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/ ABSTRACT 
1 

li 

The prc~cnt thesis reports the results of'a study,on t6e basic 
J 

l' , 

featurC'5 Ul)ù m9f,hanis\l1S of shock wave ampÙfica:ion 1 in explosive -ga~es • 

• The rpslJ1 ts of r investigation of photochemical detoh~tion _initia~ion 

have shawn that la rapid shock wave :;tmplification occurri~g in a non-. 
1 , 

"uniformly p.hoto-~issociating gas plays a sl'gnificant rol~,_~n the early 
1 > 

stage of the detonution initiation. An ill),portant conc('pt on the sl:!ock 
.. 

wave ampl ification has emerged through the investigation. _ It is found 

tha~ côherent t'ner'gy rcleasc fr'lm the non-~niformly reqcting ~as to, 

the shoc k w~ve, provides one of the most effective means of sho~k wave 

ampl i fication. It is sh~wn that th,e coherent cncrgy release can be ,1 

\ 

, \ 
establ i shed ci th('r by the induction time gradient field of the non-uniformly 

reacting gas, or in the later stages br the gasdynamic compression effect 
1 

of .th (' .unplificd wave i tsel f . \ 1 

! 
Further insight into the fundamental mechanisms of shocR wave 

amplifïe~tion has been obtaiI\ed by considering a relatively s~lmple 
1 

( 
th('oy('t jeul model .. This model illustrates the important raIe of the 

induction time gradient field in the shock ,wave amplification. Finally., 
, 

thp concept of shock wave amplificat.ion has been further extended ta 

'" incluùe the problem of transition ta detonation in a non-unif~nnly preheated 

mixture: 
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Cet ouvrage. présente les resul tats d'une étude, sur les caractéris

tiques fondamentales et les m~ç\anismes d'amplificatiotl' d'une onde de') choc , ' 

dans les mélanges de gaz 'explosifs. Les ~ésul'tats d'une recherche s'ur 
• 1 

, , .. 
l'in itiation photochimique des ond~es de detonation ont deinontre qu'une ' 

\~ 

ampl ification rapiçle de 1 '..~nde de choc résultant de la photo -dissociation 

non-uniforme, du m61angc, gaze}lx joue un rôle signific~tif dans, les premiers 

, stagqs de· l'in i t i at iQn de détonations', Un important concept au suj et de 

°l'amplificu
o
tion d'une onde de~hoc,a transpiré de cetter étude. Il a été 

.col}statéo qllc"la ] ibération cohérente d' énergi~, émanant du mélange gazeux en 

réaction' non-uniforme vers l'onde dc, choc, procur.e un moyen des plus 

cffi cace pour amp1 i'fier ·cette même onde de choc. Il a été démontré Glue la 

libér~tion cohérC'nte d'énergie peut être obtenue par le gradient spacia-l, , ' 

de tC'mps d'induction du 'gaz en ,réàction non-uniforme "ou, dans les stages 
- 1 • 1 

plus avancis, par les effets d~ compression du gaz dû à l'onde amplifiée . 
• 

Afin de m~eux comprendre les mécanismes fondamentaux ,r~gissant 

~e phénomène d'amplification' de l'onde de choc, unc nouvelle à{lalyse fût . 
, 

entr't'prise. çettc detnière c'onsiste .en- un modèle théorique r~lativement 

simplc illustrant le Tôle important du gradient spacial de temps d'induction 
\ " 

dans le processus d'amplification. Enfin, le concèpt d'amplification de , -

l'onde de choc dans un champs de gradïent spacial de temps d r induction fût 
, ~ 

modifié afin d~inc~ure le problème de 'transition à-une détonation dans 

un rn~lange non-uniform~ment préchauffé. 
) 
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CHAPTBR 1 

INTRODUCTION' .. ' . , 
Detonation I~itiation and Shock Wave Amplification 

The initiation phenomena of gaseous det~nation waves have 
,. 

intrigu..ed many research workers. and a significant nwnber of -experimen.ts , . 
. have béen carried S'ut in the past... In general, there are two initiation 

, 
moùes which have been. ëxtensive1y studied over the 1ast few decadeS'O 

One is the blast initiation mod~ where 4etona'tion i,~ formed a1most 
1 tr:: 

, instantancously 9Y a strong shock ~ave' generat.ed bya powerful igniter. 

The other is thè transition mode where detonation is ~cnera1:ed via an 

°accelerat ing turbulent flame. /~ 

For blast initiation. the ignition source play~ an important 
"-

role. Succossful blast in.itiation depends on whethcr or not a sufficienÜy 
·19 

~tro,ng shock wavc can be gcnerated by the igniter. Thus. "in general, the 

igni ter encrgy g~y.crns the initiation·, If a sufficient ~mount of energy 
" 

is ~elensed RY ~lC igniter, rapid auto-ignition occurs ~e~iately behind 

the shock wave. The reaction coupled shodk wave propagates at a velocity 

, ahove .the Chapman-Jouguet velocity in the earl-y stages. As ~he waw~:. . . " . '~~ . ' propagates .away from the igni ter!. the influencp by the igni ter en .... ergy. 
o 

hecomes lo~s s-ignificant. The wave eventually starts to pJroph.ga te a~ the 

Chapman-JougUct vclocity; that is, a self-sustain,ed detonation "lave 1s 
\... 

cstablished. S'ince, the detonation i,s formed d~r;etly without" a deflt}gratioOn 

proèess, th:Ls initiation mode ls r.eferred to as the direct initiation: 

Bcfow a certain thresltold value o f''t he' igni ter energy, the shoek wave 

generàted, by the igni ter progressively~'decouples fran the r~àction front, "): \' ", 

.. 

'.' 
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and the direct initiation dpe5 not occur. Bach: Knystautas, and Lee 
" 

'(1, ,2) have developed a 'thcoretical model of reactlng blast -wave, and 

\ Lee and Ramamurthi (3) have morc. recently developcd a rclil:tively simple 

theoretical model which can predict the minimum initiation encrgy fot 

the direct initiation. 

In transition'process, an auto-igniting shock wave 15 gener 

" 'via an accelerating turbulent fl~. Strong interactions between,the 

flame and the flow-field ahead of the flame are 'the principa.l flame 
. , 

acceleration meehanisms. In partic_l.!lar,' Oppenheim' s .researc~ group (4-6) 
:;,.' 

in Berkeley, California has most successfully elucidated the transition', 
1 • • 

..... • " r 

phenomena using the stroboscopie laser schlieren technique. In view 

of ,""èommo~ly accepted mechanism o~ .transtt!~on, the 
'.,~ .... 1\ ~\ " 

effect of flame is signific~nt. The accelerating 

gasd~amic compression 

flame front emits a , 

se'ries of compresslon waves which coalescc into an auto-igniting shock 
• b 

waVc. The onset of detonation oecurs in the rc~ion of shocked gas 'between 

th (1 flame and the shock wave. 1t 

In addition 'to those initiation proèesses, there· is another 

jnitiation pr~cess in ~h~Ch detona~ion initiation'is largely facilitated 

by intense interactions between flame and obstacles. This transitio~ 

prooess has""recently rece1v~d an interest in cormection with the accidentaI' \ 

vapQ~ cloud explosions (11-13). 

* T-he b~sic aspects of gaseous detonation way~s, $uch as the structure or 
the propagâtion bChaviour of the waves, as weIl as more detailed 
descriptions Qf blast initiation and transition mode, are obtained by 
the excellent rcview papers by Oppenheim (7), Strehlow (8), Lee, Soloukh~, 
and, Oppenheim (9) 1 and Lee \10) . 

'. . 
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Dorgc, Pangritz, an~ Wagner (14) have rcccntly conductcd 
) . 

