appendix IX. Although
not entirely justificble this procoduro is of the upmost importance
in simplifying tho subscquont analyais.

£ cheaicel reaction is igzrored prior to the time 2

ke inort tcoporaturs docay z22ice tho time T’O is givez 3y (36).

8.
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°/€="° T o
RW20TO
Fi / —— [
T=T=Ts 4 %X = (T-To = \T’
Zgaco T == ] 18
C R )?)’C'r:o °(\%‘C4T°\)_Z° (\(T’) Ge)

/
Yow, by dofinition, tera IV o2 (2) is zero for D>, , T >0
gso Frank-Xazaenetckiils oxponantial appiﬂozimation%qcan Pe used

to write (2) in tzc dizencionless form
2
T et .

or cpproxizately

Lol . SV

3(’7“!&“"? i - (29)
= ] qo' P i W, )
whore 9 = -R:.:r;z (T..TS> 4 S = ,"LKR‘T;' Q/‘T (‘-E/ R-r‘)

ad =T, +U(¢=c,T=70) (20)
-
In thc[ spproxinations the Arrhonius rate expression is

expanded about the highest temperature produced in tho inert
phaso of rogimo,whers the offcot of ohoxnical rezction is rest
izpoxrtants Tho neocccary corndition for a thor=al exploczioza
to occur in cn ¢xplocivo with s0190 oxrdor kinetics isg thot tho
tesporasturo gozeuhero 4tond to infinity. JTm the pocso=d xigizs
the tccporature is érectcst at <hs origia, =0 .« Oaly tho
cvolutioa of the teoporature at the froo surfece will de furthor
ooncidercd.

9.
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pon b¢ T >
‘a(fl Lnort 7?} inert R %Lnart °F To .

13) and (19) may bo combined to give

19 _ ¢
e = 3:3(_‘13%).4— Se . for (=0 | (21}

F}o —
B= Fmn 0 90 =Z(ER)-Z(®)

2ad, for cocavenience, tke prime on ’D has beon dxopped.. Tho

ordinazy &ifforeniial equation (21) can be integrated to give

7/ j‘a&v] = - S Q&T[Bja&v]&b' + conat (22)
*:‘.:o*o e, .

It is clear that explicii explosion conditions cannot be dorived

irom {22) unless (a(‘l?)‘c. bas a simple form. Fortunately 3(1')‘80)

zas siople coymprotic Jor=s 2% boda szmall and largo valuea o T,

Those two extremes will be considered separately.

-

SHORT IURATION TFLASH

17 o< | then
3 (%) = Z(FR) ~Z(F) & Aza. S)

rzo(z)- h__]'b A - '\;;x i

i2 ‘x<-<l
2R 2
Eouca Bf%i'wv = Ba2 3 and (22) with the initicl

condi .zon’9= © vwhen T= O, gives

ive
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An , 7 8 .
//:/LL(H—H\)-%- {{—/&:\QO_ (‘23}
whero .
a—1 2 Eh. | % - aev R ’:5,5‘ _
=15 Bt us T2 (F)erbemd)
Pig., 3 chows %he nature o2 (23) for various valucs of ike

noreneer /.',\, o Clearly the condition for explosion to occur
s /i>] .
IONGC TURATION FLASE

ir T, ,>,,) , T<< | tken
%LT L03 Zo\\n‘oi’\-)_’z (\E'_bv
= o) T rS I 2‘_ N
PZ(F) 2N )T Ra ]
= Zfxy—|

>
T ET I=Zbd,
Zeacs Dj" == . and (22) with tho spproprizte

initial condition gives

'7/.- ¢ + (- £)a \ (24)

ET ‘—20 (t')
where C —1 }CE" =~

_qoY Toosp (-=/ RTs}
T D —Z,(zo?j

¢
and E:o._’.:
C

Fig.4 sghows the naturs of (24) for various values of the parazeed

€ . Clearly the condition for explosion to ocour ia & >~/

~
1

11.
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CONDITION IOR EXPLOSION
The conditions for cxplesion are given by

> ({ To<<) )
€ > ( 2>} )

Althcuga oritiocal cnexgy densities, gcr s could be computed
froz tzcce criferic, it is proferable to find an expliocit formulsz

for 5;@; cven at ke exponzo of soxs accuraoye  Comsequently

S o A\l s
2re={13)e Or cincs p‘b’l’ = ’
waero B(x)= & 3;2 + Z(x) - }}
N\

I% can Yo a‘ho'm that i2 .  is gmall
Ela) = ..Tlé ] _—.
)= 1+ 3\:"4- L x"+

= 4 0752x + 0.2332% + O(23)

and i » 43 lorge

T = ‘I*Trz.[-H & +_(x_;)_ - -.']

=078 + o.gsng.z. 2-_’:_1’_‘ ‘2.?.“1‘.:3 +O(x ")j

Fig.5 shous a plot of (,c)a..d its linoar asymptotcs. It is

L0\

X
cloar that 1 +-{;- T w1l + 0.885% ostinates E ('k)

Tor 21l z},O witk an orror of lezs thza 53 .

12.
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Tho cxitical condition for a ghort duration flash, /u,- i, =ay be
writton in tho form

‘”’DL C/ﬁ‘) r'&'? (zo) + I_f; = |

. z_ T \ ~
vhers Qo = ': - = i3 constant for & given exgloaivs
it lp\l\, 7
exd I-' - E/ R 1 % /C = K /a-c is tho thormal

diZiugivity. Sinco E ‘(z):bl- -é\-’-; 2o cmall X m"l}/—‘f-’ <03

iz ca3scs o2 interost, thd oriltical cozdiiion is givon approxzizately

<
-« -

by
3,;= Ko & (x.)
F
- — o iNTh T
e Ke=[(z2)] - =

The oritical condition for the long duraiion flash, &£ = 1, has the

2ozt

T 2 A (FZe)TY R
Tome[WERLEEOTL B ey

&Fe

L ad
This expression does not yield T oxplicitly, tut sizce lo A is

caall (~ 1072) and &% v 10732

for the oonvontional explosivez,
K is ingonsitive to large variations in the argument of the logariikm.

