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i~ d~ ctio~ time provided the initial free radical concentration exceeds the
limiting critical value characteristic of the particular exp losive med i um . Three
reg imes of late time propagation can be generated by vary ing the t’lash intensity.
With increasing flash energy the deflagrative , transitiona l and detonative
regimes , reminiscent of those initiated by the therma l blast mode , have been
produced Using  photochemical initiation . The mechanisms of initiation , hI WC V C I ,
arc drastically different for the two modes. In photochemical initiation , the
development of combustion waves is due to the cxothcrmicitv of chemical reactions
consequent to the ,injection of the free rad ica l s .  In the therma l modes , i n i t i a t i  n
occurs thermally via auto—i g n i t i o n  of rc~iction in the wake of a decay ing blast.
The results show that for photochemical  i n i t i a t i o n , deflagrative , t r a n s i t i onal
or d e~ onative combustion waves develop from a diffuse rcg i r n
of chemical reactions corresponding to the highest initial concentration of free
radicals. The developm ent of the combustion waves occurs subsccjuent to the rapid
evolution of’ a shock wave from this region of diffuse chemical activity . With
more intense radiation than that necessary for direct initiation of detonation ,
the streng th of the detonation front decreases with increasing flash energy .
This is attributed to chemical pre—aetivation via dissociation of the exp lo sive
gas medium ahead of the advancirtC detonation front. It is expected that with
very intense i r rad ia t ion , volumetric initiation of chemical reaction s throughou t
the entire gas medium could be achieved . To the best of our knowledge , thi-
results  of the pres en t s tudy are the first ever to elucidate in detail the
mech anisms of photochemical initiation of detonation in gaseous exp losive media.
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The prcsent p:pcr reports the results of a study of photochcmical

initiation of detor.ation in gaseous ex-olosive ;icdia. Tho stud y is judged

relevan t to the develoj~ment of the single event third generation FAE weapons.

The flash photz lv~ is technique was used to investigate th2 mechanisms of

photochemical initiation of detonative chemical reactions in sub—atmospheric

explosive gaseous m xturcs ~~ ~~~~ 2 
~~~~~~~ C2H2— 0 2 with and without NO2 sensi—

tization. The results conclusively dea~ nstrate the feasibility of initiation

of detonation b’i the free radical im cie of initiation. Direct initiation of

dotonation is produced after sc>~e critical induction tir~c j-rovi&d the m i -

tial free radical concentration exceeds the limiting critical value charac—

tc ~isti c of the particular explosive medi um. Three r i ~~r of late tL~~

pre~~gat~o~i can be generated by varying the flash intens:i-v. With incrcasinc~

f lash energy tha deflaqrative , transitional and detonati-:o rcc 10c , r~ -~ir f - -

scent of those initiated by the thermal blast mode, have lx’~un prcduce~ ~s~rn~

photochemical initiation . The rrechani~ r~ of initiation, hcw: .‘cr , are dras-

tically dii fc~rcnt for the two ircdes. In photoch~ uical initiation, thc deve—

1op~ :nt of canbustion waves is due to the cxotherrnicitv of cheaücal reacticn~

coriseauent to the injection . of the free radicals. In the thermal medes ,

initiation occurs thermally via auto-ignition of reaction in the wake of a

decaying blast. The results shc~ that for photochanical in.itiaticn , def lag—

- rative , transitional or detonative canbustion waves develop fran a diffuse

region of chanical reactions corresponding to the highest initial concentra-

tion of free radicals. The development of th~ canbustion waves occurs sub-

sequent to the rapid evolution of a shock wave from this region of diffuse

chanical activity . With mere intense radiation than that necessary for

dircct initiation of dotonation , the strength of the detonation front decreases

with increasing flash energy . This is attributed to chanical pre—activation

via dissociation of the explosive gas medium ahead of the advancing detonation
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front. It is expected that with very intense irradiation , volumetric initia-

tion of chemical reactions throughout the entire gas medium could be achieved.

‘D~ the best of our knowledge , the results of the present study are the first

ever to ‘elucidate in detail the mechanisms of photochemical initiation of

detonation in gaseous explosive media.
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1. Intro~icction

The present report describes the results of a study of a novel

ncde of detonation initiation in a gaseous explosive medium. The essence

of this technique is that initiation is achieved by chEnical , rather than

thermal means. In this chemical mede of initiation , the primary initiating

step in the developnent of explosive reactions is via the rapid production

of free radical) s in the gaseous medium itself. The main secondary explosive

reaction in the fuel-air mixture then proceeds spontaneously and autanati-

cally after an induction time and without further external intervention pro-

vided the free radical concentration produced in the prinary reaction exceeds

a certain critical threshold level . The free radical production can be trig-

gered by auto—dissociation via a catalyst injected and dispersed in the c3eto—

nating gas or by stimulated dissociation of one of the constituents (or of

a sensitizer) by external means , eg., flash photo2vsis. In the present stu-~v .

the photo-dissociation er the flash photelysi s technique has been used co:clu-

sively as the free radical producing process. The basis for the choice was

one of convenience since the technique readily lends itself to quantitative

variation of the concentration of free radicals produced, as wall as of the

rate of their production . This flexibility was particularly important in

the present study since emphasis was placed on elucidating the detailed

mechanisms of this ncde of initiation which implied as wide a variation of

- parameters as possible, while preserving the essential universal features

of the phena~~non.

The mechanisms underlying the free radical rrixIe of detonation

initiation are drastically different from those for the thermal medes of

initiation in which detonation is produced from accelerating flames (1— 3)

- (4—7)or fran blast waves in a detonating gas . These two latter medes of

initiation have been extensively studied over the span of the past two
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decades and the understanding of the underlying mechanisms has reached a

functionally satisfactory de~rree of completeness . In particular, the blast

initiation techninue has been exploited successfully in the develoFs~nt of

the second generation of FAE weapons. Currently, however, the free radi-

cal node of detonation initiation appears to have groat potential interest

in the context of the single event third generation of FAE weapons. In

such devices the radical producing chemical catalv~’t would be cii sseininatcd

sirm.iitaneousiy with the fuel in the formation of thy explosive vapor cloud .

Explosive reactions would then proceed autciiuticallv thi cji~c~ t the vapor

cloud after a characteristic delay as a result of the ch~~ical nctic-:i of the

free radicals in initiating such reactions . The most effective vorsi en of

such a weapon would be one for which the induction time for the doveloprent

of chanical reactions via the free radicals would be adjusted to correspond

to the t ime scale for the mixing of the fuel with the ambient air to exp]o—

sive proportions over most of the span of the vapor cloud . It is evident ,

therefore , that the successful dcve1op~~nt of an effective third generation

FAE weapon is contingent upon the ability to control a nu~rber of time scales

inherent in the coupled chcmico—kinetic and gasdynamic processes underlying

this node of initiation. As of the present time, relatively little is

known about the detailed mechanisms of initiation of detonation via chemical

sensitizers. Hence , the ability to control events to the extent that would

be necessary in a functional third generation FAE weapon is at present com-

pletely lacking and must await the resolution of a nurnbcr of fundamen ta l

problans in this area . Although in the past thirty years there has been

sare work done in the area of free radical initiation arid enhancement of

chanical reactions using flash photolysis , no direct concentrated efforts

~~re made to study dotonative’ combustion via such initiation per se. For

example , in the classical work of Norrish , Porter and Thr sh~
3
~~~~ in the

early fifties on photochemistry, there is indirect evidence that doWn~t ion
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di :  of i sit :  :5:01: c f  c c-a t i - n  in ci] tin - :::i~:turcs ~ :,d 2-C~~, l 2 — 0~ , H 2~~ l2 )

0 c - :  1:1 tIc - -:~~~:n S C cc::-:-: c- f  10 to lit- i tn n n  ca-cia H cichic’cc:~i . The

fin. :-~ J: :— - - :L~cn is i .  n 2 ri I lic- - - -cc ’cn :in ccn :1 if  tic-c c’- : t . of c i - . - H-as~: is tahcn

as t c -H-cc c c  ti:- ’ f ~
- C , I - :: H-f -n a i-_ lay t : n:c . .~~i c  of tIn - - - c - i _ h r  c- f a

few hun-Jrc~-i rnicrcnn :~ -ui:: , j c i A 1 . - i :  : - n ~ - c:: 0nc n i c e  in t i .  - cav~ fv  is obser~L~1

as r c U ;n t -cc ~ : H- t i : c -  n r ( - : :n c i n -  to- j r  H - -cr  at the r i : n c t~icn end of t Ics’ c:-~ ’lc—