. ~ cxperimen'ts' of rapid formation of detonat ~on by ·obstac1es. They hav.c 

obscrved that the onset of dctonation sudden1y occurs when a hemisphcrical _ 

flnme passes through hemisphorical1y-shaped' grid obstacles. " 
The more recent experiment by Knystautas et al (15) has elueidated ,-

the basic features of the abov~-mentioned transition process l Their 

schlieren photographs have shown that the "intense turbulent flame gcnel"ated 

by an obstacle entrains the surrounding fresh gas mixture to form a 

turbulent mixing flow-field and tha t a dctonation wave suddenly em~rgcs 
, 

from such a turbulent field. This transition mechanism differs from the 
,0 -

transition mechanism previously mentioned. No shock wave has been obscrved 
Il> 

outside the turbulent mixing field prio~ t~ the onset of detonation. This 

indicates that t~ gasdynamic.compression effect of tre tOrbu1ent flame 

front doe~ not play a significant role in generating auto-igniting shock 

waves. The auto-i~niting shock wave is generated inside the turb~lcnt 

flow-field. It has been proposed that a shock wave amplific~tion mechanism 

inside the turbulent field is responsible for the rapid formation of 

dctonation .. Since the obstacle effects are important factors involvcd 
. 

, in the actual accidentaI explosions, it appears that the basic research 

bn the shock wave amplification phenomena should provide sorne valuable 

information to the practical important problem of the accid~ntial explosions. 

The shock wave amplification in combustible gases is basically 

a phenomenon whiéh involves the interactions between p!essure wav~s and 

hcnt release of chemical reactions. Toong's re~earch group (16-19) at MIT 

has been carrying out an interesting research on the' basic aspects of this 

subjèct. They have studied the amplification of weak pressure waves 

(acoqstic waves or weak shock waves) in Tcacting gases~ Their analysis 

/0 
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has shown that thc'waves propagating in reacting media is largely amplified 
( 

" duc to .the gasdynamic-èhcmicnl coupling offccts. lIowever, their research 

has 50 far been limitcd 'to weak pressure wavcs in homogeneously reacting 
\ 

media. More complicated phenomena, such as strong s,hock wave amplification 

in hon-uniformly reacting gases, have not becn annlyzcd in thcir works. 

Oppenhcim and.co-workers (20,21) have theoret'lcally pursued 

the phenomcnon of rapid shock fonnation in explosive gases. In their 

ana lysis (20), a localized renction center ~s considered, and the surrounding 

gas is assumed to he non-reacting. The flow-field generated by the 

expansion of the reaction center has been numerically solved. Tbe 
" 

influence of flow gcometri,es (i. e~ pInne, cylindrical, and spherical c~cs) '. 
1 

on the shock wavc formation was studied. The results have shown that 

\hock wavc is not formed in the case of sphericdl reaction center. 
o 

Obviously, this result does not accourtt for the actual shock formation 

which occurs -in the thrce dimensional gcometry. Thus, the phcnomenon can 

not he explained solely by the expansion of the reaction ceriter. This 

indicates that the reaction of th~ surrounding gas mixtUl~e should he 

considcrcd.' In other words, the pressu~e wave originating from the reaction l 

c€'nter i5 ampli fi cd in t~e ambient gas mixture. 
~ 

\,Meyer and Oppenheim (21) have emphasized the importance of 

cne'r'gy release rate of gas \mixturè in the shock wave formation, an<;l they 

have developed a' theory. They have considered th~t explosive gas mixture 

consists of the rëaction centers. Fur,the~, they have postulated that the 
, , 

5hock formation, depends only on the average power pulse (energy release 

rate) of different renction centers. This indicates that the simultaneous 
, 

heat release of the reaction centers provides an ideal èondition-~or the 

\ -
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d('velopmc~t of shock wave. However. in reili ty.-' suc,h an 'explosion mode 

should be nothing less than ~ homogencous explosion,' in whic~ no sho~ 

wave is formed. This contradiction in their thcory stems from the lack 

of precise analysis of the shock wa~e amplifieati?n phenomenon. Although 

the energy release rate of gas 'mixture is one of the important factors 
\ 

jnvolved in the development of shock wavcs. it should not totally govern 

the shock amplification phenomenon. 

Por a bctter undcrstanding'of the shock wave wmplification 

phcnOOIena, a' more rigorous study on the amplification mechanism should be 

cnrried ou t. Furthcr;more, in genera l, the real shock ampl i fication occurs 

in non-uniformly rcacting media. This fact should be fully recognized. 
, 1 

In the present research, the basic features of shoc~'"wave 

amplification in non-uniformly reacting gas mixtures have been pursued. 

AA,investigation of photochemical detonation initiation has first been 

maùe. Based on the results obtained through the investigation, sorne 

thC'oretical analyses have been carried out. ln the following, the basic 
~ 

ch.~racteristics of the photochemical ignition technique are described, 

anù a brief review concerning the photochemical detonation i~itiation is 

thm provided. 

Phot'6chcmical Initiation of Gaseous Detopat ions 

R,apid photochemical ignition can ,be obta ined using the flash 

photolysis'technique. In flash photolysis. intense ultra-violet light 
./ -1 

gcnfrated by a flash lamp penetrates the gas mixture containing a,photon-

------
s(.'Ositivc gas (e.g.1 nitrog'en dioxide or chlorine). The photo<"!dissociation . , 

of the sensitive gas generates a ,sufficient amount of free radicals 'in the 

irrndiated mixture. The free radicals then initiate ~hé chain reactions 

\ 
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leading to the explosion of the gas mixture. Since the photon energy 
• 

j tself crcates, no hydrodynamic disturbances # detonation initiation -starts 

in the quiescent field of the photo-dissociating mixture. Thus, in 

comparisàn with the flow-fields of other detonation initiation modes, tHe 

quiescc'rtt photo-9issociating field involves less complexities. Indccd, 

this is the' motivation of studying the photochemical detonat1on initi'ation 

phenanena in the present research. 

The flash photolysis technique was developed by Norr-ish, Porter, 

"-- and Thfush (22-25) at Cambridge Jn the early'fifties. The main purposc 
• 

\ 'of this ignition technique has becn 'ta study the cRemical kinetics of fast 

gas phase rcact~ons. In a typical cxpeTiment fOI chemical kinetic ~tudies, 

a cylindrical explosion tube filled with a test gas mixture is irradiated 

alongside by a linear flash tube. The diameter ,of the explosion tube is 

chosen to be smalleI thnn the characteristic photon absorption length of 

toe mixture. If t-he photons from the flash tube can be distributed uniformly 

along th e explos ion tube. wc can expect to producc a homogeneous reacting 

system. It has been bel ieved for Sorne time that accurate quantftative 

measurement of chemical kinctics can be made in the flash-induced reacting 

system undcy such' an experimental condition. 

Using the above-mentioned experimental apparatus, Norrïsh, Porter, 

and Thrush (26) studied the chcmical kinetic s of ni tTogen dioxide scnsi ti zed 

oxy-acetylene and oxy-hydrogen systems. In thier experiments, the light 

emission from intermcdiate chemic!l,l species,such as OH or CH, was monitored 

\, togethcr wi th the tcmperature measurement by the absorption spcctrum. Sorne 

very sharp spikes were observed in the records of -the light emission - time 

curves as well as in the temperatur~ measurement. The magnitude of either 
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" ) the light ('mission or tre t.cmperature at the pC'aks of the spike was 

"1Uch greater thanthose of the expected uniform constant volume , 

domblJ~t ion. This cxpcriment showed the existence of some inhomogenei ty 

in ethe photochemically initiated rea,ctions.' H wa'S conjcctllred that, 

the inhomogencous rcactions are caused by the presence of detonation 

~aves. 