Zhug %-/Tp, = k.z ’:zo) and

. =
n 220/ 5 (1—Z,(z.)) _]

&9 « =

D

Sinso L (ﬂ& 1-,::7,, vhea % is saall, (25) gives tho corrscs

¢
liziting value Ko 22 z, tcnds 0 zex0.

e 2




o

< e e et

Tmus tho oritical ocondition for axplesion koc

the gpprozimads fozz

= —
A it .:— 1/ = A o 3 - Tz
_ 2 -
s : wiczs ¥ iz given vy { cnd is a Leovly
;‘ ———
Wty

- s P K 3 . ) $ %
dceroasing funsiion of x , vhilo < incroascs strongly wilth X%

Ignoxing tho variction in X  tha oritical condition is

Kog-l"]; {e8)

1G4 -g with

c% cxiitical enexzgy densiiisz with o

«Z 10. I% will

£ e

e} o A"\.ﬂ-

caxdrun oTzoR 02 105 12 o <K 1 o 1L

further bo assumed %hat (26) xemains a good approximetion for ko

intezmcdinto Temzo of %K, vzore & soludiom of [21) is dizfieult.
Lccording %o (26) iho cridical emerzy dcmsity in given by
le [cg';.)[ '5‘ c'cl.\ = <
= —_— 111 O i 2
e ol ‘<° “\L ¥ *t° (27)

DISCTES5I0%E

in_‘_bho derivation of oritical energy denaities for ignition

mizorougs scsuapiions and approxications hove bBeon introfuced, tha

validity of vhich recquires cx=zminotion bLefors s compariszon botucc:

(27) ard exporimental measurcuents is attémpted.

1. COESTANCY OF PARANTTELS,

-,
[Fels

For rezl cxplosives thors ara two sources of voriztion of

rolovant therzockenical paraneters. Todperatures oocurriag iz

.

it

g

s Uwi'”"'!{’;g(;du‘?f ot

F
=
=
=

e
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it v

e s . . 2 o, . - AnD
+tho iznition rogime rangs bedween 300X and oo 2000°K so tkal

. ] . . . 10
ificant variations, particuiarly im tho activation enargy ,

223 %0 bo oxposiude Tro orror initroduced in <tkis way can de

=ininiced by sclecting avoraged valuss for the donciiy ond bhecid
c.noity and the biga tezperatusc volues for tho sotivation cenerzy
and Z{O.

I{ ig sbowm belew ihat varizchble cozpozition due o roactant

consuvaption haa only a szall oficct on the paramoters.

2. LATENT HEAT EFFECTE

If a zone of thicimsss Qmaz,. 1 uat be zolted befors the
~low

oritical toiporatures profile bosozes established thon can exira

P
azount of eanorgy A'c must ve czpoxzded, wherd

Afxp Ll (o &T=Lp )

aaé L is the latent heat. Tius

28 oF_ e L o L LJU/mery]

Cr T KE ch <h Ko
oTo Tﬂ is tho meltingz point of tbs explosiv2z. Sinco (L) ia

- saa

Tatio may be 23 czall =5 109 for a sonsitivo explosive with z high
melting point (e.gs 1333) or as large as unity for an insensitive
ezplosive with a low melting poizt (eg. TER). ’ Tho value of gwgivsn
by (27) is of the corrcect order of magnituds but for a more

~ccurate ostimate the azmount O"LOL. \Eﬂ@s/ (";;-To)__l skcld o

added.
15.
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T+ can be showa that if Ko 15 sxmall tke fraction of
S

. < . .
undecospiscd explosive S  satislies the condition

o~
e x> 7ote ,{1 £ \F ,‘{":\. Dor
k‘o 3 o ‘;

—_—y & K = < § -
P S EE U ST R

A

|
b, =& (0-Te)/RTE

-

in trhorsighbourhood of critical conditions, whero vo
erd Bo= —“Q/?ﬁf‘ . In cases of interest —56/99\5: 0.5 and

-
™
= =10 go that §> 0.8 throughout tke oxplosive "inductiion
9 a - .
porio&l““, b< i, pwsovided tbal "‘Co'g 0.2. Exact mmerical
. 6 . .. .
colutions show that reactant consunmption remains of litile importiance
ner larger than %, = 0.2. The small azount 02 reactani
[ 3
congumption during the "induciion period™ justifies the neglect of

hydredymanic effects.

Lo DELAY TIME TC EXPLOSION

]

&

If ‘T, is ss2ll the reduced time, 7, , DTequired for

surface iemperaturs tc becons irnfinite is given b
(=]

MLy + (i-/u)p,%* = O

froa (23). IZ the -ogime is critica.l,/b&’;‘ 1 and 'L‘* becones infinits.

17, rowever, the regime is slightly superoritical, /‘»} 1,1, this

. 31 3 <
author © has giown that | <Tx/t <9, where T, = 3 is
<kc Teiuced adiabatic eoxplosion tizg at the temperciurc ’Es,

go tkat for temperatures vhich are only slightly supercriiical ithe
dolzy time to explosion is of the same orier of magnitude as the

zdiabatic oxplosion ¢ice at the surface teuperatura.

16.
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Qa
4
Phus in the immsdizic smeisitourzocd ©2 oriticsl conditicns

A\ 2, '
Ty 0Ty & 10 (190)“_ < 10K,
and zinco ¥ is typically ~ 1072 for tho conveational explcaives

-1
T < 2070

w

=t

630 tho ccsumpiion that w=<—< ] zzdo iz the t’.fs- voiion of (23)
iz reasonsbly veidld.

Similarly i2 <, 3s largo (24) givos 'L\*/.%z QQME% s GO that
iz £ --1.1, 13(/?50:24 . The @olay vime mear oritical conditions

ic givon by »

-1 2

”
and _since f 2or tho conveniional oxplosives -~
& 25 oxp s =T /6

Hozcs the sssuspiion that <& | does not rcaain valid thrcugoout

the czplosivo inductios pericd unloss T, | o

S5 DIPARTURE FROH FXPIRIICTFMI, SOEFICURATION

Actual oxporinmonis on igniticn by light are ecerried out using
a light flash with & non-riciangular caission function fooussoed
ca & firnite orea of an axplosivo slab of finite thickness. Tho
corditions undor which the rozulis for the presont idealized

conZiguration rcmain valid in practice must be sonsideored.