- �‘ ;‘. ~~~~~ - - ~~
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L~.. ::c: ac:c .:  H -H ’.’ tie ( - ,  t i n  : c -  a - - : - to

t i . c  ~~
- - - - <  :cs-:nc oc i n -  us-ton I_ c : - : :)  .:c f t c - n - n t t ‘ - c- n H -n . :

tlcca ci nc~~~i i - lccci-co , :n’.- lv f tue i : H - c L J  iH- :: ~i- . crcasc-s nH-h

1) i : : c : . . 1 : t  5s-cc:o t~~e-:- i . . ,  -L f , ) iLc c-cc :fcc c .c :-:-:, Ii) ie~c-~~sicc - c . :eti ,:l

I n :- : : : cc - :n s::;-n i l l )  :e~iac : f]c::-;h -~ ::c: : . T h i s  ic r-ci t  is to -. -- _ o -

The c - i- - - nrc - - n b - - - - - H-n t in -  no:: :- - ‘H- 2 - I  t c -  100 to-c--t H-; c c-a :
Tbt: 112 Cl 2 ~~ : - ccc . : ccc In i 4- -i i c- .: cr- c-s cHili’ tns - --H 

H-i:; tI: - nc-dc-me. b : t i ~ ~~~ ~is sc- : ;-c i f  
~~

‘
~~~ 1 c’

:. c- — n c  r : i - : ,  ~ s cc-i : :-o i ’
cl - f :  -: n :L i .  ~ i s : i t f i c : i c - aL J - ,- his~l; flash s.c c - n ; - :  H tn::  :t ion cc-a; I ~~

- I n iH -:t~
in C2112

- 0 ., c-cc-r i -c i t  coot t n  - urn of ~iO 7 an cn-: :- i ti  cc-nrc: . tHu l r al ly , the

ii~ I uo L ic :n  tL~.c5 for al l  ti e- cc-:: - rc:n- n tc ~ crfr -c--y-J arc i:~’I~~-: 1 ndlijsecond
( i - ’iq .  8 ) .

There ~- ‘- r~- c c~-~ d cciii a initially, concernic-i:~ ‘;.Uetbei- or not t.hc-

detonation is H n- I I n ::tccc ’ cc i  - --- cc lv  i f l Sj L  tics- exc- i to] ‘ohri’ . ~c i c a t  cc iii

- - _ - — - — S - - — — - —- — . - - S - -‘ -
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happen is t i i : t  the excited vol arc first burns ~- c i t i ;  a I I~ cn- c c :  rise correspond—

ing to that for cens-tant . voi~r~ cornbcn:tion. Then the scchc- ccn:~c-r-4t cx~x1n5’icn of

the cc*cibustion preduct Cj SiC’S into t in -  unbu~a;~-d ic i ixtur c (c it --j oe the cavity

will drive a shock into tic.:’ uns-ur-icd mie-:tures cut side the cac’city. If tIc--

shock was-ct is sufficient] y strain ; iln:-n i t  can form a detonation wave . Thus

a shock t~iicc calculation ‘s-: is ixcrfori - . La verify this. Ac~scrciin:j the pres-

sure rise incH : the ccvi to ocTrecc-nec:ds to that for cocc - ,ta: :t ~iolirrie can —

bustion , the calc ulations indicated that the stc’ c-r . ::th of tb:  shock trans—

initted to the unburrnxl q.ascs is about ~-1~ = 2 , too ‘~-~-ccl< to even cause auto-

ignition in the unburned ;nic-:ture outside the cc t : c t v  (Fig . 9) .  This con-

clusively shci -.c that detonation must have been fonxx~ within the excited

portion of the explosion tub-s insicic- the cavity i t se lf .

A series of e-:~vcniments nero nec-ct ~~i~ fc~~-.c-d to cbta rn a m ore

detailed pressure history of the c -:closicnc rcr:K - - -c.n:s  insi ici~’ the excited

volume. ‘i\,o calibrated quartz PCI3 pressure transd.icc-rs wore used (one at

either end ) to record the explosion pre5’suro in v-oil oti s I encjths of thai

explosion tube ranging frcn 4 an to 3€; cr long. I_ sing the 36 cci tube , the

excited voluims is the central 16 art of the tubs cci 10 an of unexcited

lengths stick out fran either end of the flash c-v . - i ty .  The tube ends are

closed by the two calibrated PCB quartz transticc-c-ns. In Fig lOa , we note that

after a delay of aixlut 460 U SOC , the two PCB ’s record a sudden pressure

rise which quantitatively corresponds to a pressure slightly above the re-

flccted pressure of a Chajician-Jouguet wave in the mixture. Thus a slightly

overdriven detonation wave is formed in this case. This experii~ ent proves

that detonative cathustion must have c’ccured inside the cavity itself be-

cause the usual predotonation distance for this mi xture is of the order of

a mroter if a flani- were to be initiated inside th~ excited ~-ol’~~s and

transition to ti-no place c- a t  side in the raciairdnc! 10 cci lenqth. The pressure

- ,- - . :— -~ ~~~~~~~~~~~~~~ 
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t i tuc -r tlc:o cicvonstruto tha t a series of prc:cc:Lre wj vt -c- ; aie :ccri :t-~ buck and

forth insiciL- the e~:pin .: ion tul i:: . These waves oric; .L-’uctcc fr an the ref lcccction

of the detonations fran the ends of the tube . In J i g ,  lOb alce1-ir’alcl f o i l  is

used to mask off CVL-rything but the central one third of the exrulosiorj tube.

Thus onl y Lice central part of the tube in the cavity corrcspendin~ to about

5 an length c;ets excited by the ficc -h .  The rcsultccit r-rtccc r ire tracc c; arc

similar to Fi g. lOc . Th - induction time is slic :-cti y lor.n:cr and the ;xH

pressure slightl y b us-a, cor rt -sro ndi!lq rx~ x to ec-::ctlv the rcflectc-d C—J r~rcs—

sure . In Fin. lOc , all hut i c c  of the central ccc.rt of tin- eccDlosion tube

is tmnskonl of~ liv ahriinurci foil fran the flaish . The inducrt i-en time nc’-~’ is

lengthened to aixciat 650 , ncc . The o~~-c surc- trace-s are similar  to th~ct of

Fig. lOb an:1 ti-c arpitun arcan corresponds t o  t Ins - -a-:act value tor a ro—

flectod C—J dotnoantu on ~-c n5’c. Thc-a- - -rincrat ind~ matc- ti-oct ccctcautlcn

initiation can be achiev- -i n-et i . c:~l y 1 c-i lc:-.-iLb c-f the e:-~u lnociori tube en—

cited b~ - Lbs- flash .

A sories of c-:per ire :cts -.•vnt- rc :-:t r hinned to lock at the effect

of the size of the volume a’-:cct n c t h e  racr:itcu Ie of the exulosion pressure .

wi th  an explosion tube of 16 cci lc:c r , which comresmond s exactly to the

length of the flash tube i t f , the pressure rise indicated a ful ly deve-

loped C-J detonation occurc -:J inside th0 excited vol c~ .e of 16 cn . The induc-

tion delay tin’- - to oxp locc ion is aftnra 440 -i~cc (Fig. h a ) . with the length

of the explosion t .cbe rc-dcic-cd to 10 cci, the delay time has lenqthaned to

750 u sec . The prescore ccn i~litudcc no.~ drops to about 60% of the reflected

C—J pressure of Fig. lie (or Fig. lOa , lOb, lOc ). A slow and quite ~ nal1

pressure rise is nc~.-i observed prior to the sudden juip indicating the on-

set of dets-rv-ition (Fig. lib) . ~-~‘hen the length of the explosion tube is

further r~icro-c i to 4 cci , the delay time to explosion is further lengthened

to about 90C) c sec. The pressure amplitude is nc~~ only about 50% of the

reflected C--J pressure (Fig. lic). These sets of experiments suggest that

— v_ 
• — 

-. . .- - —,- .—~~~~~~~ . — - -
- - .- ,._ .,F_~~ -~~ - - - -
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there exist a critica l voluccic ~.h- re fully dc-vs- lop ed dctoa-ition can be forT~kd .

l3elctw this cri tical volume the proc-~c;s does h O t  y ic]d ci f u l ly  develc -r *~-d

detonation u ive. It appears that what happens inside the cu-:cited vohmo

during the induction pericxi is the fonnation of pressure waves due to in—

ha~~gcnc-ities (perhaps due to non-uniform excitation or gas concentration

fluctuations) . These pressure wavc n propagati ng in the excited volucc rich

in free radicals , can easily lead to fully developed deto:catioan . Jic . - -ver ,

the develoji~aent to detonation fran these waves still requ i r , s  finite time

(or equivalcntly a finite travel) . Thus , if the excited volute is too

snail , the detonation is not developed and the pressure rise is accordingly

lower than the C— CJ value.

The imçortant conclusion fran these experiments is that dctc’:vtt ion

in hydrocarbon—o>yqen or air mixtures can readily bc initiated usino a UV

f lash for di ssociation and thus ocn- -ratijco the neccssac—~- freL- radicals.

Fully developed C—J detonation can l~~ fon n~~d within this excited vo1~-m~s if

the voluso is above a certain critical size of the order of a f e w  centi-

meters . Due to the existence of free radicals ahead of the detonation wave

propagating in the excited volume , the wave rviv becane ovcrdriven. The

resultant pressure rise can exceed that of the C-J values for the mixture .

3. Calculation of Induction Timms

In term.s of the single event third generation F1’E , the induction

time to explosion is perhaps one of the mast inportant parameters determining

the effectiveness of such a weapon. If the induction time is too short

then the free radical prcxluction via catalytic reactions will peak before

the fuel arid the ambient air have managed to mix to explosive proportions

over any io-:Li ’nc of the vapor cloud . On the other hand , if the induction

time is overly lo iq then the fuel—ai r mixture can canpietely disperse to

bel~~ the dctonaliilitv limits. Therefore , in the effective design of any

.,r _ _ . ’ ”~
._ #.~~

. .- _ ~~~~~~~~~~~~~~~~~~~~~~~~ 
-

• .-, ~~~~~~~, ~~~.
.I 