Thrush (2n'further investigated on the inhomogeneity in the 

flash induc('d reaction of C
2
H2-0

2
-N02 uSi?g the :;ame experimenë'al 

apparatus. Ile monitored the light omission at sev.zral diffdrent observation, 

points along the explosion, tube. He measured the propagation velocity of 

~ the abovc-~entioned sharp spikè along the tube. The velocity was found 

to he about that of the Chapman-Jouguet detonation wave for the gas 

mixture. Thus, his cxperimcnts confirmed that the inhomogeneous reaction 

is a~tributed to the presence of detonation waVes. This also indicates 

tha t the flash photolysis technique does not provide uniform eXyitation 

of gas mixture, for the completely uniform excitation should result in 

homogC'neous constant volume combustion. 

Later, I}irkby. and Hutton (28) carried 'out some experiments similar 

to the abovC' c~erim('nts' by Thrush. 
-', 

o 

Kinbara and Noda (29-31), Taknhashi 

et al. (32,33) aiso studied flash-induced reactions. Their experimental 

l'esu Its aiso showeo-that dqtonation initiation can easily be triggered 

in the photochcmically igni ted gas mixtures. 

" 
Wadsworth (34) was perhaps the first one to intentionally use 

the flash photolysis in the detonation research. His experirnental set-up 

consisted of a flash igniter section and a tube extension. In the igniter 

section, a' gas mixture" of C2H2 -02 -N02 (below _100 torr) in an explo"sion tube 

(Id cm long, 5 cm 1.0.) was irradiated alongside by a 'flash tube. The 

i 
J, 

l 
\ 
j 

1 
j 

! 
1 
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di ametcr of the explosion tube was at lcast about five times larger tOOn' 

the ~haracteristic photon-absorption length of N02(~ 1 cm). '\111c 

~onccntra'tion of free radicals dccreases sharply from the side of flash 

irradiation ta the other side across the tube diametcr. The dotonation 

initiation occurred in a highly non-uniformly ~hoto-dissociating gas 
; n 

mixture. The propag~tion of dotonation waves in the tube extension 

was recorded on a streak camera. Although the initiation phenomenon inside 
; 

tl~c ignitcr./scction was not elucidated, his strc'ak photograph show~d that 

a fully-dcveloped detonation wave emerges directly from the short 1ength 

of the flash ignitcr section. His experiments, ind.icate that rapid 

" , 
deto'nation initiation without a deflagraqon process,viz., direct initiation, 

is possible by the flash photolysis. 

Although the initiation mechanism i tse1-1: has not been revea1e'd 

in the previoU!; works, we may ma~e the f01lowing important remarks on the 

rhotochemical initia~ion: Firs~1y, the flash photolysis technique does 

Ilot providc cornpletcly homogeneous excitation of gas mixture; Secondly. 

dt'tonation initiation occurs in the non-uniformly photo-dissociating gas 
~' .' ' 

mixture; Third1y, the detonation can be initiated very rapidly within a 

smnll volume of gas mix1;ure. Since the radiation source itsclf does not 
.\ , 

crC'ate any shock waves in photochemical initiation, the rapid detonation 

jnitiation obscrved indicatcs that a rapid shock wave amplification plays 

an important~ in photochemical deton~tion initiation. 

Aim' and Outline of Thésis 

The main purpose of the present research has been to elucidate 

tlic basiC' features of the shock wave amplification 'in combustible gas 

mixtures. In this research, the investigation of photochemical detonation 
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initiation has aimed to obt;ain a bettcr understanding of the shock wave , . 
amplification ph~,n0fena. 

l, 

An important concept conccrning the shock waye 
B 

nmplif~cation mcdhanism has emerged fro@theinvestigation. The r,c~earch 
l' .' :r 

has bccn furthcr extendcd to S0me thcoretical analyses of, the. shock wave 

nmplifi~<ltion phcnoillena. * 1 
This manuscript aims to describe the basic features of shock wave 

\ 

nmpl i.fications in non~uniformly reacting gases as weIl as the importance 

of the wave amplification in sorne of the detonation initiation phen'amena. 

lt is weIl known that the detonation initiation phenomena involve 
~ , \. 

other important aspects, suc~ as three~dimensional shock wave interactions 

or chemical-gasùynarnie instabilities., These aspects, however, are not . 

within the scope of the present thesis, since the author does not intend 

t6 provide an overall discussion on the detonation initiation phenomena. 
~ , 

\ ,. 
In Chapter 2, th'C basic features of photochern1cal detonation 

. 
initiation are discussed. The schlieren photograp~s,of\ the initiation 

o 

phenomena, which have bcen obtained by Profe~sor R. Knystautas, are described 

and discussed. ,In the present research, the'reacting flow-field of a . 

photochcmically ignitcd gas mixture is numcrically analyz·cd. The rasults 

show that a rapid shock wave amplification in the non-uniformly photo-

cl • • t' . l . l~ . h h h' lssoe1a lng gas m1xture~ ays an ~mportant ra e ln tep otoe emIcal 

detonation initiation. The'results also indicate that the induction time 

gradient field generated by the strong irradiation provides an effective 

, 
* S'ince the important concept on the shock wave arnplificatl(o}n rnechanisrn 

(as will(! be shown i,n this thesi-s, "Shoek Wave Amplification Through 
Coherent Energy ~61ease") has ernC"rged frorn the invcstigation of 
photoch€'mical detonation initiation, the thesis Htle "Coherent Shock 
Wave Amplification in Photochemical Initiation of Gaseous Detonations" 
has been decided. 
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tneans of shock wave amplification. Based on the results of the numerical 
/ 

analy5is. the ~oncept of "SWACER'·' (Shock Wave 'Amplification through 
J "<" 

"Coherent Encrgy Rolease) :r 
" model of moving cnergy source 

is introduccd to illu~tr~te the importance of the induction time gradient 
o , 

field in, shock wave amplification. The coherence between ,the pressure ,waves 

and the temporal segucnce of the cnergy t'elease is particularly emphasized. 

The induction time gradient field i5 exprcssed in terms of the velocity 

of the rnoving cnergy source, and the non-fteady flow-fields for different 

('tlcrgy source velocitics are numerically solved. The framework of the 

thcoretical model is provided in the second' section of the ch'apter, and the 

resul t5 of the numerical analysis are then discus sed~ 
t 

In Chapter 4, the shock wave amplification in non~uniformly 
. 
prehcated combustible gas mixtures is numerically analyze~ in relation to 

thl' problem of detonation transition. In the introduction of this chapter, 

the relevant' prcvious works are described. The following sçction is devoted 

ta the presentation of a theoretical model. Finally, the results of the 

numerical analysis for the model are described and discussed. 

Chapter 5 summarizes the main concluding remarks of the present 

research and provides sorne recommendations for future work. 

\ 
In addition to the five chapters, five appendices are provided 

in the present thesis. These appendices also contain sorne of the irnportan~\ 

rC5ults o~taincd in the present research. Particularly, in Appendices l ' 

\ and II, th~ ba~ic aspects of the photochemical explo~ions are reported. 

Intcrested readers should read these appendices. 
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CfÎAPTER 2 
. 

PIIOTOCIIEMICl\L INITfATION OF GASEOUS DETONATIONS 

Introduction 

, , 

11 

In this chapter, the basic f~at?res of photochemical detonation ini

tiation are lliscussetl. In Section 3, the initiation phcnomena occur.ring in a 

photon-sensitive gas mixture of H
2

-C1
2 

are described. ba's.ed on the 

sch lieren phot-ographs obtaincd by ~_rofessor R. Knystautas. In Section 4., 

the flow-field of the photqchemically ighited mixture is numerically 

solvcd u~ing a finite diff~rcnce met~od. 

One of the main rcasons for choosing H2 -CIZ gas mixture is 'that 

the mixture can easily deto)1ate with relatively low radiation intensities. 