I% con bo moon frox Pige2 that the light flash causces significany’

b

zcating only in a ihin surfice layer of thickness ca. ac.-}'
{corresponding %o pel Je In faot, it oan bs gtows Zroz {13)

i7.




.nce ic Sae infloxicn in the toxmporaturs

el

P Y Ivx N AL
wmriw ¥ Wemls Te“uceu o e

profile, e s it givex by

p, = a{F =052 iz o]
i?; o ﬁ/ﬁ\{{;rxc) is x. => |

and tres il C/k is large the temperature excess U decays
&3 €— .

12 tke rear suriace o the oxplosive slab corresponds to

(0> 4 ke ligkt is attermuated by a factor greator tkan

642:'50, 50 a s8lad thicker ikan 4&.1 roflects nogligidle
sadiustion from its rear surface. In adiition heat losses Irom
the rear surface into a2 wvacuuz or a solid sudbstrate are szmall
provided that To 10 ie. 2:<3.
Conscquently the idezlized analysis remains applicedle if the

thiclmess of the explosive slab exceeds 10 0&'1, say. Theso
A

considorations are in £00d zzreexzont with Borochiold's observatica’

tzat thoe critical igniiion crergy of an p«;gf\’ filz deposited on
gloss is sensidbly constant if the Ziln thickness excseds Q.5
when o< "L & 1079 ca.

In most cases of interest oL -l< 1072 ca and thus the
idealizsd tresatment is applicable to any explosive macs thickor
than 1 zn.

iZ a parallel beam of light ig incident normally upon a

soni-infinite cylinder of fini<s diameter t{ s %ho latezcl heat

o
u'? :

<

R T




¢y

L IET

! iy tan s . .
Tl Rl -emwip GOZzarid wiltk tho Loat loss froz the

; -1 . ~
a>=no . Sirzce this foso surfzcs

newt »G5L 2238 Loon Shown o Bo nozligivie the idealized rosulis
rezoia good approximations a3 long o lk>>\

<2 & condense>r gysvel g uscd, go ftast somo Twdiaticn is ro
lonoar incident norzally on the free surfuce, The Tadiation is
de —zfod into Ihorzal onexgy cioser to the surface {3 =0 4han in
+th. case of noImal iacideanco. The elfect on the caxizua surlace
tczserature atlaired is gmall and the eflective width of tae
hectci zoze is roduced by lezs than 3C% even when the sczi-angle

- -~ - o
ol tze 1ipns concy &o 5, iz zs great as 45 . Ignoring s Tlexion

e2rccts, it can be shown ikat g o is equal to the value given by
+ad'

(27} =ul%iolied by a factor rot less 4han costo . In/\the reflorioa

elucis, whnich have been avoided in defining E A and related guantities,

-

srsuld meks the cxpericental guantity (critica.l s0urce energy reacking

explosive) / (surface area illuminated) insensitive to the type of
condonoer nysieza used.
The rexarks of this séction zpply only if no latersl heat

sinks in the fo:= of inert confinement or wnilluminated exvlosive

re present strongly to modify the predicted temperature evolution.

£

RBAL LICET SOQURCES

(o8}
0

The output of a rozl light gource is in general so complicated

& Iuunction of time that the present approach becomes unproductive.

i
<

2, towever, the flash duration, (

o » 43 considerably lesa tkan
! x.z)-l

s 80 that X< \ » thon the gskape of the eaigsion

furction ig unizportant.  To dezomsirzic this fact, l’\ is

-
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i {10} which can then be written in the fora

el o /m {Z( ﬁ/n) + ,,Ut—/’/;x\'%] (28)

e LV P
(Ve 1%_}—'\?_} L.
Ny
s )]l = | Lenf rrrjdn

(28) that ske temporature

LOWND IT03

L&

sztisfies the inequalities

- "‘3;\;' v } .."’, \Gf" !
e j'}'i’:}éﬁ-\ < (/ <Q‘U+’i‘o;.}‘i‘{ﬂd?for () ?:, 4
1]

() = O

fde >0 > -2 ok 2=

Theso inegualities show ihat if To<5< | tho initisl temperaturs

distritutior and, therei‘ore, the critical energy density for exrlosion

are vaiaually independent of T, and depesad cnly upon the quantity

N
j‘{- T‘\mj‘"c‘ waich is proporticnzl o ke initosgrated snexrsv Sutoui of
ine 1igzat scurce. Altrouzh the present itrzatment resuires that o«

X in valid for polychromatic light such

) Aot o L 1
at ‘g:<< | . This coudition is satisfied by many explosives

in tie visibleo region but unfortunately ol is, in gencral, zo szall

for vigible lisht thzt existing sources are several orders of

nagnitude %00 feeble 1o give rise to explosion.

Clearly the general case of ignition by polychromatic

20.
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could. oniy Bo doscerited by rumoricel mothods.
It iz concluded that the prosent ideclized model, sudbjoctd 4o

2io ozsnvadticns of tho ztove discuasion, corresponds clesely io

A
------ Greena &g 1“7

ool epoTiusnval oonligunaiionsT Uy

It iz difficult o cotimato the effect of the mathemationl
aporoxzizations uscd iz tho above analysis upoa tho oritical +~ “ues
¢2 4he paranctcrs /A, ot € Tut 14 is unligely that thoy «re in
oxvor by & fostor as largo a3 5. Sixnce gc:_vmen as the logariih
oZ p, o2 £, _ the comsoquont orMOT ir f;_ iz not greater than 10%
o> cxplosives witk zotivation onergies greator than 2Q Xeal, r.olo-l.
A further orror, not grostor itban 10% providié that T < 1O
is incurred by using the simplified formula (27) imstoad of the
62z5% cxplosion oriteris. Cortainly, (27) ahould esiinate
oriticzl eonergy densitics t0 within cna ordasxr of magaitude.