~~~~ 
— — ~~ 

‘ - - - 
~~- -



— 10 —

specific 1-~i’E dcvic~ th~- induction t ime for a given catalyst fu s-l— ai~ systuii

ideally should be itch~ -d t o th~ - t~ i::~ - san Jo for fuel ri - c - -rcd c--n O~ j l i i  r

mixing to explosive J’r(~pert :o:~ ; c - ~-cr most of the vapor cloud . ‘l ic i a  implies

a judicious choice of a suitable catalyst—f t -1—air scr-~ ‘ : : t t  t -  n o  n t u r t u n a t e l v ,

at the present t ime s-nc dcx-~; net bnc;-.- 1 prior i t ~a- ircd :t i n  a t i;~- - for arc .’

such arbitrary cc-c~ ‘ioatis-n . JIc~.-:e et , in tb’ i~f ~t of ~ - te -xc~ -
~~ c t ;  k s —

crjj x—d iii tIns - p:-e’~- ious section it is c-vid~- :ct th~~ tI . - - - n i t -- c - in l t c t  n :

link between the induction t imn o s-nJ the initi~d fa~~- o h s -  -~~ -
- — :: ~~ ‘~~~ :i .

Since the tree rcxd r-cc J concentration is in torn d o t -  cc - H . - - 
~-c- -

intensity or by the crts-Jyst concentration Inc cata]ytic col t i s - t s - - n : , t i c s -  in-

duction time can thcrob\’ be lirf:cd to those Oct  fun d n ota l -r ~- :  - c t  :; of

the primary initiating source. Thi- ostablis t nm . -:-nL of a quantitat~ - e  l ink

between the catalyst concentration arid the inJection t hr - ~- ‘c-uld r ’c coc ide the

criterion for the suitable choi :-~- of a catalyst for a qivcn fueii -~en  system.

In the present r)rc~;r~ ::: an attempt was n-ode to thvestioota trio

intricacies of such a quantitative link by theoretical r icxbcllinq of the

chemico—kinetic processes for onc- fuel—oxidizer system. The aaseous explo-

sive studied was the equinolar fl 2—C12 system because of the avai l ability

and relative sinplicity of the chemical kinetic steps . It was fel t it

~~uld provide the mcxirnun insight with mininar i canplex itv and it also would

provide theoretical gu i delines to assist in the interpretation of further

experiments which were carried out largely with  this mixture . Tb- . - basic

pranise of the theoretical model is that at tire t = 0, an initial concen-

tration of free rad i cals , atani c chlorine [ci ] in this case , is instan-

taneously produced by photoclissociation in a constant volume oxolosive

H2—C12 gaseous med ium . The induction times are then calculated Iran the

chemical kinetic schcrc for the U
2
-.C12 

svstcc—i using the reaction rate

constants for non—excited ens-rev states ~~~~~~~ In the present stu1- ’, eight

initial free radical [ci ] concentrations were assumed arbitrarily in  an
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o~~~~oldu 112 
~~2 cc at 100 t~~n r m i  L ini .rs u ,e  L~ correspond rouehly

to a degree of d i c - r - - ---s-.icc t ie i i  c-f the Cl 2 r an ’t i1n ~ fran about 0 .2% to 50%. The

chemical kinetic as -~ccane use-n i for the 1!
2—C12 reaction is listed below.

C L~ + ~ 
-—->

HCL + 
~~~~~~~~~~~~~~~~~~~~~~~ ‘/ -

~~ cL ~
- 

I-I . (T~ - - , c~~, ~/C~
+ 

~~~~~~~~~~~ 
-I-

- - 
— ~~~ HL T- J

H2 ± 

~~~~~~~~~~~~~~~ ~~H ~

± -1-;

—

c~ + ,-
-
-
~~~~~ ~~~~~~~~

-
-~~~~~~

-

.

--
~~ L :- :~~

:,.-I’;,

/n c 
= ~~~~~ ~~~~~~~ .

- -  

~~~~~~~
_ 

~~~ 

-

[H +

Nernst Chain

[ H ~ ~~~CL HC~~~~~H

The constan t volume exolosion relations are

P =

(

-

~~~~~~~ 

J L ( ( ~L J  T

• . -. -
~~~ ‘-- --—

- - -— - -. — *— . - - . —.- I - - - ~
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7 (T I!

A

L~, J~ i~h =
1 = 1 ~J)