In fact, thrdUgh a preliminary experiment*, the mixture was found to 
1 

detonate most easily among aIl the gas mixtures testcd. HZ-C1 Z mixture 

has rC"latively simple and well-establishcd chem.ical kinctics. Thus, the 

ahove-mcntioned numerical analysis of the reacting non-steady flow-field 

was carried out relatively casily. 

. The following section is provided to illustrate the chcmical 

kinetic .aspects of the photochemical explosion in H
2

-C1 2 mixtures. The 
< , 

photon-absorption and photo-dissociation of C1
2 

are first described, and ~ 

the constant volume combustion of a photochemically ignited Hz-CI Z mixture 

is then presentcd. 

*ln the preliminary experiment, 
detonation initiation was made 

mixtures. Details and results 
1 -A. 

measurement of the induction times for 
for C2H2-02 , C2H2-02-N02 , and,H2-CIZ 

of this experiment are g~ ven in Appendix " 

() 
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2. Sorne Basic Aspects of Ph?tochemically Initint"d 1/
2 

-C1
2 

Reàction 

A) Photon-Absorption and Photo-Dissociation of ~Iolccular Chlorinc 

The abso~tion of a weak monochrOOlatjic 1 ight bcam by molecular 

chlorinc gas is described by the following Beer-Lambert law (sec SkO'tch 1): 

(2-1 ) 

whcrc 1 rcpresents the. radiation intensity (energy per unit arou per unit 
\ 

timc) at a distance x from the window X~Oj ,1 is the incident radiation 
o 

i~ntensity at the windowj E: dcnotes' .the photo~-absorption coefficient of 

crrlorine mol ecule which is a constant at a given wavelcng.thj and [CI
2

] is 

• 
th" conècntration of chlorinc molecule. 

window 

~ 10 
• ,,'. ,1. • •• ' • • •• , .• ' ... •••• " •• 

• • • " •• ", -: .:, ., .... -,- ." ,' •• II; • 

• 1 • •• '. • 1 Il. ,Ir '> C1
2 • • • • • • • i '1 • .......... -, '. ' . .. .' -' " .' . . . .. .. .' .. . . . .. ", . • •• : l'" •• • "!)Ir 

• '. '·r' "" : • :. ', ... " •••• ,' ....... " ',' • • " ., . . ~ \ '. . ...... .-
• 't J' • .' .. ".. • ...... 'I • .... I, > 

• ' " ' • . I,' .: l'' ~ ., "., ~ ••• '.'. 
f • • .. • •••• •• • '. 

'. .-. • 'l, .... '. " •• ,... .. .. -7 l 
1.' I" "'~' ••• , •••••••• ~ •••• .. ..' ". ' .. : .............. ; ... : ......... . Sketch 1 

o~1 ---------------,-------~>~x 

From the aoove equation, we can defin~ a characteristic photon-absorption 

length for a given wavelength and chlorine concentration by the following 

equation: 

(2-2) 
Q 

The characteristic length ~* is sometime~ called the e-folding length. 

) , 
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In the Beer-Lambert -equation (2-1) ,!'ince the weak light beam 

,generate5 ncgligibly wcak photo-dissociation, the .chlorinc molcculc . 
concentration i s assumed ta be constant. Ilowcvcr, when a-!, intense 1 ight 

bcam is used ta inducc' strong and rapid photo-dissociation of ch10rine 

molecules in a hydrogen-chlorine mixturé~ a significant change in the 0 

chlorinc molccu1c concentrat,ion shou1d resu1t. This is not on1y bccause 

of the effect of strong phot'o-'dissociation, but a1so because of the rapid 

consump~ion of chlori!le molecu1es in the subsequent chain reactions ef 
. 

the mixture. The Beer-Lambert law will not apply in this case, since the 

\ 
variation ofchlori~mo~le concentration with time and distance must 

be considered. Tha 10ss of radiation, intcnsity of a monochromati'c light 

beam by tlic absorption of Cl
2 

is given by the fonowing equation: 
J' 

cH - = -IeIel ] 
(lx 2 Î (2-3)' 

Sincc [CI
2

] is a function of time and distance, intcgration of the above 

cquation gi~es thc following equation: 

-(2-4) 

Fig. 1· shows the photon-absorption spectrum of ch10rine molecule 

at room tcmperature. Since the bond energy of ch10rine molecu1e is about 

57.3 Kcal/mole corresponding to 4900 Â, photo-dissociation occurs on1y 

bclow this wavelcngth. Noticeable photon-absorption is in the range of 

2500-45001\., a~d the maximum absorption çoefficient is si tuated a t 3300 A. 

Below 4990 ft, one chlorine molecule dissociates into two ch10rine atoms: 

2 ' 2 
one normal ( P3/2) and one excited ( PI/2) chlorine atom: 

(2 -5) 

" where CI2 (lE~b is a nonnal chlorine moleculej, h is the Planck 1 s constantj 

;. 
and h" is the encrgy of a quantum of light of frequency ". The molecular 
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physics of chlorinc photo-di 5sociation proccss aré 'providcd in the booJ( 
0, • 

o 

by Cal vert and Pitts (35). Since only ground-state chemical kinetics , . 
are consJdorcd in the present rcscarch, hcrcafter the photo-dissociation, 

process (2-5) is 'cxprJsscd as follow5: 

C1
2 

+ hv ~ 2el 

The prÇlduct{on, rate of .chlorinc atom via photo-dissociation is 

~tained from Eq. (2-3). Since in Eq. (2-3) t-ilI/Clx) is the photon energy 

absorbcd by chlorine molecule per unit time and per Imit,volume, the change o,~ 
, 1 

concentration of tRe photo-dissociating chlorine molecules can be expressed 
o ' 

~y ff. [~12 J Ihv. Sincc one chlo,rine molccul,c dissociates into two chlorine ~ 
t th d t · " t f hl . . h't d .' .'. a rCI1 ) , a oms, e pro uc len ra .C 0 C orlnc atom Vla p 0 0- lS5_0C_l,atI.on ~ photo 

i5 given '?y: 

a [Cl] , = 
at o)photo 

= 2IoE: cxp( -c t [CIZ]dx) 

h\! 

(2-7) 

~ 

where [Cl] is the concentration of chlorine atom, and it i5 a, function of 

time and distance. 
\ 

~ 

Th,; above equation indicatcs two points: The maximum p'roduction 

" 
rate of chlorine atom occurs at the window (x=O) in the"e;rly stage of 

irradiation of light beam, thus the chain reaction of, H2-CI
2 
mixt~re first 

starts at the window; if the irradiation is provided after the start 

of the chain reaction at the window, the light beam will penetrate deeper 

into theall2-C12 mixture in the la:er times. Th~S is becau~e~apid decrease 
)~ 

in chlorine Molecule concentration occurs near the window b~ the cha~n 
. 
reaction. 

/ 

./ 

1 
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B) Reaction Mechanism of H2-CI
2 

System 

The H2-CI 2 reaction system has _ been exten~.ively studied by many 
- b 

rC!'lcarchcrs ~ and detancd chcmical kinctics of this rcaction system are . 
now available. CohQn let al. (36) hàvc Üsted the m~st reliablc rate . 