CCI2ARISON WITE ZOERTICENT

Bzuatiocn (27) gives o good coprozizciion to the orisical
ono>gy donoity for igniticn providcd that the duratica of ths .
light flash does not excesd a standard conduciica tise ‘f"c @x’*)ﬂ
by =orc than about ore order of =xznitude. Ts criterica docozcs '
ircccurato for long duration fleshes. Tho thormal diffusivity
of moat c¢zplosives 1lica in the range 10'3-10"- cnzsﬁa'l, wviile ‘
iko absoxpiion coefficic=t ia czgea of inltescst Tenses -:m%m
10° %0 267 @i, Tiws tho atandand conZiction tinme t, L&y $2RE3

fxoz 0.1}(, seo (at larze «{ ) to 1 sco (oz2ll & ) Tho valus of

2.




io ig cost izportont in deferminiag the way in whiosh tlo

oritical onorgy varies witk flask dursiion.

TIATITN

-

PO PIV)

0F FLASE TURATION

vl

.

If tho conditicns of an exporizentel detormination of C_,

as a function of t are such that $.5> 4, thon (27 prediotis
A T o r!Ji TE; Ji-x —_ <

= =N . e N R S
<o (<o _]’-:-’ kéO’C« =D, G (28)
In +his easo the oritiocl enargy varios linearly witk (and is
alnost proportional to) the square root of the fiash éuration.
I% iz interosiing to noto that if the foodble variation of X,

with o¢ 43 ignorod (28) predicts that the eritissl enersy

dorgily

L
!-rr Y
o =Ko K
5’"‘ N R (25)
ig indecpondent of the adbsorpiion goafficicnt. This fact

sugscsts that (29) moy rezain valid for polychromsiic lig:

satislying the condition, 13> t, o o(.?'» (Dto)‘l. Borchtold 114
hes ignited Borthollst'a “exploaivo silver”, a\g311, with poly-
chxenatic 1ight for whier & %, 10% 2t using fizchos o?
millisocond duration. Thus in this case the condition to >> €

can o satisfied 42 DI>10T oa’seo™ . Although D{ig,¥)

22.




. not beon mszaured, it ic roasonadle To assume hot ko
1a3ve> condition is satisiicd. FPigeb chows the variation
o ¢, with the squaro rooi of tho flash duration oaloulated
?xcx Berchtold's daté4. 14 can bo secn that the variation
is aizmost linear. lioreover Borchiold roporis ithat, allowing
2o0r exporizental orror, the critical enorgy is indopendent of
tne renge of wavelongins of the light usede This fact suzposis
the *cntative suggesiion rmode above concorming "long" duration
flo3nes of polychromatic radiation (seefanfenlmc.¢.u)

¥ith tho oppoeiic exirozo of & "shoxrt™ durstion flash the
srodicted behavicur is quite different. If dlto }<<\’(27)

can be written in thoe form

ba.::KG‘c r}'+\'!f:‘:’J 1<G"<'.T/o(.

¢ o |
Dous the eritical encrgy of a short flash ghould o almosd
independent of tre {lash duration and inversely proportionsl to
+ho absozpiicn coofficient r(ignoring the variation of K, with & ).
Uxnfortunatecly suitabls “ah%%" flash duration experizonts havo not
yot tcen performed since the presently available light saurces
cannos deliver adogunie power within a bandwidth for whick &2 ia
Yotk scnsibly consiant znd sufficioatly large. (A giant-pulse
"laser™ sysica operating in the presenily availadble power range
but with a resonant wavelengith of 2-3000 : would constitutes a

suitable radiation sourcejy. However it has been Observed

oxporing t-illl that ti.e oritical ignition enorgy of a siaoxt

23.
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conciics floed  sereoses sixonzly es tho elfeevive neon

-

vcorption coceffiociont of the spectral range exployed is

o)

An oztrcacly imporiant conolusicn 4o be drawm Zrom (27)
iz <hot sz the Fleshk duration tends 0 zo>o tho ceritical omergy

doncity tonds to tic Zinite value

g;;\:: a-gr‘v‘f S-L"\(&}“L)] ”"%} (30)

vhich is *the ninimux cnexrgy density, at the waveleongih correspording

to ol , that iz capable of giving rise to explosion.

EFFSCT OF LBIENT TEMPERA

g

It Q is mezcured for a series of valuwes of T, using a 1light source

02 constant duration then according to (27)

er
iﬁ‘f: —_ UCX{;—)— const,
X

S

(31

soevided that the variation of tke thermocheaical paraneters over

io

o
tho xrclovant texperszture range is nogligidble. ¥eresover gca. / }'Tu

will rcziaa soensidbly corstant even i large variations in %,
(ouch inat x<<l ) aro percitied. Tho linear variation of

&, xith To predicted by (31) will only ve valid as long =5 7

i3 corsidoexrably less ithan tho "oxplosion temperature” of *.. sycten

6Ipliosivo plus envirorzente The applicadility of the foregoing

ana.ysis coponds not only upon the fact that E/&Ts is largo

4.




-

but slse upon ths asgusption that the systes is inherontly sicillc
in the noighdourhood o2 tho tezperature T,e  However, 2 Ixuly
adizhatiec explosive zass nocossarily explodes 4f it is inidially
2t any tesperature groater ithan absolute zerv. 4 rcal ce:plosiv
cwco is sizbilized bslow a certain tomperature .Tzr by its Linito

N\
rzvo of neal losz 1o the eavirorzent and above ihat femperciure

. e R . 12,1 . 1 .
eitnor docozposes culzzcontly ~°? 3 or explosively 9:14,15 cecording
%0 uhe natuso of its raeaction kinetics. The zange of sxbiont

~

tczperaure for which the present analysis is applicable cunnot bo

uzniquoly stetod since'jz; depends upon the anvirorment and is noti,

therulors, & characteristic paranmoiter of the explesive. The
explosion criteria dorived hore are vaiid if the roaction rata of

toe systenm is negligible at the anbient tamporatura.