(~~~~~ CvL -
~~~~) L~7 =- ~~~~,T)-~ T - -  td ~

-((i
~~T) ~~

; , - -~-

where ~P is the pressure in atm

/~ is the universal gas constant

C is the total concentrati on of chemical species

CL~, C~ are the concentration of soecies mole/liter

f  is the density grams/liter

-112k is the rcol c’cular weight oranis/riole

~ are the species L2 , Cl 2, HC1, H , Cl
A .  -Ii; ~s the soecies enthalpy cal/am

is the total enthalpy

The abeve chemical kinetic scheme in conjunction with the governing

equations of constant volume explosion were solved numerically using the

R-K-G method . 112 and Cl 2 concentrations have been eliminated by the atan

conservation laws . Chemical kinetic rates have been obtained f ran the data

of Cohen et al (15) 
- Fran the aheve data and the JAN7t.F tables , the backward

reaction rates have been expressed in the Arrhenius form , namely k = AT~
exp (-E/Rr) . C and h~\re been expressed in terms of 6th and 5th order

~~l~~anials , rerpectively. For C~ pol~~anial coefficients have been cal-

culated for ranges 298 K—20 00’ 1K and 2000 °1< — 4000 °K.
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Typical results for the production of 11 , Cl and UCl and the dis—

ap~cao1.. r oF 112 anti Cl
2 

are displayed for five cases in Figs. 12—17 which

shc~ s the concentration of each species as a function of time. The initial

condition in each case is the assumed chlorine atan concentration [ci] at

t 0 produced non—thc-rn’ally due to the photodissociation of chlor i ne role-

cules. The chlorine atoms are than consumed in the Nerrtst cha in :n:s-ohonism

producing hyclrocjcn atci ns and hydrogen chloride. At the saco time the

tar~ erature is increasing due to the exothermic production of In\ -Jrc rj c -n

chloride eventually to exceed the auto—ignition limi t for the Ica:•:Lure. The

corresponding temperature—time curves are displayed in Figs. 18—23 . Thus

after passing the minimum point in the initial phases of the reaction the

chlorine atm - concentration is retlcnishecl tins-rn-ally ci ’s-e to the exother—

micity of the cembustion process. In the present stud’- , the m d-s-s-tic: : tic s--

is defined as the time at which the tar~ erature of the r: :-s-ditznc b-s--k ccc to

increase sharply. l ine actual value is establisnod by ts-~dnicc the ~nter onct

of the tangent to the maximum slope of the tcrnperature-t L--~e ct a--s- n- -i tic the

initial tec :~~nraturo line (298° K ) .  The induction times so calcn:lato-d are

plotted in Fig . 24 against the initial chlorine atm concentration [Cl]

seeded. The degree of dissociation of the Cl 2 molecule ecuivalent to this

is also indicated on the abscissa. It can be observed that at his-h sec-dod

chlorine atm concentration correspond ing tc- about 50?- Cl 2 dissociation,

the induction time is very short (< 1 usec in this case) . Over cuite a wide

range of decreasing initial chlorine atm concentration (corresponding

roughly to degrees of dissociation of Cl2 between 50% - 1% respect ively)

the induction t ime increases relatively gradually. 1k~~ever , for still l~~er

initial chlorine atm concentration the rate of increase in the induction

time accelerates sharp ly in a way that is qualitatively similar to the

sharp ins-re-ice i;. induction time for thermal ignition as the auto—ignition

limits are approached . In this cast- one can therefore think of sane limit—

-
• . — . --l. - - - - - -
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ing non th -:n:~ l ignit li ed cr iter ion analogous to. that based on tcrcperats-ircc

for thermal ignition where re~-.’ for non-thermal ignition , the criterion

woul d be based on sai te criti cal limit ing value of the initial radica l con-

centration. Ev~-r: catalyst-fuc-l-oxicii zer can therefore in principle be

characterized by cs-eu critical minimum initial radical concentration for

non—theocul ignition analc’~cun to the characteristic auto-ignition tcm~~nra—

ture for thencul is-nition. As cc basis for further ccmoarison between the

non—ide-i-i--a L and Lhennctl mcti-:c- of ignition , t-~’o cases of thermal ignition

have also been calculated thcoret~cs-i]y in the presL-nt ~‘Drk . The basic c:-re-

misc of the theoretical m odel for thermal ignition is that an H 2—C12 c n ~~alar

gas mixture, initielily at 100 torr and 298~K , is heated u~ instantnnco-asly at

t = 0 to a higher tcm~uraturc (l400 ~R and l800~K in this case) . The sa-co

chemical kinetic scheme as before has been as-inside d in the calculations of

the i nduction tin e , exc’eot thnt no~ the initiating sten at a very ear ly time is

tue thc-i -ml c1Ls~-crciation of the chloi-ii -:- melcc-.I1E-c. This r-- occ~s triggers iJce -

N~ ins~ chain of reactions where n~~ the chemical ki :~etic rates of the ~‘Zern~t

chain hnvc been c:xtr s-no-iy ecoelerated due to the higher temperatures . Figs .

25 and 26 sha-j that the production rate of hydrochloride [HC1] increases dras-

tically after abaut the first microsecond or so. i?cvond that , howerver , the

Nernst chain scheme beccmes cTuite daninant in the production of [u ]  and [Cl].

In fact one can say that the chain reactions determine the entire cmbustion

process in thermal ignition. This is quite distinct f ran the photochaiiical

ignition where the [iici] daninates the kinetic processes at all times. The

induction times for the two cases of thermal ignition have been determined fran

the tanperature-time curves displayed in Figs. 27 and 28 as before. In order

to further elucidate the distinction between the thermal and photochemical

ignition , the results of the present calculations have been rcplotted in

Fig. 29 in the well—known i -h ~ ncn plane discussed by Berlad~~
6
~ and

Ccrkanowicz (13)~ The curves show the progress of the reactions for each

node of initiation and each curve approaching its ~~n f inal state . One
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~~ _~ ~~ - — - 

- ‘- 
- 

- -
- 

-

_ _ _  
-



— 1 5 --

can clearly s-s-c t h e  distinction between the tliermal and this- photochomica].

initiation delineated by the separation cur-s-c S. A f inal calculation was

macic to check the effect of initial pressure on th e  induction time for

bath the thcis--ai and. the photochcrnical nodes of initiation. For the ther—

mal mode of initiation, an instantaneous jump of tarcecrature fran 298~K

to 1600 °K was assts-axl ; for the photolysis case radiation intensity of 1.5

kw/op2 at 3300 A ~-:aa taken. In all cases the exp losive gas mixtur e was

equimelar 112-Cl2 at initial pressures ranging from 20 to 760 torr. Fig .

30 displays the calculated induction times as a function of the initial

pressure. The induction times in this case were calculated by two methc:xis.

One of these ~-~ns-s as before from the mixinnirn slops- of the terciicrature—time

curve ; the other was by measuring the time for 10% lId production of the

total mole concentration. In all cases the induction times so calculated

were within abs-ut 5% of each other . Fran Fig. 30 it is evident that for

bath thermal s-nd ph to—chllcicai ignition the induction tine increases with

decreasing m i  t~al pressure with the sharpest increase for initial pressures

less than 100 torr. These curves are very canpatible with the trend of

ignition delay with pressure determined experimentally by Cer]~anowicz (13)

for the CH4-oxidizer and the H2—oxiclizer systems . To carpar e the relative

efficiency of photochemicccl versus thermal ignition, the data generated

were normalincd with respect to the i nduction time at 760 tori to make bath

nodes of initiation compa tible for comparison . The replotted normalized

curve is shc”~-.-s- in Fig. 31 from which it is seen that the induction times

for photoclvmic- i i  irii t i  i t  i:-e arc much less than that for thermal , far de-

creasing ini t ial  pn-m ;en - . Since the induction t ime is a direct measure

of the ef f ic - i k - : i - s -y  of the reaction i tself (the shorter the induction time ,

th~ mrone off is - i -nt the rc-actJoll ) , the results indicate that in terms of

efficiency, ~—~n :t -~-:h en i c.k in~tiatioa is much more efficient than thcrnu].

initiation which is not an Ufl x\TeCtC I conclusion jus t from simple thcn rrro—
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dynan-ac considerations. In fact , CerkcLnovT1c~ 
( 14) has da~~nsLrated expar i—

mentally that the relative niir~imun ai :vr- rceui.red for iqn~t-ion of sub—

atiiosphcric ru t h- ~na—a ir mixtures is much less with photos-h-eec cs-I than with

spark (thernul ) igni tion. The results of the theoretical ccciculations can

be succurized as follows . A critical lirnitin 3 value of thu init ial  free

radical concent ration in a typical catalyst—fuel—oxidizer naxiiu l for photo—

chai~ cal initiation of explosive reactions can be defined to chiu~cccterize

the ignition limits for this ms-cia of initiation. This is analogous to the

auto—ignition lirdt for the thainul riode of initi ation. The ~aiduct ion

times for the initiation of explosive reactions by photos-huh cs-i means arc

very distinct fren those he thorrrai mean s .  Yoreover, the rcu-nlt s of our

work as ~-:all as the work c-f Ccr~nancc-cicz indicates tb ct h- .uto:-- -:-:lucal ini-

tiation is much tease efficicnt than thermal initiation of o>ehos-ive reac-

tions in the same gaseous c s-ed ute. -

4. Wave PrOCeSS~ s Lend th~~e -e-s-hceicml  Ini tiation

Although from the experime nts described in Section 2 of this

report we coul d confidently conclude that detonativo combustion could be

produced directly by photocbncrnical moans we could not , because of the

nature of the experimental apparatus, los-k directly at the nature of the

wave phenomena during the L-hatoohcmic-e i~ initiation process. Pressure

measurements in the explosion cell suqqested that the pressure level

achieved was somewhat in ~a:cess of the C—J level corresponding to the

initial conditions of the particular medium . A C—J detonation wave , however ,

was observed to ananate from the igni tion cavity , suggesting that sane sort

of transient ~ we interact i on phenomena must have been occuring in the

explosion cell. At this ~s-int it was felt necessary to cdcui- ;n an experi-

ment which would e rrs-i t direct observation of those e f fec t s  a-bile preserving

the ci:er tll similarity of the photochanical initiation svst~es-. Since we
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had ~ I c ’  r~_ :t - _ L r  tV L i  ic  i c -; I~ L ; - -P -
~

-
~ , 7~- :  t i  :-: 150 ac S

6 rui this -h, t w ’ ce ’u- -~ fcc fi : c ! c : -n t  - a a -  t s- . t ree-I a - - - - ncc: lar

quartz c~eech-r - - f lur  s- a_ -: - -a as i a , 1.rut -
~~ i a In . . ‘ib is y iu ih  -d

a chamb -c which au .  75 - 
- 75 s-s. i s -  s- cuaa -  croc u — c - c _ i s - n  aa~ ~i cs-i lend -a ’iz~

which aas i rrahi _ ~t - ~ s-u au’-~xc f h - ; h l  a (~~~r i . f l a  - ;
. —~~(ch_ ’) placed acijas-- at

to two o c - ’)c)sitc- s-~ ut: L.t -~-a.  Th-~- ir:c.- 1 auon Of the ins-ide of tiPs- ce-s- ic dc-n

c . uiu c a-as c- us-c a i s -  tb : a i i i tx e c  C I  c c c C o i i c  n - T 1 - : c t - -cs \- tan h rc-Jirectc-:~

as much of Lhe f lu  : Lee catc at as c -s-ac~iLd c- is -cs -h into the cis-eJ - - ’ . Gbcecr—

vations of us--. - a - lee hP- t c - -u.L- 1:uia:- ~-c ‘-cu c eac q fL-s-lie by

spark schlicren ~: -~~ -as-- tercu-e b flu other pair of ~-cu- c’~s s-s-f orthuconn i

to the direct ion  cf bY inr a_ ij a t iu n . In thin s-mv the - -ffc-et of 1±2 intcesc

flash bc-c : cud ilh:s-iaet:u. a; eLcIni rn iud since it c-dune- -is-c- ‘.-.-s-u ]f have-

ccrrplel.r- lv c: s-bs- of tb- - s-s-hi as-n fic la  il lus-inciuc-ri  if vicc - - -  h irc-ctl y .

The sc- jucr .oe of c-’- ’c: cu is-ccid -_ 
~~~ explosion chxeJ cr a-cc - rcccs-str-ectc-d from