• n , 

cO,nstants of aIl the, elementary reaction ,steps ÏI)cluding excitcd chcmical~ 

srecies. Kondratiev (35) has also collected sorne of the reaction rate 

constants froto the rccently p~blished papcrs. The elcmentary reaction 
~ 

,steps of grqundstate chemica~ species a~e listed below: 
. 
CIZ + hv -+ 2Cl (2-6) 

H
2 

+ M 
-~ 

211 + M (2-7)-... 
If' 

Cl
2 

+M 
-+ 2C1 + M (2-8) -+-, 

H + Cl + M 
-~ 

HCI + M (2-9) -+-

-+ HCI' + H (2-10) " + 
:::.-

H2 + o\~_ 
1 -+ 

Cl
2 

+ H -+- HC1 + Cl ' (2-11) 

where M denotes the third b,ody. 
Q , 

The chain 
,. 

reaction of HZ -C12 system starts by the gep.eration of 

chain carriers (free radica1s), H or Cl from H2" or C1 2. Reaction (2-6) 

is the chain-initiation stèp when an, H
2

-C1
2 

mixture is photochemically 

ignitéd~ '" The forward reactions in (2-7) and (2-8) are the chain initiation 

5tcpS when ~he mixture is thermally ignited. The forward reaction in . /' 
D 

'(2-9) is a recombination reaction in which chain carriers H and Cl genera'te 
\ 

IICI. The forward reactions in (2-),0) and (2-11) a're called chnin-carrying 

5teps. and their net effect is tha~ one C1
2
, molecule and one H2 molecuJe 

, «w', 
~rc converted into two HCI molecules. A Cl atom or an H atom reappea;s 

\ 
the processes (2' ... 10) and (2-11) again. Thus. o and may therefore· initiate 

\IJ\ · , , 
he presence of a few free 

'. 
radicds causes the overall reaction to proceed . " 

very rapidly. and the exothérmic pr~cess of H2-Cl'2: re~ction is mainly 

~ governed by these chain carrying steps. 
& -

/ 

\ 

" 

/ 
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. 
A computer program was wri tten to obÛlin the basic charactcristics 

of the constant volume combustion of phot-ochemically' ignited H
2

-C1
2 

mixtures. Governing equations of the constant vo lumc, comhustion, 

,lsswnption~ made in th-e numerical ana~ysis, anù computat-ion techniques are 

givcn in Appendix II-A*. 
/, 

Fig. 2 illustrates the time-evolution or the chemical reaction 

of a photochemically ignited "4-~12 m~xturc. The variations of chcmical 

spcci.es and, tempcrature are shown in the figure, An çqui-mola~ H2-CI
Z 

mixture at 100 torr initial pressure and 298 OK initial tcmperaturc, and a 

3300 }\. (~>corresponds to' the p,eak CI
2 

absorption) 5 KW/cmZ monochromatic 

1 i ght beum, are considered in this case. The incréase of Cl concentration 

in the early stages (till about 15 ~secJ is mainly a-ttributed to the photo-

dissociation of C1 2,. During this stage, the photo,chemically produced Cl 

ato'lns are relatively slowly entrained in the chain:carrying steps and, as 

à l'asul,t, the concentration of HGl and H and the temperature increase, The 

r(,Llction changes from the photochemical phase to the thermal phase, at about 

20 )ISCC. This may be indicated by the change of chlorine atom concentration. 

Aftcr the temporary decrease, the Cl concéntration increases again due to 

. tlle chain reaction in the thermal phase**. The reaction rates of chain

carry'i:ng steps are noticeably increased due to the thermal effect; the 

production rates of' H, éi rrnd HCI as well as the tem~rature increase very 

• rapidly, lhe production rate of Cl atom by Cl2 ~to-dissociation becomes 

less significant.than that by the chain-car!ying steps. After'thi~ very 

rapid chain reaction .in the thermal phase, the rate of t~pcrature rise -' 

begins ta drop, ana finally the reaction approaches an equilibrium state. 

* In' Appendix II-A, sorne results concerning the comparison between the photo-
chcmiè!ll and thermal ignitions of H2-CI~ mixture -are a1so given. ' 

** The recent study on photochemi911 ignit.10n of H2-02 system by Cerkanowicz 
and Stevens (38') has aiso shown a similar bchaviour of. oxygen atom concentra-
tion. ' 
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1 As shown in the figure, in the ~resent study. :i.nduction time 1s determined 

by taking the xntC'rcept of the tangent to the maximum slope ~f the 

tC'mperatu rc-timc curvo with the initial temperature line. 

Prom the above description of the photochemical constant volume 

combustion and r;q. (2 -7), wc can see that thè induction process prior to 
. / 

the thermally accelcrated l'eaction is primarily governed by the production 

rate of chlorinc atom. thus, the radiation intensity. ThuS", the ihd\lction 

time decreases wUh increasing the radiation intcnsity. As will be shown 

in Section 4, the dcvelopnicnts of pressure waves in the same 11
2

-C1
2 

mixture 

for, different incident radiation intensities. are theoretically analyzed. 

Fdr a better understanding of the results, i t was required to estimate 

th c cffect of radia,tion intensity on induction time. The induction times 

for different radiation intensities are listed in Table l, and are plotted-

i Il 'Pig. 3. 

-' ... 

3. Detonation Initiation Phenomena ,Obscrvcd by Schlieren Photography 
(Based on the éxperiment~ by Professor R. Knystautas) 

A) Brief ~escription of Experiments 

" <> 
, Two differert{ experimenta1 apparatus were emp10yed to observe 

th e phenomena of, photochemical deton:;ttion initiation by schlieren photo-

graphy. 

Fig. 4 shows a photograph of the first experimental apparatus, 

and Fig. 5 is a schcmatic diagram of- the cross-section of the apparatus. 

A stainless steel rectangular box chamber ,(75x75 mm of square cr0sl",-sections 

and 15 cm long) was used. Four ultra-violet transmitting quartz plates 

(75 mm. x, ISO mm and 6 mm thick) were placcd on 'the four sides of the 

chamber. and the other -two-sides were closed by stainless steel plates. 
, 

At the center of each stain1 ess steel plate, a piezoelectric pressure-

\ . ' 
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~ 

trunsduccr was mounted to monitor the explosion pressure inside the 

chrunber., Two xenon flash tûbes were plaeed about 3 cm from ,two opposite 
. ' \ ~ 

qllnrtz windows. The flash tubes were conncet{'d in series with a high ./ 

cnergy condenser. Two stainless steel plate reflectors c,overed the flash 

D tuhes ta rcdircct as much of the flash irradiation as possible back into 

the ehambcr. The schlieren photography was taken through the other pair 

of quartz. windows orthogonal to the direction of the flash irradiation.-

Duc to the presence of the frames in whieh the quart+ windows wcre mounted, 

th~ total unobstructed s,chlierèn field l'las 5 x 12 cm. and about 12 mm 
~ ) 

of the gas from' the quart"z. windows were not v isible for sc!'lHeren photo-

graphie observa,t ion, ' 

The second cxperimcnta1 apparatus was designed to permit schlieren 

ohservations of the phonomena occurring in the gas immediate1y adjacent to 

the incident fla sh irradiation. Fig. 6 shows a schematic diagram of the 
\ 

cross-section of the upparatus. A stai~lcss stcel cylindrical explosion 

chamber (10 cm 1. D. and 10 cm long) was empfoyed. The ends of the chamber 
\ 

,W('TC c10sed by two quartz windows through which a light beam for schliéren 

photography passed. A quartz window (85 mm di ameter anti 6 nun thick) was 

mountecl on a ,cylinder (35,mm 1.D.). and the quartz window was insertcd inside 

the chamber at right angles to the axis of the chamber. The flash tube was 

the same one uscd in the firs~ experimental apparatus and was p1aced 3 cm 
"-

l)('h ind the quartz window. The gas mixtu'l'e inside the chamber was irradiated 

th,roogh a 3S mm aperture of the window{ l'n this ,apparatus. ,an edge-on v'iew 

of the window of incident irra~iation ,~ be obtained, and the initiation 

phcnomena occurring at the window surface-wert" completely within the 

schlieren field. 

The flash -tube used in both the experimental apparatus was found 

ta provide ~50 use~ long flash irradiation irrespectively of the flash energy 
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lencrgy storcd in the condenser). Dotail9d mcasurements of the flash 

tube outptf, such as, spcctrum analysis or mcasurcment of actual radiati~, 

intensity were not pursucd. 

Oeta iled descriptions of the radiation source system, diagnostic· 

to 11 sand techn ique s etc. -are g i von ill Appcndix l -I,l. 