I
il (C..is plotzed aguinst T, the low temperature linear
[V23d © — — e

asyzptote of the resultant curve intercapts the teaparature axis

2t -1

.TZ. = ‘A LL‘ (“3‘*”1 s

a value indcpondent of fleshk curation.

A nunber of expiosives have been shown to obey tha linéar
lav predicted by {31). TFig.7 illustrates the results obizined by
chuslanls for lead styphrnate. A linear lawvw is clezrly & satis-
factory deccription of the results over a wide texsperaturs rango.

T.s value of Ty is approximately 750°K. Sizilar rgsults have

25.
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beoos ooTainsd with the follewing explosives for whick the vaiues

7
o I_ are given in dbrackeus ¢ LzN3y (55502{)1' b.lé (6”'0" 34
vE NI wpitrogen iodidey (355 x)la Agh0,.42,C (ca. 8C0 3)4

» .A3.‘_3’ 3
It iz izpoxiant to rotc that, Zor a givoa wavolength, ™y (),
unlixe T _ , is 22 eigen-property of ithe explosive. Too rcportsd

cT
1,4

epproxizate oguality of Ti and Tcr is %0 bao rozarded as

Jortuitous. froa the dofinitions of 'l‘i and '1“

undor critical conditions. Eencs if %, is ezall (K/Ko._ 1 3

= Ti and T is gpproxzicately the minimua surface temperaturc
zn2i must be produced by a shori duration flash in oxdex to cause
an explosion. A3 a furiser illustration of the significance sf

9, it is noted %that {26) may bo wriitten in the form

-

o < ~
Cext = T = &(T-T) .
o - (32)

or 2 short curation {iash ga. is the amount of onergy regquired
4o Taise unit area of a surface "skin"™ of thicimess o to tho

tozperatuze T 5

ORDEZS OF HAGNITUDS
The atove %roatmont has been concerned with the quantity E

-0
wvhercas the experimentally important guantity is E s the

'Jn

rncidont enorgy demsity cuiside the explosive. These two variableg
- 19
arz related by the formulas

26.
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- = C - . K, = —
\ o

L k}} - C"‘“S&*Ko}.
waero T is ihe roircciive index and K, tooe absorprioa indcx.
Wew for tie organic explosives, Mv 1.5 - 1.6, and for the
inorzanic e:plosivesl, N2 = 5, and acf 105 c::-."'l so that
(x is greator than 90sc except im the neighbousrkood of a strong
chocrrtion edge . X~ 105:::-1) wheTo it may fall o or 50%.
Tauz in discussing oxders of megnitudas it ioc reasonadble to
aguate tk {2 unity.

Tabla 1 gives the values for some comnon oxplosives of the

(d . . . - A
'..‘:.emi/c::o:.z.cal parazovers ncaded to caleuliis N fron (27).

——

It is noisworthy that bothcc lg and D are almost constant at the
values 104 cal . ca3 and 10"333,2860,'1, rospesctively, in spite of
« )

tZe large variation of explosive character among the substances
considered. Sincs a,< 1079 ey o K 10%cz™t and

ro - '2
‘f‘;/ 7’:‘ = 1l.5=x1

wi
i ° < o=
— o —— O
Honce the critical enorgy densitias for ghor: duration fleshes

are of the order of 3
| . ~=2

LS
‘ - et -m
O et &= 0 ) 3
Id d 1
Q*.:here A is expressed in cm-) whethor the explesive bo
poimaTy or secondary. Most of the experimental workers have

rnot reporied the absolute magnituilo of &but some quantity

27.




onal %o it (such as tho zguare 0 129
L4cs0 on & 5ioress conlensor)e  Conmscquonily o detciled
mamorical coaparigon o0f the present theory aad exporizental
mzoults coanot be mado.  However, Courtngy-Pratt and cherzl’zz
nave roportod absolute data for Agﬁs using rodiation iz tho ncar
alizeviolot for whick o = 10° - 10% on.l, T, = 0.15.
Tnoy find E;;riz 8 =102 cal ca 2. This value isc yiolded
oy (27) anl Pa¥ls 1 ¥ X = 1.39 x 105 >, ozd by (32) with tia
oxporizenial result T, = 555°K 4 OC = 1.63 ztdacn -1,
Dotk %heso values of th¢ absorption coefficient lie within tho
range corrcsponding to the wavelength rarge employed. Borchtold4’1
kes also ostinated that 80‘. is of the oxder of 1 joule cn‘.‘2
{or a largo muizbor of substances. The rolevant values of &« &ars
not reporied, but tie present theory requires theam to tavo the
Teasonadlo magnitude of oa 103ea7?t, Clearly the proson:t theory
predicis ihe correct zagnitudc of the critical energy donsitye.

Tie value of éz;,givon vy (27) could be exiremoly low Ter a
vwell designed light pulse. TFor instanco,in the nsigabourhood of
tho fuadanental absorztion sdze the absorption coefficient may beo
a3 gweat as 105 cn‘l 50 that the critical energy density for the
ccrrosponding rodiztion ia aboul 1072 joule cmzz,if tho flash
duration is less than 0.%/&8. Clearly a high absorptionm coofficioat
zaxes the 2ogt efficient uszse of the inocideat radiation. If o«
%‘Tl

iz large an incidon% intensity of zbout 10 joule cnfz dolivercd

28.
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ercu.s 10 waite Cie 4, Say One egawaldt cu, near an &hs.rpiion
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o-7c. (e muby lasex syszea ol llcClung and Hellworii™  can operatis

noth of €438 ). Secause

% niz power o ca u.%/xs &3 a wavale
SOST WInioSives Lave vory low ausorpiion coelfficients for radiation in

. -1\ s <
e visitle range (lu %o 10 cz.” ), existing sources cannot deliver
1Lo cdetuate critical intensities in this part of the specirum
o-0rne. Consezuenitiy, with the exception of some coloured "exciic®

is caused by the ultraviole?
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> ‘asion accoosauying the inallsciive “lighi® flash. Theo apparentl
N & o)
zsciziiar "oiasitivitias® of prizary and secondary explosivos muct