single schili -uca a-c::arha of iic-Jivuu ~l s- i s - CS , s-ieee s-bc ec-crits ~-s-cre

vt~ry rL-n: U-iLLs - IL . Cc-culls-cent- cm’,’ ceos-sca - a :  cit  s- a-ore- also s-echo simultaneously

via ccitic :-s-atiu p-rcm~uc trUri s--facecu; ins - - c a t - - a , as I 1 ef c a s - , in ti-u cs-is of the

rectanqular cs-aorta -c:-:p lcsios- call. Since the- four picas-ta platc-s werc held

together with a st-:ci:h~~ s- steel Lb  ce~~e- nd  “0” riris-; s-cs-is, the eresnure

transducers wet-c ebstue-tof fees-c thi-  direc t flash fly i:-e-c-iiatior-c . In fact

they a-c-re abort 10 c -ac h -cad 1±-: of- -s of the c~- crt a c-Ps-er-antic s- -i ndia-cs .

For this c-or’ s-es-i-c cl-ores-, the toLil us-cl alcus-ted ‘s-i - - - - -  of 5 ms-i x 12 cci was

available for schb co-s-en ~h~cr~-s-tion.

TO get s-ri co feel for the in i t i a l  free radical distribution in

this apparatus , theoretical calculations , us - in - ;  the s-ha s-ration saectrizn of

the Cl2 molecule (Fig . 5) a-ore made to c-nt is-r i~~ th e  he ir s - - c  of absorpt ion

of radiation -cithin 1±-c s-ps -Li c-f the lL ,—f’l  mic-:turc at 100 torr initial

press-s-u- contained withi n the roctanqula. chnrciy ’r. As illustrated in Fin.
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33 I_he _ t i  I - s - i c ;  s- as-cu-c ;  s - c c  into w i t ’ ’  1 0 lb ii - i i  t s - - c :  s- -t ~- :  i s - - - c c ;- / 0

3300 A (w1~~ch cc;cs-- c -~~ccc Is to I_h - c -  - d; P1
2 

d . - - t i t )  to i ;  acj d  i s - t i  - - - two

sides tic-a slab ccf - a ;c ;  s-uc~recinccJ ti_ -t’,-.- L --cc r L u  LIV tiui~c :;cLtLi c~.c ,-:~~ a c - ’ -. .

is plotted ho-re is 1i~- - intensity of the radia tion field ic s - i . in ific s-l.a of

gas non;uli:s- i s-s -s - is -ct t b -  in i t ia l  i ntensi 4ev I of the ins - f c t  icc 11 a ;

The rca-s-i L a  ii:i :s-s- Lo t l c ; t  we would cut  siqn; firs-nt s-I: cs-rci tncn-s - in the s - i f l

of gas cn;fl c -  -f i-c c Ib i s -  t !a- t\-)o ccj cu t z  wir i c i r - i c  s-i t h  only 217 of tb-c I_ I

incident r1c-~l i c c L  ion ini:L ui ty ts--cwfrat i n:; to tb-c - center of s--c: i ;-c try of the

ci s-s-ehxer . This ‘,- -j Li i:: ciy a ps-ed; f r - ~-c radical coricontrafi; L~ i;:~:ucii at cclv

adjacent to the s- iI ;- lc- .-s--; , P c t  also a substantiall’,- s ien ifI car-co distribution

throughout 1 ±-  entire volts-a-c- . Ii . 34 illustrs-Lc-s a s-cave s-cU c-f t 7 iccil

spark schlic-rcn sec-c-s-is of the phctuchc ccd ccc l i c it is-l ion in th i s  apoaratus .

In this case tI-a f i c i s -h i  -cc - cs- c-cot c ci. i c-cbs-i at t he-is- ends lC-u:l rc; Ea-a~~Sc-ci the

central 5 cat s~s- ccs - to gu:crantcc scur ;-.-;is-c- uniformity of f lu b intensity . On

the pli-cC tC ’qls-,c - c c ;  t : s- open aac ’ccs - of thc: 11 :sh]uc;s-; arc tee ti c _ cc ; the two ass-os-liP-:

black mari-wcc:a . The- f i rs t  thins- to  chc-corve is that two discrete c-~’cive fronts

originate frcc: I_cc- : v i c i n i t y  of the windoc-.’s lire-a-rh which tho IV radiation

is tran~ irittc :1 fm-; the flashlarrps. This is compatible with the fact that

we expect tb-c hi-1. neat free radical concentration there and he-s-ce the region

of the most intense chemical activity . The two discrete frcnts  advance- on

each other , diffract ing cit the edqcs- of the non—irradiated reg ion (the

region outs -id - lice black markers) c m i  colliding to form a Y~s-ch reflection

which then moves outward longitud ina lly to ins-pact on the end-counted pres-

sure transducers. The pressure records are displayed adjacent to the sch—

lieren photoiraphe. The first pulse corresponds to the E.’-I noise generat ed

b~ the energy discharge to the flash lamps from the low inductance condenser

bank (8 uf , 18 kv corresponding to 1 300 joules stored energy) . The s-s-cell

fuzzy signal to 1± r i q h t  of the f ir s t .  pulse is at the fir -cc that the sch--

lieren spark source fire-s. The t h i r d  peck is the pressure signa l frcirt the 
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c-a ’ il-u ; ~i -(Ji i i  is-d- ) prc~n~c 1c C f u e L  -be-c s- cs - c s -  :i11l~ c .I  the- r ico’s-b of ‘ -

wave cit  t Ic - ends of t he- cc-:~-lcn c io ;c s-bc -c l  -_ ; . hot sa rpr isin:l i- - , t i . -_ s- rca : s-so

measured he- thee u-s-’cs-iuce s-cc ccc; cs - - cc :  c-s-ic- ta cc I U~ s-l a-h is-s- is in ce-:c--_ os of

that for a C—J c-~~iu -  u.~l can be s-t:trii -s-c-c-i to I_h ’ os-os-dr cvon -tach st -~cc .

Thus , althouq h sec -t - —u_ -tcoii ct ion s-cs- suns-c :cr-_c c roi::c-u I as a ri_ -nil  t of Was-u

intcrs-s-Lic-:c pi:c:s -cc c ;c- ;c: ., s-cc-c cs-rue-f SOy at c h e r -  s-fence  that tic:- liii t icJ  a- s--cs

ace di - tc - :t iccu .  ho d ecor cute ideiclc co ic-s-s-es-n as s-as-h can be r-vcie tract the

is-vita ic ca - c a s -  ‘,- :nanh l  - ~c screcs-tuac- or tn-c c- cs- -c as it arcpc;cr s on the ~chlaeren

phoI_c~ r~~ ha .  heive velocity r:;cccs-nacccconts c -c-a s-cub a short seen c~f travel

are too i naccurate- to give as-a - cu-ariic :rfu i uhei— s-I_ ions s-s-art fraci b—s-is-nj an

nsensit i~~e cs-ens-s of cs-s-c-s-s-rant in the f irs -a  is-c-c . To clarify this point,

one of the fi : ishlcc : a on s-nec side of the c - c : -  ac-a c--as cec ccclc-tc-l\’ cs-asked out

arid the- c;~-nuratus f i red  :njemin us-f-er othcir,:ic~t e i cicc:iticol conditions . 1- ig . 35

rc~-: is-i is- - h e r  the- cut- -s-s-li c c o’,’~ at of one dicceontinvi tv cicos-~. In this case ,

the we-v: is fre e t e ,  fret s-s-r ae-  tliec entire cha-cj -o~ without is-ctc-ractrcn: errs-i the

pu-nc; - - - c cs-ret c c _ c  : s- s -La -s -  f e r a L  that its arrival at the traccrciucc-r is let t e r

t I - s - i  1. - - _ c : i t h n i c a  c-c s-u s-cc ic-eel that is cc;uch below t i e  C—J value. It s-as

t~—t C 1 t -  ~r c h i c  c - I c  c ’  c-~-h- -th s-r the discontinuity was a deflagration a-ave