~ 

B) Experimental Results and Discussions* 

An cqui-molar H
2 

- C1 2 ~ix·ture at 100 torr ini/tial p'ressure was 

llsod throughout the ,experiments. 
, 

A~ the start, although it seemed to be self-cvident that the 

detonation initi.ation' results from the combustion of the mixture ,itself 

and not from sorne shock waves which might be caus~d by strong pho~o-dissoci

ation of C1 2 , "this ~as carefully checked using the first experimental 

apparatus. Chlorine gas alone (100 torr) was loaded in the rectangular 
, 

bo,x chambcr anù irradiated by the' flash tubes. Fig. 7 shows typical records 

of schlieren photograph and pressure transducers. The black arrow-like 
'-

lIlil rkcr in the schliercn photograph lndicates the center of the exp~osion 

chamber. The first hump in. the pressure record correspond' to the electro-

mugnetic 110ise generated by the rapid energy'discharge inside the flash tubes. 

The s~al1 interruption following the first hump corresponds to the noise 

which is generated when the schlieren light spark is fircd. Neither the 

schlieren record nor the pressure records show any recogniza,ble pressure 

* 'hw author was fflvolved in the early stage of these experimental studies. 
usîÎtg the rcctangular box chamber and sorne pressure transducers, the' 
author ~bserved the pressure spikes of detonation waves. However, the 
author could not obtain schlieren photogràphs of- the dctonation initiation 
phenomena. This 15 because the author pursued the initiation phenomena for 
very high radiation intensity in which the detonation discontinuity was b, 

later found to disappear. Professor R. Knystautas refined the experimental 
system and kindly carried out these difficult experiments with a great 
patience. Tho author sincerely apprecj.ates his kindncss for his making the 
sfhlieren photographs and the pressure ,records available to the author. 
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wa ves, confirming tha t the photo-di ssociation proces s of CIl' i tself,~_o,es 

not gonerate anyShock wayes. 

The detonation initiation p~nomenn in an equi-mo?ar H2-C12 

III ixture at 100 torr initial pressure were obsorved by 'th~ 'nb~vc experimel1tai 

technique. A serios of schlieren photographs and press~re records in Fig. 

8 show the effect of flash energy on detonation initiation. As shown in 

Fig. 8-a, when the radiation intensity is above a certain criticai va1~e, 

two fully-developod dotonation wavos, emergo from the top and bo,ttoll! irradiated 

quartz wi~dows into the schlieren field. The reason for the wavy contours 

of the detonation fronts may be duc ,ta some non-unif9rmity of flash 
. ' 

irradiation. The reason why the top wave is initiated earlier than the 

bottom' one may be that the radiàtion intensity of the top flash tube i5 

largcr than ,that of the bottom one. The abrupt jumps foUowing,the 

schlieren spark signals,in the pressure records correspond to the reflect.ed 

pressures of the ~o colliding detonatJon wavcs near the center of the 

~·h:unbcr*. 'The time lag between the start of flash irradiation land the 

collision of detonation-waves is about 50,~sec. Fig. 8-b corresponds to 
, \ 

the case when the flash 'intensity is increased further. As far as the' 

pr~~sure~records are concerned, in comparison with the previous case, no 

saI ient change is observed. However, the schl iercn ~photograph shows sorne 

, faùing OT "washing outil of the detonation fronts in this case. Fig. B-c 

\ corresponds to trye case when the flash intensity is increased furthermore-. 

Sincc ~hc schlicrcn photograph is taken in the early stage of the explosion, 

in this' case, only one detonation wave emerges from the top window into 

\, 

* The reflected pressure behind symmetrically colliding Chapnan-Jouguet. 
detonation waves is theoretieally e.leulated,in APpe~I. The 
rcsult shows .that the pressure is 6.46 atm (94.9 psi) ~-" 
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the schlicren field.\ and the other cletonation wave generated near the , 
" 

hottom window ,can not be seen. The pressure records show that the time 

lag bctwecn the start of flash irradiance and the collisjon of waves 

'" hccomcs shortcr ("v 40 l-lsec). and that the pressure jumps are noticcably 

rcduced in comparison with the previous two cases. These changes of the 

a ppcarance of dctonaÙon wave front inùicatc that very high radiat ion 

intensity does not nccessarily result in formation of detonation wave in 

this explosion chamber. If very high radiation intensity is usecl. wc 

may cxpect that gas mixture inside the chamber is uniformly excited. and 

t hat the explosion phenomenon rather approaches unifonn constant volume 

combustion. 

One of the most important conclus ions obtained from the above 

cxpcriments is that detonation. is initiated di rectly using the flash 

photolysis techni.que. lt has becn shown that fully-d<!veloped detonation 

Naves arc cstabll shed within a distance of' about a centimeter from the flash 

irradiàted windows. 

Since the intercsting region immediately adjacent ta the flash 

i );-radiated window was not available for schlieren ob~ervations in the first 

C'xpcrimental appnratus. th'~ second experimental apparatus was employed. 

In Frg. 9. a ,series of schlieren photographs show a phenomenon 

whcn the flash int~cnsity is not sufficient to initiate detonation. - The 

flash encrgy was about 580 J in this case. The photographs were accumulated 

from different experimental runs, and- tlme .intervals of the photographs -

are approx imate Iy 5 ).Isec. In the fir.st frame of the figure. a dark region" 

immcdiately adj acent ta the quartz window shows the .start of chemical 
~ 

rcactions. A roughly hemispherical reaction front propagates outwardly 

from thi s dark reg ion and. as shawn in the fifth frame. a hemispher ieal 
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shock wave i s then formed ahcad of the reaction front. However. the shock 

wavc is not strong -enough to induce rapiù chcmical reaction in its wake, 

and consequently it dC'couplcs from the rcaction front. /Thus, dctonation 
\. 

ls not formcd but rather a dcflflgration rasults. 

Fig. 10 shows the phenomenon of detonation- initiation when the 

rIash intcnsity t'Xccc,Ùs a certain critical value. The flash energy was 

about 700 J in this case. In contrast with the first frame in the previous 

figu're, wh cre the, dallk reaçtion zone is observed, 'the first frame in this 
" 

figure shows that two hcmispher~cal reaction-shock waves are already fonned 

nt the window. It scems that two strong reaction spots are formed due to 

- ' 
som('.~inhomogencous excitation of the gas mixture, and thàt the wavcs , 
originate from the spots. In the later times, the waves expand and collide 

wi th cach other, as shown in the second to fourth frames J and consequently 
r 

a f\Jlly developed detonation wave is formed (fifth frame) and -propagates. 

, The above detonation initiation phenomenon is divided into_ two '. 

st.1ges. - The first stage involves ,the process of rapid formation of strong 
-' 

renction shock waves, while the second 'stage is governed by the thrce-
- ( 

dimt'nsional shock wave interactions. Since tte. ti~e and spatial rcsolution 

T 

of the schlieren ~hotography was insufficient to permit ~apturing the detailed 

proccss of the phcnorncnon, it is impropcr to discuss which process is more 
( 

significant'. NC'vertheless. We can oonclude that the l'apid formation of 

the rcaction shock wavcs plays a significant l'ole in the P9otochemical 

dctonation initiation. 

o 

, , 

~ /h' __ l, 
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4. Numerical Analysis of Plow":Picld Qf Photochemically Ignited "HZ -C1 2 

Mixture 

The flow-fields of photochemically igni tcd 11
2 

-CI
2 

mixtùres are 

n~,"lcri,cally analyzed in this section. Although the present theoretical 

analysis does not s:Unulate the above expcrimental conditions, it neverthe

leS5 clucidates the basic features of the rapid shock wave formation 

ohserve'd in the cxperimcnts. 
~I '/ 

The basic chemical, kinctic aspects of photochemical Hz -Cl 2" reaction 

Imve ,a1ready b.ccn prcscnted in Section 2. In the following analysis, 

the coupIcd equutions of gasdynamics and chcmical kinetics are sol vcd 'fsing 

a Hnite ~ifforene~ fo0thod. 