»ided in the main 4o the fortuitous positioning of their

Lisorpiion edses witn rospect {0 lhe energy distritution of existing
nigh intensity, chort durztion Ilashes. Tor exanple & xenon

flash tute has a nucber ol sharp lines between 5000 and 12,000 2
and, wmore importantiy, a fairly flat contimuous background with
a 20p power mange of 2,400 - 22,000 L. Yoreover, cut-off

is rapid beyond these limits, being complete on the short wavelength

t
P

ide av ca 2000 ¢+« Tke secor :daTy class consists mostly of organic

udsinnces whose crysicls possess molecular lattices . PETN, a

[ 4]

-

typical Lexmber of this class., transmits weil down to 30003. its
. . 3.4 =1 1
absomiion coelficisnt rises to 10°=-10" cno, at 2000 % . The

-

-

prinary ciass consists ol such icnic materials as A5N3 for which

abss

d

‘iox sets in at 3850 s ol becczoss oa 103c:a:' at 3000 £ Tising

-
-

290




LTLILiy Y oCa lﬁjc:f‘. Conscquently a Xx<now flash wiich is
critical for }.g;'ﬁs woulc be sutseritical for PETN by nearly two
oriers of mazritude even il the two explosives had idontical

thorzochezisizye.

Blanchard 56 and Bouckon 6 ravo descrided computer solutions

of the finite differorco cguations corrasponding to the {lash
initiasion of zn explcozive with first order kinetics. Tho .
rolevant values 07 X lie in the range from 10'"3 +7 30 and tho
soneral form of the solutions agrees well with ihc presont theory.
One important differesnce ezergese Critical conditions can be
found rumerically oaly by %trial and error - a procoss costly

in cczputer time. The majority of the cozputed resulsls

are prosented in terus of "useful energy”, éi; s oOomputed 25

the p’ﬂét of flux density, E; » and the time taken for oxplosion
to occur. This procedure coxreaponds to0 2 situation in which
lizht contirmes %o illuminste the explosive lor some tine after

a critical tezperature profile has been established owing to tko
exictence 6: an apparont explosive induction time. It is shown in

sppendix II tkat for a flaah of conatant intensiiy and zero rise

&/fa > |+ -—-—-f‘va(H-l‘!)

is definsd in soction 4 and ™ is given by

tine

. 30.




- <\ - o
LLen O, 1o LLmlo, Foliet L and &, = Cp » tat vhen T,
e -~ e " f ' "\ g‘
: otem O [ ; - T3 . .
iu 2.5k 11 c:&\/\,v‘~ o a4 2 n K“' K’?:,‘/ » Sincd . is finito
_ ~ N
2 T a O 3 Co venis to dnlinily as T, seunds Yo z6Xo.
- i3 & poox a3 laztion 0 .o exritical oner_y donsit
Ty 8 &5 pulifade BpPuvaial LCa.L onal Y &o Y

for vory shorit flashos.
- : + tnari-i ' 18
This resuld i in agrcoezont with lMeerlizimper's experizonts
¢n nitrogon iodide in wkich g '{’ was found ¢ be roughly constant.
1
Qris particular fom g o’ was condztione.', by tho skape of

vhe ligct floskh coployoed ard is of no spocial significance.

CCXCLUSICxS

Tho present model of fiazh inidiaticn, wkich takos only
ihermal ¢ffocts into zcoccount, satisfactorily descrides all the
zajor oxporimental fez’ xes of the process. This supports

oxperimeniul OVidencel’ 2y 4 15, 22

that initiation by light

is cssontially & thermal regize. In the case of the oconveationsl

cxplosivos the sensitivity towards initiation by light is affected

very little by thormochemisisy dui strongly by the magnitudes of
ho gbgorption coofficient and flash duration.

The agreement between ihe present model and experiment
sugseats that the condiiions necessary for the Jccurrencs of a
saroal oxplosion ore also sufficient 10 engender a macsroccopic
cxplosion or a transition to =z siable deionation regime, aithough

surther expsrimonial wirk o ndaly expiosives may shew that

e}
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o
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srhould czsist tho design of fiash ignition
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LERoNTE T o BWAEID CT A ZTLANSWER AT IRER SURTACE

The bhouniary coniition at ?;:o which satisfios Stefon's levw

s : Ciaes - &
Jor block tody radiation kas the form

Xy
KN, = & LL'Q*VL) - Tt ’

i -5 -2 —le "k

wiere Oy = CL7vio 9’30"'\- 2c K is Stefan's constans
2hig may be writien in the foim

f"‘; — ‘__ —

i

/ 4‘\/\ — ] v_’._ g & —= }\(/

PR - .}2" v) = ¢ —— o

A e K |3

AR =C
accoxding o {6). Henco ‘e maximum value of h is .

2
Co v . . el
n X 2T 4 since [ << 2000°C.
22X ol ™

e X . $ -1 ~lo, -1
Adopiing the representative value k = 5 x 10" erg oz, sec. Y —,

is ic found that k< 10.?(-1 where oK is in units of c:;"l.
sow u\‘_,§ 1073 ¢z, in cases of interest so that 1k ax<‘ 1072 and
I Xy b ., 0T most of the rogime.
it h;'/;othe surizco tomperature is slightly lower than
that civen by (13). It can bs srown that the frastionel roduction
in the excess surface tezperatur (U ) 1s eca hx, wtich is
aivays smail provided that ‘?°<1C‘2.
It can further be shown that +the reduced distance vetween
ite surface and tezperzture maximun given by (12) is approximately
hx at all tizes. Tius in cases of interest the maximum texzpera~

ture occurs at a poini extremely olose to the free surface and

{13) is a good approxizaiion to (11).
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Heot ovolution dua 40 ohemiocal 2esction will remcin sroill

n 312 tho flcozh daration is =ucih less “han

N - AR - e oo L
CUuSing VLo w~wzinoivion

‘L. isotheracl helf life of the explosive at tho maximum tcsporatuss

Zuced by the ligat flash i.a8. if

-6

Csrraniionsl oxplozivos cotioly this coadition i tc g 10 7 sad.