a - c - :-n - a c- a cci cbus-tioc, processes in its wake or an inert decay—

i n ;  s-h ~c : c-.s--:c- is- 1 - i c t c-e s--c ) ncmiucc-ci by the rapid photochon-cical absoretion

of t : .  - F :c,h :c- -r vi r h-c v i c i n ity of thee cs-uartz window. Fig . 36 shows a

si-  it  s- s-c: a - h i i -  ~~ - cc :c la-~ c a i r - I i  and ps-cs-s-s-re record of an identical flash

in a tm-c i a - chi -s - ins -  cs-s (Cl 2 ) alone. ho c-cave phenc~nena are i:.dics-tmcd

it ’  o a t h  -c I_ ic- ’ as-hit c -en field or in the pressure record , conf irming that

tic act s-- u e-c -O\~c~ l in  th e previous records (Fig . 35) could not be dc-c to the

radiation c Jeco r u t a o n  process alone , hut is rather due to combustion processes

suis-cc(pc -nt  ta 1 h otc-c t -r-cicci l irnition . The c-ncr~~,’ of the f las-li c- as increased

to 2300 j ettIes in ccci  cm tt o —: c cj i t to pump more IV radiation into the explosion

chamber via t i c - - sin- d o unmasked fiashlarrip . Fig. 37 clearly indicates from the-
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c~s-lclicren p c toga c~ i ; s - cc - f t ~- I u - ucurc , ti c- ~t d a u nt  i :ci tict i  on of c~e - tca ateiOn

c-ce-s ps-cf-s-c-c-i in th is  cs-u- . The - c-s-sure 1ev -I car s- c  s-c-c- c; in t h is  e~cs-- cc ii cn—

t ically to the- C—J IL -s-el. A ltlcoc- i i  ccc had i- . castrated u:ec:ist k- ’i - I y at this

stage tha t direct initi etics - of dcts-cn~at ic-s- cc-al;] be ps-u_arc-f by s-Iy, fcxeh-nccni ccl

r ue-na , it c-s-i ;; in t r i qu icc -  to explos-e c- be t sort of :choce-ccc-ecccc --could be cbs-eu’s-el

w i t h  i_-c’on u_c-c int e icca  I’! is-reid is-t ia-’c. To Us-i cc Cr:;] , c- ’c rL~o’:-_ ’el all i_h-c :cacs k—

is-p to I_lu he as - li ]  c_ s-pa s-:;~1 c o c- - :-I e] to care-rae- the s-ha:; s-c e-arcs - w i t_ h  } — c - cccsic-e~’:

ins-is- s-a in~ f l~ccch en -cs - c ; ’ : ace] that nc-cessaa v ten the clicuvt- i :citiat P ci s-f

dcto:etation. hi p . 38 il’~cu~te-cctc s sue-b a s--e-ce-us-cc of cxeccni: rats in c-chic -h the

f lash ecs-ers- ±c ~cr-u cc-cs as ens- c s-c-cc; fran toe- to be-i_ to-cc of i_h-a series of pho to—

qc - a -Ps- . The_c b1 as-’-: nrrca-c-~lakc s-corker irnficot s-s- the cces-t- c: of i_ice ac-c e-e s-i_us.

}s-;-cs-ccs-e of t ic - ;  c ioc-i—u ciicaacce ty of the- se-a:; ‘-cisc is -I_ cs-c-it’: of the flecs -hi -ac cs-s ,

tn t i ll y urs-s-n—lcc’e] I :  s-c , c--cc ; ir rs - -Jbis - f - -P :  :cs-tccaec; the- c-eavy s:~aaT-eise canto-errs of

the c-ce -cs--as . ‘i’heas-- arc twa cbcc:rcctic-s-e that :c- cr-t be macic- ni-cs-t the ac-stilts

dl s-t~ ~yc-d i n  t Iu~ fl~p ;: - . ‘~h~ first is s-hat tics-re is a -s-rcyc;Iec sivc tunis--a

ocr “ c- ashincc can t ’ of tic-c ; cis-toncation front  ciisccent anci:tv in ti cc schliorecn t ic-li .

This is couple-i c- -ith ci ccc-:cesurablc circe- in tho s-u - s-as -re j s--ce- s-cress the dcct-s---

nation front even thoec~ h the detonation v-s-Ices-it ;- is s-ce-is-fairs -i. We can

attribute this to pro—dissociation s-nd the as--s-cs-fe-toe] is-cs-s-cs-ac in the -  acous-

tic spoed in the intensely irradiated gas ha-es-P of i_ice- acus-acilci detonative

front. In fact , by progressivel y isccrccs-irccc the_c f lash era - s - c - , we es-s-not

that the crc-s-s-u s-c behind the di scontinuity can be recede to rccrca-ec from the

C—J level to tiicìa cos-Iec-alxendin-i to constant vclcrce ui-gels--s-ion of about half

C—J level. This correspond s to the situation cthere the discontinuity has

degenerated to an ac-otis-tic level in terms of tic_c pressure j u~~ as it propagates

into a highly dissocicct ;rcd gets . To all intents arid purposes, tha entire medium

would be re- i c tc ic i q  tJ ;m-; ~- cnccI _ c-c-s-c- or less vohrrietricallv at this s-cia-cs-—level

of U\-’ irs -ec u ;t s -OI: .  The iro-cs-tccnt ccne-]uc ;icr :s that can be- circm-c e f cc -cc  this

s-cries- of -acur - i s-cei ct ;;  eric - c ftc ccumcceel up as follows. The 1-ogion of hi s-h e-st
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frc~ r ,a i i ;s -P  c cc  ~L d i t t s - i t i 3 f l  i c  c c c i  ~ii ; t -  I .  a~ i ] c c C c d 1 t  to tb. c-;is--- ia ~-:s through

which the ceoiic:cc i~; irs-ad cc l  -- I  bc IV re c:Iication . This is confir med by tire_-

fact teh~ t the c fc as -r~ I _ c -  s - es - I - cc ;  t ics-  c--as-u discentinci ti e s- originate frau these

re gi s- s-cc ;. Direct i s- i t  i s -t i e s -  of cI f e e c c e t  - c-cc in t ire cr-:plosion ch:s-:-irur can be

pro:]-c-:-oel pliot cc-h~ - - l i e s - ] lv c- hen t he’ flash intensity cs-cc-cods a certain cri~ i—

ce-i intensits -- . I \e ’t cc scticcaa c-an also be produced in short order c~;it~~n who

explosion chahe.cur by the :-:cc :-~ collision of dc-f Pc - -ra t ion  c-cs-a-cc; cc c-~ t .1 ~it

sub—critical f lush  i n t a a ; i I _ i c - c - ;. At intcnsi~ 
‘ - ‘-~ls ciT is-r~~ c - I _~~~.. is-

es-c-eras- of tief s- - c - -c ccc - c-cry f cc  direct is- i tie - i t s - , thc - - S a - s - c - t v  -

c-:ccek~- - cP c - c -  of t 1 e cictc - e_ itj ce: - j ciisccnt inuit a Jr-_c ~ - - r s - ; n c : s - c f c s -  s-z;to

a Iii ghl - :  r m~~ i i ; c - -s-.i e c s - -’i :caei i czc ; . t is C:-:- - a - i  s-~ s-h s - e r r s- ‘s-Os--rise-

irrcf ‘ - c -c , \-c’~ c o - : - t c e -  i n i t i n ; c - - c ; of oh- a~~ ~~~~ _ :~~. ce-ut tbe

e s-t b -  : -~ i- :e i-- - s-es-c-’ - -

5 ~~~~~ . - i .  - -  a-~ ~~~~~~~~~~~~~~ los -t ie r ’ -  cc ~~~~ c - c - i n

ci t b  c cc ~ 1 s-c .: se-c tic ps -c-se_nrc ot us-c detonation right in

ti. 1-  c c . - t: -a. - ] os-b c - i ha-c -b us- , c-ce_ c still could s-cot, trace i ts  ciccs-e-lcc:xr-nt

‘~~ rr ~ t c - , - : - e’ s - he ’  f i r s ;  r~n ’cl r emcc-c ’ of c-kr-s-s-d c-s-I s—s-actions. This is

- re i s-  lb  - ] ee- ~- ; c ~ e:-:l u-s-br- :nt-s, t h -~ s-cs-ion ~~ted~ately aclj accnt to the

wj n:i -~ - - is still ccl - ;c-’s-s--c-f - tic-c be-aci et his-s-c-s ~:o1di:cf the cicc.r’bor in a

sc-cs -h -]  c - s - n f l  c r c -. i -a-cc . Once cm i t  was recess-s-ri.- to r c k i i f y the ap xiratus

so t ie t i c - c  f i -  ii of ‘‘ic _ -c-: i ;c e- Ic . - ] i n ; ;  the s-t i r e  i_ Is - .- f ie ld fran the window

out could be v i s ib le . lIe -vin e; c]oc~s-natrcctc’c~ tha t cc c c ino le  fle -tshle-cc’a will do

the job of initiating a detonation wave’ in an oep.i:c~er1 c c r 112—C12 rth-:ture at a