The basic premi sc of the numerical analysis .is that a 330QÂ 

monochromatic light boam continuously penetrates through a window into àn 

(''III i -mol ar "'2-C1_2 mixture àt 100 torr initial pressure and 298~ initial 0 • 

1 

tE'mperature. The flow-field is assurned to be one-dimensional. The length 

of the flow-field analyzed has been limitcd to about 3.5 cm from the 
, 

radiation irradiated window, because the cost of numerical computation 

otherwise would have become formidably expensive due ta the complex 

computation' involved in the coupled gasdynamic-chemical equations. The 

Ilumerical cornp.ttation primarily analyzes the development of the reacting , 
flow-field for different radiation intensities. 

The finite difference method used is a modified leap-frog method. 

Governing equations for the reacting flow-field, details of the finite 

di fference method, and procedures of the numerical computation are given 

in Appenùix II-B. 
. 

In order to estimate the penetration of a 3300 ft. light beam into 

an cqui-molar 11 2-C1
2 

mixture' at 100 torr, a theoretical calculation was 
, , 

• 1 
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mnde using the absorption spectrum of chlorin(' molccule and the Bccr-

Lambert law. 
., 

Fig. 11 slwws the normalized radiation intcns:l.ty III 
• \ 0 

(1 ; incident radiation intensity) ,with r.espcct to the distance from 
o -

the' r~diation transmi tting window. The characteristic_ photon-absorption 

lcngth (Eq. (2-2» is about 2.5 cm. Thus. ~e see that the length of 

flow-field calculated in the numerich.l computation (3.5 cm) is sufficient 

to analyze the carly stage of the development of pressure waves. 

Figs. ,12-14 show the developmcnt of pressuré waves for incident 

2 3 3 2 0 

radiation intensities 10 = 5xlO • 2.5xl,O • and 7xlO w/cm • respectively. 
\ 

ln cach figure. fiVe pressure profiles at diffcrent times are provided. 

Tn order to indicate the development of the chcmical reaction. posit1.ons 

<It differcnt IICI mole fractions (5. -ID, 20, 30,40. 50 and 60%) are 

giv~n on the pressure profiles. Also. positions of the maximum pressure 

r point arc indicated on the pr~ssure pr~fi1es. Temperaturé and HCl mole 
./ 

fraction nt thc maximum pressure point_ are givcn in the upper ,part of the 

fi gure. { 
Fig. 12 shows the development of prc5sure wave for the case in 

which the radiation intensity i5 not" high enough 'to generatè strong wave 

amplification. The first pressure profile shows that a pressure wave'with 
• 1 

rclativcly g~ntlc rradient is developed near th'e window·. Although the 

pressure wave thcreafter grows and increases i t5 gradient. i t5 amp'lification 

proccss is slow and weak. In fact. we do not observe any salient increase 

in tcmperature and HCI mole fraction at the maximum pressure poin t* (pressure 
1 
( 

profiles 1-4 (time .. 101.0 - 115.6 ~sec)). As a result of this weak 

amplification, tcmperature and HGl mole fraction at the maximum pressure ~ 

* The slight non-stnooth behaviour 'in temperature and lIel mole fracti~n a). the 
maximwu pressure point (profiles 1-4) may çe attributed to sorne numeric\l, 
instability. 1 

0; ........ - --. 
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point start to ùccrease noticeab1y (pressure profi~e 5 (time = 118. 3 ~sec)), 

indicating that the wave front may decouple from the -reaction zone. Thus, 

in this case, detonation can not~) formed, and a deflagration results. 

,Fig. 13 shows a rapid development of pressure wave for a higher 

Lncident radiation intensity. ' As shown in the ftrst pressure profile, the 

ga 5 mixture ahcnd of the 'maximum pressure point is already in proccss of 
1 

strong reactions (20% lIe1 mole fraction in front of thé maximum pressure 

po int). As the pressure wave pr,opagates forward, into the reacting gas,-

the wave rapidly in~r~ases' its amplit~de and pressure gradient. AIso, 

tcmperature and lIel mole fraction- at the maximwn pressure point increase. 

Two major factors should be noticed for the aboye rapid wave 

',~mplification process. One is that the wave can be amplificd by the 

combustion energy relea~e from the already reacting gas mixture. The wave 

propazating into the reacting mixture is effectively -amplified through such 

li mode of cnergy relcase. In other words, the amplific~tion is due ta the 

energy relcase in phase with the wave propagation. The other is that 

tllI' amplified wave itsclf is capable of providing rapid chcmical react:\,on 

hy the compression effect; the rate of combustion cnergy release is further 

incrcascd to enhanc~ the wave amplif':ication. Thus, as a wholc, thcsc two 

effects rcsult in a rapid wave amplification, which may eventually lead 

to initiation of detona~ion. 

Fig. 14 shows a development of pressure wave when radiation 

i nt('nsity is further increased. Due ta the very high radiation intensi ty" ) 

v('ry rapid chemical reaction st arts near the window. Since chlorine rnolecule 
/ 

concontration rapidly decreases near the window, the irradiance penetrates 

much deeper into the gas mixture as the time goes on. Although the 

ch('mical reaction proceeds faster and the amplitude of the wave itself is 
/' 

/ 

" 

, ' 
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h igher in this case than in th e previous case, the fast reaction occurring 

allC'a<u of the maximum pressure point rather prohibits formation of steep 

prc~sure gradient. This result indichtes that the position of formation 

of steep pressure gradient becomes farther from ·the window with increasing 

r.Hliation int('nsity. J\lthough the rcsult is not quantitatively comparable 

with the expcrimental rcsults mentioncd previously. it neverthclcss shows 
\ 

tho behaviour observed iF! the experiments using the rectangular box 

chamber. 

The above results confirm that the radiation intensity is one of 

the important factors which govern the amplification of pressure waves. 

Furthennore, the resul ts indica~e the importance of the mode of combusion 

cncrgy release in' the non-uniformlx- reacting gas. Very high radiation 

i ntensi ty docs not nccessarily resul t in fonna tian of steep pressure gradient, 

fi C'ld. Besides the results of numerical solution, one should notice that 

i deal homogeneous excitation of gas mixture rcsults in unifo:rm con stant 
o • 

volum~"'combustion, in which no sho,ck wave is formed. 

In order ta illustrate the importance of the mode o~ energy 

rC'le;oase in non -uniformly reacting gases, the results of numerical analysis 

1llt'ntioncù abovc are further examincd. In Fig. 3 and Table 1, induction time 

of constant volume combustion in utl equi-molu,f 11
2

-C12 mixture at 100 torr 

initial pressure, has already been shawn for different radiation i~tensities. 

Ba5CÙ on the Beer-Lambert photon-absorption law (see Fig. 11). fqr the 

·three diff~ent incident radiation intensitics, radiation intensity at a 

givén distance x can be calculated. Thus, using the results shown in Fig. 3, 

aS shawn in the x-t diagram of .Fig. 15, we can plot the induction. time at 

different positions for the above-mentioned thrce cases of num~rical 

analysis. TrajC'ctories of the maximum pressure point are also plot~ed in 

1 
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the figure. Although, in renli ty, the gasdynmnic-chanicnl ç.oupling 

t'ffects become saI ient as the wave amplifieat ion procecds, thesc effects 
"\ 

/ can be neg lected in the carly stages. 

It should be noted tha t relation bC'tween the induction time 

and the corresponding traj ectory of the maximum pressure point differs 

for the thrce cases. For the case ot the weakest incident radiation 

Jntensity, the maximum pressure /oint approachcs the induction t1~e ~urve. 