& zeoosozeblo coctizate of tho offoot of choemical roaction can Yo

ug the extent of reaction in an explosive consircin-

otizinzd Ly Lindi

~ oy

gd %0 Zollew the inert tomperatura ovolution of the free surfeco oo

*
givon by (33)« The rate oquation for a first ordor reaction is

= -5V exp(-5/ar)

g

o
L4

PR

wheTs g is the fzaction of oxplosivoe undecomposcd. Sincog' =1

wkon 1 = 0, this can be written in tae fora

Pl
—WI =y | ep(E/rmdt
. Yo
wieze T(4) is %o bo derived from (13).
Tho intesrel can bo evaluatad gpproximatoly by using tho Franik-
7 abous the moxizmus inert to:pera,tu:o.)‘?s,

¢ the contribution t0 the intogrzl is most inportc.nta.

This procedurs yiolid:c S
’/ 6 \"3 ‘Z\’ 8
--?M.?’-: (YeTw) ° e dT

Qx= T

x5 y ¢
¢, 9;2“"4',‘“,
9

S

-4

O
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since  — 5 = — U U" °fo} .

— Do
Henco b 0/'\? < **————f';— LY
909&1‘00

since Bo S - 10 in cases of interest.
The ratio of the temperature increase due to reaotion in

the absence of oonduction and the inorease due to tha absorption

of radiation is given by

R - 35)/—9 < - 4 [l ""T{ efs:;, 7 (11.1)

If To<<| then R < -(S';l‘l‘b ¢ PFor %ritioa.l heating regine

s - ' l. E
7" - :r sinoce /L . ence
Rer < £,

g
and heating due %o chemical reaction is negligzidble wbile the

light is switched on if T, << 0.1 say.
2 the condition £ = 1 gives R = 2’;’
~Jo

80 R remains small if %, | « The negleot o* chemical

iz 2 -<-r°<«—9:z 10

roaction prior to the Twma t, 4is therefore justified for a

.

critical flash if to$ to.

During the reactive $hase o the regime the rate at which
the surface temperature falls owing to oconduotion differs fxcs

that of the iuert case tut an argunent similar to that of

35




Ridoal and Robcrtsonzs sug-osts that the effeot is small. Througa-
out ¢he induction periOd‘)’zz, f< i, with vhich this treatment is
exclusively concernad, the temperature inorease due to reaction
renains loss than Ta?/TA while ths totsl teaperature drop aoross
the hot gpot is initially Ts'mo' In 211 ocases of interest the
ratio of these two quantitias, 1551, is greater than 10 because of
the high activation temparatures TA involvo&. Consequantly until
the ond of the induction period is reached the perturbation of the
temperature profile causcd by chexzical reaction is small and the
use of (19) is reasonable.

Blanchard 5,6 and Bouohon§ have showa that if an extrozely
intense flash is uced the effeotl of conduction is negligidle and
if the light sourcs remains on after a oritical profile has beon
established no abrupt cbangs of QQ/St' is observed. The develop-
nent of the free surface temperature of such a regime ot.uys ithe

equation

A I 5, | (11.2)
b - Qo‘uheg‘T'- o 4
LbE

“hoera B = reprosents the heating dusa to the light alone.

RT_2
The solutioa of (II.2) is given by

(II.J

38,

4
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ke variation of 9"'90 vith T given by (IX.3) is shown in
Pig.8. The reduced tiuoc required %o produce a criiical tempasrature
profile (f =» O ) 18 given by

exp (37|p_p )= 79(14* 5/'&'70 ) /Q+ 98) and the

roduced time taken t¢ reach infinite temperature is given by
(3v| ).(1»,5/ 3/ 8787
oxp frw B7, To

Eonca the “usaul energy" of Blanchard and Bouchon is related to

the critical energy by the expression

Eu./ga.:: I+ (TI"‘-'O‘— ?!i-:O)/T Iho :
= |+ %.%ﬁu(ulz/g)

waere g corresponds to oritical conditions.
Since the value of (g/B) cr from (26) is approximately T, / K§(9t.)’

g; becomes oonsilerably greater than é; 1If T << Ia"l .

31.
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Acrendix IIX. Polychromatic radiation. -

It is possible to obtain good approximate
solutions cf the present problem provided that certain
restriciicns are izposed on the relevant range of &
The reasoning closcly follows that of the foregoing
anolysis and the uxpressions invoived are cumbersomec,
Censugu.ntly only an outline of the procedurc and the
@8 or resulits will be given below.

The quasi-inert initial phase of the mono-
chrematic regiue is governed by the equation

Ww_ W e,
TeR T M +aBe T (111,1)

with the conditions

?)“0 » 3=0© tE>o

(111,2)

U=o0 y Eo=0 ; t<o (L3

and since this system is linear its solutions,l) , Gre
additive.” Although the general solutica is awgward
the solutions of interest for the case of a rectsngular

light pulse are relatively simple. In particular, froa (13)

U= “".Y“E § (x.)&) ’ (111,4)

shcet =38«




where the integrel is to be taken over the entire wmiscicn

ruo2 of the light scurces The cases of "long" and "shert®

Shert Clash, If = @t, then

ol

Lx,
& ()X |- < and (III,4) gives

b= & ko 1- 5 B

O’(..

whnere L = yx\a& / \j‘,‘ )‘AX is an avurage ¢

absorption coefficient. (It is assumed thet the light

)
has & constant colour, Eo = E,(X),Ex({') » S0 that
A - 3 . -
oK  is constant). The incrt decay given by com=
bining solutions 1ike (16) is

cc &{_- -{ Y_J’.u‘EZh .'lf-i > 3=0

\“a'¢

winere tize ismeasured from {', . Hence the analogue

ol (21) is

B_ _ EY l: fapd £

& o RT N Toe J

4 %&zﬁf (~e/rr) ¢®

which with the initial condition 6‘ = O when ’{' = 0

hzs the solation (cf.{23))

sheet =3G=




'7 =M (l-&»Y) + (\—["D e,y (111,6)

wnure

_ 2EL, B LT
Y= ng\_\[_: B2

- 4 RTSZQ/:'/E (~E/em). y (<)

M = 7 - <tRE {j‘xlE:A\}L

Clecrly the conditisn for expiosion is ¥ ™ |  or, re-
*

arranging and using (IIZ,S) thc critical cond.tion is

%“xEJ y EAA" a—aryg‘l)‘

oc i

S ez I

where | o = j)ocEzA\ // j‘Eza)

The critical energy is given by

€= (6= D ER (L)) -5

which should be comparcd wita (26).