100 torr , in the- rrodificd apparatus we placed a single flask-il s-r-cp adjacent

to a cç r crt-z c-.-~ :c-ie c-: inserted inside a cylindrical checrei s-r rue-b that now the

entire f l o e -  i _ i s - h  was v i s i I ] c ’  by schlicr ccn rhotos-r eir-hy . A sketch of the

arr ccts - s- s-~ - :ct is c - c k c ,- ,n in I - i c ; .  39. The quartz c-:inf-s--.-; aperture was 35 ~iu in

d iccccc- -c t r r  cinch 6 s-ia thick illuminated by a single xenon flashlamp (Xen . Corp . f’PA— S
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~iQ~i) p lccc -~th e i ~ s-u t 30 t :cc- ac-c c . The explosion c c - I ce -j ib - c -  c-ca’s a stainless s-ta - -  - l

cyli;r-i~ -r 100 cc - tn in dice -cut -r s - cr - I 100 niri long , equipped with lucrqe windows

(100 ic~r c ( s-Ct: c - . - - I c - i ) t e ccc i - h c~-’ni -s--h cc -cc -h i is-cs-en observe-tins- of the entire explo-

sion ch- c; rbc-r could ft c c - es - ic , iccs - lu ,] ine~ an edge—on view’ of the quartz initiat-

ing pert c- :ir kc~.- .- . A pre ssure transducer (PCII1 13A2-1) ‘- -ac ; nounted c- i t the’ op—

~e-s-~ t - ;  , c c i of Ui- ’ - s - :~iec-;ion cis-: c -irui- feic ing th _ - ini t i at incc  port . Fig. 40

diccp l s-c- . - I _ Icc - c c -c a - c -  of s-c- .~a-rs-tion 11 s--cc c cc-ce-n e cs-c- :-s-c’1~) ic c cru- ’b s-ce apparatus via

P-s - c  i s - i  t i u I _ i e _~:; ccc tir p: c_ c- s - e asia- -ely icc _ - r e - ac - i  c c c  fI1 ;is - i ; c _- c .~ -s-- c-y. The

mis-to: a cc- - eec-it i a-cc i cc  a l l  c:cece-s- bc-ceo is oes -iie -.s-l ar fl 
~~~~~~~ 2 cit 100 torr init ia l

ps -es-s-crc- w i th  t ic - c ’ f 1-cc-h eccor -qa’ run-; ice : ~rc-cc-c 5Ti I’-( 1 joule _- c ;  to 7000 jou les throu -;ie

this- s-i c c - c  s-ar cs-ri i _ i s - c-h 1 oc-r - . The late t is-u a~ c- .-_ s-re-’c a -  a-a tIcs-sc c -Pc- s-ac -s-eec -cbs

cor c’c-a ‘‘a is- to t Ie - - -s-~’ di cc I_ ic co t e c -s-os--. ~iat ion r~ -s v-~s- s-cs-c-cs-s-is-cent of those

- i in the t P c c - i ble ro t  i s-i t  is-tie-n ~~~~~~ , ne :c-c. 1• -~ the dcf)agrative ,

ti-cinsitiona l an .] c-c I_c-native reqire-e s of prc-~:-c;qs- tion . lie- -eve-s-1 here the simi—

laritv s-’ :]s- since a Her-or e-:cc-c;iccection of the ’ detailed seaucrico of stecs-s

during t ic s -  irh ti c-it s-P c-n ;-e ~ccc-ss clearly indicates a cir cert ice-llv s- ] i f fcrcnt

s-us -c-ice -ni ;-- : of ini t ia tion . For c-c -c - cs-p lc , Fig. 41 displays a detailed sequence

of the develops-cent (frac-i left to right ) of the combust ion wave in the def lag-

rative r-r’~-- c of propagation at t ier-c intervals apprnx icrcc-te l.y 5 c-c-sec apart . We

note that the canbustion pher.ccccccna starts with a diffuse region of chemical

reactions j s-~c-ccs-dieic cciv adjacront to the i r rad ia t ing  quart z window. This is

followed in short ard or (f i’arcee 4) by the re if c-ic] is-vole-pee-nt of a shock wave

which ultimately in late time leads to the develo~~ent of a deflagration

wave . It must be c -rcc -~ -he isi s-cc-s-i that the mechanism here in photoch emical initia-

tion is drastically different fran that for thermal initiation such as in

the blast initiation n~ s-le. In the photochcmical initiation situation the

shock c-;~ia-cr and the subsequen t deflagration c-s-c’s- are forr-rud sold ” as a result

of the ec-:nticc ’rircic prccc - -acw-s - in the gas af ter  the initiation of cheinical

reactinncc . In the blast initiation n~~1e , auto- ignition ar~ subsequent non-
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lic.e,:c-a eou~e i i s-~ et_ ce_ -cer s-h- -- u s-al lc-is-i~ ‘Li s-s arc-i rc-e-c - --s -t L-s-c- \’ cc .s - c -c cis-c s- cn1 c c - c -  in ti ~~

wake of a d-as-ecy inc- blast ‘~-: xc-e const itut e th a rc -ccdc -acc i ~~c of m i t  - I _ i c c - n .  ~ : - f ~ -c - --

ring back nc~~ to the pPetcxd c~s-:uccs-1 init iation of the tr s-nsi.ti oc-s- 1 r ec; iel l-c of

prop agation di np lcc-yed in Fiq. 42 , one sees again the diffuse s-c- -lion of cl i ni-

cal reactiocis (frame 1) followed by the’ rap id eiccvcle i:ent of a precursor shock

front (fr anc 2) . floc-cever , in this case one cu re ne-tics-s the i ce - s- Icc - c c - c - er- te of

a del -s-cc -cut_ ion bacialL- (circe -c 3) c-:hich subsequently sn-cs-s-ps arourici c-nd engulfs

the en tire shock sc — li -eric resulting ultinuatelv in a full—fledged detonation wave.

Ficj . 43 displays a s-eqs-cc-ices- of Sp-~rk schi ieron photographs illustrating the

dir ect initiation of dc xeocc~ction by photochornical s-cc-cans. Here the shock wave

evolves very rapidly ccci a full—fledge-.] cc.s-tCs-atie-s- is sec-en to p pci-gate out

right fran th~ very first frees-c . The re-c-iron for the double bar-c, . -d initial

shaoc of the detonation frc -nt as - clue to the cc~iciitiocaa2. r cc d iat icc cc reflected

into the explosion d c-s-c-c-i-er c11cne~ the walls of tb-c ’ tabs- holdici ; thee LV radia-

t ion tree n s-ecutti ir; :4cce - rt z c-:~c-c Jka- ; . The- tube c-ce-s cec-es- s-s--i c-:itie c-is- c-ins-eu foil to

prevent transverse- txaiec -cc-is-s- ion of UV light ic-ct- a tics- edges of tics- explosion

chamber as-cl it sees-cs- it actci as an ideal reflect_ cs- of specular radiation

into the chamber ti cs-os-gb the quartz wi- -dow. To the best of our knowledge ,

the sequence of photographs displayed in Figs. 40— 43 are the first ever 11—

lustrating the d etailed : ce-chs-ni -~xcu of initiation of detonative reactions via

the free radical initiation male using photo -dissociation in the present case- .

Prcssurn measur ccnc-ccnts carried out under various conditions of initiation are

displayed in Fig. 44.  Here we plot reflected pressure against initial pres-

sure of the cquin~~le-r H 2-C12 mixture. The yardstick that we take for cc*npari-

son here is the pressure rcuasurornents obtained in a 1 motor long tube m i -
tiatcd by a spark at onc’ cc-nd. The detonation pressure here corresponds to

the classical C-i value . Spark ignition was cc-Is-n done in the cylindrical

cheer;I,~-r right on the face of the quartz window. Hero the pressures measured

are very scattered arid e-l i  in excess of the C—J level . We attribute this
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to the l c i cL  U~iL L-ec~uc- -c u s- LIe  short spun :ivctilaiclo for t u e  travel of the

di verging hemisp herical -.- - . --c- ( • d  00 ce - c - u ) its pro:xcaation c-ce-s still influenced

partly by the spark source os-. s-g’~- ac id it was still in the overdriven state.

The- case for direct photecc ie ec i cal initiat ion in the present apparatus cor-

resp onds roughly to £00 ouic -u- ; (8 ; f , 12 kv) of flash energy for 100 torr

initial ps -crc -c-c-c-r e in uc - jui : .c c - ) Ieir !]
2—C12 . The reflected detonation pressure at

this ic-s-el of flash energy s-or El reins-c- of initial pressures falls consis-

tentl y bc-c- b c-; Lhat for a sc- Ic-Irk ( tc-hecc-iuu llv ) initiated detonation in a tube .

At higher f lash  s-ic -s-s-CjV, t i c - -c r c-s--elts c-h-c -c-c an even lower reflect ed detonation

pressure sicjnif :cccnt]y h~ - ic  -c tb-c-c- C-J vilue .  Ev es- u with a longer flash dura-

tion the refh-c-ctc-cd dO s--c -s-c c - c -  a s- c- i -s - c- c-crc- is still maintained ],s- il oc-; the C—J

level. As in - t i c - c ’  pr i-c c- ce-sc- , c-ccc ccftr ibute this decrease in the detona-

tion pressure to tIc-c’ Ic-c -c t - at tc- c-cc- c-s - ire is ps-opac]cltiI ccJ with a nartially

pro3issociatcwd :cc-s-J is-s- c-sit i i  cc - c - i c:-rca:ccti acoustic sc-etc-c-cd . In fact , a nuc-rixc-r

of exper is-’cnts ‘-- - c - s-c s-~c-r c- s - c - c - c. . -d cc - : ; i  nq the - Long ic-ration flash for photo—

checucical 1rutiut ~ c- cl ‘~ H ’2~~ 2 .uxtuirc c.eakly sensitized wi th “°2~ 
Fig .

45 illustrates a very intriqui:cg sequence of photographs with a flash ccccrcv

of 3250 joulcc-s (2250 c - if , 1.7 kv) where- we see a diffuse region of chcmical

reactions develop into a di screte front . The interesting fcec-t u r e here is

that the front is propagating at something h I-c-c 100 rcc-/’scc, i.e., subsonically.

Hencxe the wave canno t sustain a shock yet it is awful ly fast for a f lane .

Although we have’ not yet fc - ih i~ - reso lved the tree-c-c- ch~xcc-ct cc-r of the c-cave in

this case , we feel that it cc-us- be a laminar flcm~ propagating into a chemi-

cally pre—activ ated medium . At a higher flash energy of 7000 jou les (2250 c-if ,

2.5 kv) Fig. 46 disp lays cc-. is-ore wrinkled flame surface propagating at 140 rn/sec.

The interesting thing is thnt  upon reflection of this supp osedly shockless

flame front f ran the op1.cc :;it ’c -’ wall where the pressure transducer is located ,

reflected pc --cc-sure levels- c - f  ~o ens-s of the C--t) detonation level are re-

corded . This certainly i c-c-c -1 novel j )henancunon that merits further investigation .
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Ti-c main c-cc-s-c- l as - j O S S  tel c - c t  Ic -ny be’ drec--ei i i-an this ic-ct of c-xr ~ -r i:c~ ‘icts - ;

can be succ :c-uric -ecx~ as ‘ol ia ’-~ac . !x’cx~nding on the flash energy photochcc-mical

initi ation c-an j-r cx~uc~e ti c - c - as - -  distinct : late ’ tc-irrce regimes of propagation ana-

logous to Uios-- - oh-ne r\-c-c-1 cci th the blast initiation rc-xade. However , results

show that the ue c-e ~’h cnin c -c - : ; for the t’~o rme-des of initiation arc drastically dif—

feti -cu t .  In tics - blast n~xl’c- , the initiation process is controlled by the auto—

ignitc-icic- an-c-i us-c-i—linear ecau c-l in~g of chemical kinetics and transient gas

dynamics in t1c-~’ c-cs-ks- of cu blast wave generated by the source . In the photo—

cbs-c-c-c-i.e-s-I initiation , it is via the prcduction of a shock c--cc-ice f ran the- e -:o—

therrcuicitv of the c’necnical reactions tr iggered by the free s-cc-s-h eels. The

results also she--i that for flash  energies in excess for that rue ;-:ssary for

direct it ii tlat icen of des-cc-c-cation by pho tochemical ace-ems , the s-tercic-gth Of thO

detonation c--savc’ decreases ~e ct :;c-ecr-sivc-ly c-zith i.ncreasircg flash energy . We

can attribute this to the clecs-eaceel ore-activation s-icc- dissociation of the

gas-cc-c-s-s e:-c-plosi~ ec- c-s-c-d ie:.; cdc--s-c-d of tIcs- cc ies-.ncc-ir~g dote-nation f ront .

6. Conclusions

The results of Lb-c present study demonsterato conclusively the

feasibility of initiation of dcc-tc-natic-n in cc-c-iseous explosive media via the

free radical n~e-do of init i  cuti on. Di rect initiation of detona tion has Ic-c-cc-u

achieved aft e r  ~s- checrc ;cierc-istic in c- Ic -uct ion ti-c-ce provided the initial free

rad i cal conceaL-action exceeds a certain miniccce c-c critical valu e- . These con-

clusions are his- -cl on the- present experiments pc-c-r forirsxl using flash photo—

lysis as the radical ps-educing technique in mixtures of H
2
-C12 and C

2
H
2

—0
2

with and without. NO
2 

sc -nc- tizat ion. rthc exrier ir-ontal results also indicate

that the incluc -Lion ti-c-cs-c. for the evolution of detonativ~c-- cac-ibustion depends

on the initial free radiccd concentration . Thc’c’s- -Iice-l calculations show

that the induction tic-c-ic-- for  explocc i’.-o chemical reactions i ncreases with

decrc ’c-isin i initial fcc-o s-, idj c ’s-l c-onc~-ntration . ~i~ics- rate of increase is
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very sharp when a critical min.ütami limiting value of the initial free

radical concentration is approached. This suggests that an ignition criterion ,

similar to the ta~perature auto-ignition limit in thermal ignition , can be

evolved for photochanical initiation based on this mininuim initial free

radical concentration. The results also irxlicate that the irxiuction tiit~ s

for the initiation of chanical reactions by photochanical n~ ans are very

distinct fran those by thermal neans due to the difference in the predani-

nance of the chec-nical kinetic steps in the two xi~x1es. Relative cxxrparison

of the two nodes of initiation indicates that photochanical initiation is

nore efficient than thermal initiation . ~n experimental stt~ y of the trecha-

ni9ns of photochanical initiation of detonation irxiicate that discrete dis-

continuous ccz-nbustion waves are produced in the regions of highest free radi-

cal concentrations in the explosive medium. The highest concentrations occur

in samples of the explosive gas closest to the UV irradiating source and

hence these wave fronts originate there. HcMever , significant absorption also

occurs ahead of the advancing fronts so that the aitibustion waves are propa-

gating into a n~~ ium which already chanically preactivated by dissociation .

Detonations are produced directly in excess of sate critical level of flash

intensity or can develop very rapidly by the Mach collision of deflagration

waves generated by sub-critical flash intensities . In the photochanical ini-

tiation process the canbustion phena-rena start with a diffuse region of

chanical reactions in the vicinity of the highest free radical concentration ,

adja cent to the UV irradiating quartz windows in the present case. This is

iintediately follcz~ d by the rap id develop~~nt of a shock wave which ultimately

can lead to the develc~~rent of either the deflagc-rative , transitional or

detonative late tire regixres of propagation . These regimes are ra~tiniscent

of those produced via the blast ( thexti~ 1) initiation node . However , it

n~ist be anphasized that the rrechani~ -ns here in photochanical i.nitiation are

drastical ly different fran those for the blas t node of ini tiation. By
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nechani~ ns wa mean here the detailed sequence of events between thc

triggering of the pher~~renon to the evolution of the full-fledged canbus-

tion wave. In the photochamical initiation situation , the shock wave and

the subsequent canbustion wave are formed solely as a resul t of the exo-

thermic processes in the gas af ter the initiation of chemical reactions

due to the introduction of the free radicals. In the blast initiation node ,

auto-ignition and subsequent non-linear coupling between chemical kinetics

and transient hydrodynamics in the wake of the decaying blast wave consti-

bite the rrechanisn of initiation. Th the best of our knowledge the results

of the pre sent study are the first ever to elucidate in detail the mecha-

ni~ ns of photochanical initiation of detonation . Finally, the results also

slx,w that for flash energies (and hence initial free radical concentrations )

in excess of that necessary for direct ini tiation , the strength of the deto-

nation wave decreases pro gressively with increasing flash energy . We can

attribute this to the charti cal pre—activation via dissociation of the gaseous

explosive methum ahead of the advancing detonation front. It seans reason-

able to expect that with supra—intense irradiation , voL.rretric ini tiation of

chanical reactions throughout the entire nedium would be achieved.
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