Long flask,  If o> @)f;)ﬂ taen
T ey [+ Ex]
o (‘E-:%Y“" (\@x. >

and (III,4) gives

sheet =40=




O

vr tnert Gmoey Lo given by

<« (FzLd) i)

C'Cz-%m

TXe

= _\YO(E}&) + .\S\_E"_) A_.
[ i ol 4 U'C-

= f E A [ \'1r t ‘1]
=~ 2
since .&-l>> @‘i‘o)—‘ . lence the analogue

of {21) is

& \S\dE.JX ﬂvE i . &
%F“ o oc c.pﬂ?'o"?( =/ e

which with the initial condition ® = O when {' =0 gwes

= - [« B - 510

7: w + (l—w} e,l

anc

shuect «hl-




Sxplosion sccurs if co>i (ci‘.(?k)).

m~ne criticel condition ma. be written in the fora
— oY ~1
o s 'Q .1___-.
— fy —3 " A
T T B2

or using (II11,7),

g AT I Ko'c'{'-' loe

‘{ \mx <aD (111,8)

where

=2 2 - T
and <a<> = { )} is the harmonic mean

valuc of the absorption cocfficient.

The use of th: approximation

K= [Q“(a;!-ar-)]-‘

introduces only a smell -rror into (III,S).

Thus (26) reiaias its validity provided the

A
relevant average values of 5 of o Ce™> of o are

sclected where

quﬁD« / ‘YE},& s

2l

R>

= JeBd/ [l

= BN/ [JED

sheet =42=




il a more a
. . '\"l - | . RS .
ceiveria Vim0, W, = | should be uscd. In
LonCiacicn wwa important deductlions can be mace [rox
i ansendix.
a) A5 the flash wuration teads to zero the critical
energy density for polychromatic light tends to
the finite velue
- -
€ celg 2 ! )
t;rdk- - ~lag <t
ol
b) The critical enurgy of & polychromatic fiash of "lon
duration (i.e. for which bt},{’“%’l is virtue,}ﬁ‘..y
independent of the adsorption coufficient and has
ihe approxizatls veluc
1rxsrc. ‘1 '1- 1
£~ ] £
o A T °
iez. is proporsional to the squarc root of the f{lash
duration.

snect <L 3=
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1.27
1.95
1.49
1.73
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( Valuoes calculated froc data iven

in referencact
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The error functiicn coauplement and related functions.

The 'n”‘ repcated integral ;.0{"? is

label%ed zn , Wnere t c= 9&27 . Z°(5> is the function
2
63'&“&.‘3 .  The function -2,%5 > is °
. )

eguivalent to i-‘%‘f‘c 3, .

Ordinate: (not named }

Abscissa: }







o

The temperature profiles produced by a rectangular
flash of consctaat integrated in:ensity,g , and of R
varying dursation x‘i’c according to equations

(177 and (14). The arca uncer each of the curves

eguais that enclosed by the dashec rectasgle,

Crdinates U / {7\;

abscissa: F ( rL‘)
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pvoiuticn of the surface temperature after & shuit

fiashe.
J 7: /k( l+~3> + (:-/u)eli,

éuration

The curves belong tc the fan

The rogime is critical (and ffails
Tne dmsned

to develiop &n explosion) wr.en/u,:l .
curve fives the locus of the maxims in 7 (tem-ecra-
-

£
¢ minima) and is ssymptotic to the line /::?, at

large (ﬁ, .-
v
Oralnutes 7'—"- e
Fy
Abscissas 8 { OC ‘t
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Zvoluticn o

al’'ter a lung duration {lashe

Pyl
4

t

Y

he surlace temperature

The curves belong to the faaily ¢

= £+ {1-£) ec@ .

fails to develop an explosion) when &£ = |

AsLCISS8S C'C
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Tre regime is critical (and
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1 -1
2x. x> !
Tho function E(’;}: x*{= + ¢ a‘cx-—l
(v .
The lines A and B are the asymptotes of E
for low and high values of X , respectively. The
linc E,which is paralel to B rcpresents the function

uscd +0 estimate § for a1l vaiues of x

E(%) is approximately equal to the ratlo ga_(%)/ g‘/‘f@t\ .
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Varistion of gd. with the squire root of time for

N cal . ulated i'rom Berchtold's d&t‘al‘. o

3 (/o
in arbitrary units, @G~ Gest fit to the & points
*

with high t. ’ -g’ — best fit to ail six points,

is

E et (arbitrary units)

Créinates

L
Kvszissas ’Oz [{-o (&‘)-] )

CaRgR o copce

L " Fe? s S e S




§§ﬂgb§4ﬁg§§§hﬂgﬂ§§m
1 f ) ’

)
0D

43 B, ot gl e TGPt NI W..nnm.,.‘,.w. 14

_—r S e = >




'

e 0 R O L AR S 0 A Rt P« 140 o ovac bl s

Variation of critical energy with ambient temperature

) . A N
in the case of lead styphnate (after McAuslan ? ),

‘k‘- - explosion

O - f{ailure

Ordinate: Critical stored energy ( -} v o) R Soues

Abscissa: Ambient tcmperature ( °C. )
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Zvolution of surface temperature for the case of con=
tinuous intense irradiation with zero rise time. The

curves are obtained by writing (II.3) in the fora
A
=0, = —-k{}‘l’ +(t+f) e }

§ AE
T30 TR

whera ) A= .B? ’ RT.t
S

& critical profile is established in the conventional

explosives somexhere between the two dashed lines., The

~3
present theory is invalid unless Y, < o,

Ordinates -0,

Abscissa: A
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