As shown in Fig. 12, this case correspop.ds to a wcak \wave amplification. 

Besides the fnct that the chemical reactiQn rate 15 not sufficient f"or 

wave amplification .. we sec that the volume of photo-dissociating gas, 

mixture is not suf"ficient to amplify the wave. - For the ease of the 
\ 

5trongest raqiution intensity, distance between the trajectory of the 

maximum pressure point and the induction time curve increases in the very 
,? 

ea rly stages. This separation between the ,two curve!} - is the reason for 
l 

the relatively gentlc slope of pressure profile in Fig. 14. For the case 
f 

of the intennediate radiation intensity, the trajectory of the maximum 
J 

prt='ssure point is approxiînately parallei to the induction time curve. 

Wc see that this relation between the two curves is important in the wavé 
c 

amplification process. Indccd, one can recognize that the parallel !Ilotion 

of the curves makes the combustion cnergy release in phase with the 

pressure wave. 
q 

. Although the above argument on the relation betwaen induction 

t ime curvc and pressure wavc is vaUd only in the carly stage of wave 

amplification process, it elucidates the important role of induction time 

gradient field in wave amplification phenomena ~ 

\ 
\ 
\ 

J 
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5. Conclusions an~ ProposaI of SWACER 'Mechani::;m 

Prom the rcsults prcs~rtcd in the preccding scction~" wc may 

conclude the follow ing important rcmarks on a quaI i tativc basis. 

:1) Prom the Ex1perimcntal Records by Professor R. Knystautas 

It is shown thaeùircct ùetonation Initiation is possible' by the 
, 

flrlSh photolys is tcchn iquc. ln contrast with the blast initiation, where a 

sufficicntly strong shock wavc 'is generated externally by a powcrful 

ignition source to initiate' detonation directly. in the photochemical 

initiation, the direct initiation occurs/primarily -bascd on the combustion 

energy rcleasc of the gas ~ixture i ts,clf. 

Raùiati.on intensity is one of, the important factors which govern 

the photochemical initiation. 
, ' , 
For direct initiation of detonation. a certaIn 

1 eyel of radiation in tensi ty is requircd to induce sU,fficiently rapid 

chemical reactions in the irradiated mixtures, 

The dctonation initiati0t:l fhcnorncnon o~served involves two processes. 

1 n the fi Tst process. the strong reaction shock waves are formed in' the 

T1on-uniformly rcacdng mixture. In the second process, the shock wàves 

r interact with e'ach other to form a detonation wave. The rapig formation of 

the reaction shock waves plays an important role in the early s~age of 

tlHI photochemical dctonation initiation. 

h) Theoretic.al Results 

" The resul ts of numerical analysis confirm \t;hat radiat-ion intensity 

i s one of the s i'gnifi cant factors which govern the shock wave amplification. 
/ 

A certain leve 1 of radiation intens i ty is required for rapid shock wave 

omplification. 
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The rosults indicate that the combustion energy release in 
, 

phase with the pressure wave can providc an t'ffective moans of wave 

_ mnpl i'fication. In, the carly stages, an effective energy rclease'is 
" . 

opstablished by the induction time gradient field in the non-uniformly 

l't'acting gas J and the wave is amplifietl. In the later stages. the amplified 

waVQ Hsclf i 5 cq.pable of c~hancïng rapid c)wmical hotat release by the 

g~sdynamic comp~e~sion effects, and the wavc is further amplified. 
- ---

cl ProposaI of SWACER Mechanism 

The rcsul ts of 'the present numerical analysis have suggested that 

one of the most effective prcicesses fo; rapiù shod w,ave amplification is 

such that the ener-gy release from the combustion is in }?hase wi~h the 

,;ropagation 0:( the shock \'Jave. Suéh an effective amplification process - \ 

c:m be sustaincd either by the induction timc gradient field generated in 

lIon-uniformly reacting gas.' or by the gasdynamic compression effects of 

" 

the arnplified wave itseif.- This shock wave amplificatjon th~ugh the 

, "coherent'" energy release from the combustion is ànalogous {o. the principle 
\ 

'of a laser. whcre a photon flux induces stimulated emission 'of radiation 
, \ ~ ., (, 

from excited moleculçs or atoms, and a very efficient amplific~tion of"th~ 
.', 

flux 1s obtaincd. Thus, we nyl-y refer to the shock wave amplification mechanism , 

t~$ the "S~~CER" rnechanism* representing "Shock Wave Amplification ~~rough 
\ 

Coherent Energy Release", in analogy to LASER Mhich denotes ItLight 

Arnplifica'tiôn by Stinrulatcd, Emission of Radiation". 

.- * 

1 , 

. 
fi. part of the results in- this chaptEl:t: have alrcad1 been reported in 
thé recent. paper br Lee, 'Kt,tystautas and the author (39), and the term 
SWACER mechantsm has been proposed for the first time" in the· paper., 

t. 

\ 
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The SWACUR mechanism' can &e one of the possible mechanisms 

wJth.:h 'snhnnce dctonation ini t'iation. Effective shod ;ave amplification 

depends on whether or not oa rea<:ting flow-field maintains the SWACER 

omt>chaniSm 'for a sufficiently long duration. Various parametets, such as 

thp induction tirnc gradient, reactivityof gas mixture, or geometry of 

flow-field, should govern the SWACER mcchanism. In the' following chapters" 
, "-

the ba si c fea turcs of the SWACER mcçhani sm are pur:sucd through sorne' 

Ilumcrical analyses, 

. , 

i 
/ 
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CIIAPTIlR :4 

PRESSURE W.I\VE'S GENERATED SY MOVI,NG ENURGY SOURCES 

1. Introduction 

In the preceding chapter, the concept of SWACER mechanism has 

becn proposed. It has been shown that the induction tJme gradient field 
~ 

of the! ~on-u~iformly photo-dissociating gas mixture plays an important 
) '. , 

role in the shock ~ave amplification. Although the importance of the 

gradient field has emerged from the numeric,al analysis in the preceding, 

chapter, the 'analysis~has not fully illuminated the/-details of the 
\ 

"-
, :lmp li fi ca tion because of the comp laxi ty invo 1 ved in t;he gasdynami c-chemical 

cQuplings. 
,.~ 

Perhaps one of the most interesting questions is whether or not 

the, gradient field can independently provide sufficiently strong shock 

wave amplification wi thout any support of the gasdynamic-chemical '~oupling 

pffects, which may'aiso play a significant role in the shock wave amplifi-. , 

cntion process. In this chapter, in order to resolve this interesting 

qUl:'stion and to illustrate the importance of the induction time gradient 

field, pressure waves generated in.the gradient field are numcrically 

anulyzed by introducing\ a relatively simple theoretical model. 
~ 

The basic idea of the theoretical model 1S illustrat'ed by Sketch 1 

helow. }\le consider an inflammable mixture filled' in a tube with a semi· 
\ 

i nf ini t:eLrength. The Reat release of J the mixture is assurned to sta.!t right 

after the ,igni't~on. As shown in the x-t diagram of the sketch, we produce 
~ 

an induction time gradient field through such an ignition process. The 

induction time'gradient is varied by changing the velocity of the igniter. 

, \ 
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Using this theoretical model, we expect to investigate the basic aspects 

of ~he SWA~ER mcdhanism. 

Mov ing r gni ter 

.' • if • • •• 

• ." 1. • • f'· ...., • • :. .. 
.'.- ••• ",- •• ' •• ! 

~. • • .. • Il' • . ... , ~ 

... . . .. 

x=o-~I------------------------------------------~> x 

Time l.inc 

o~ ________________________________________ ~x 

. Sketch 1 

,\ 
The above theoretical model has already been considered in the 

book by Zeldovich and 'Kompaneets (40). H?wever, since a similarity 

solution~nas becn used in their analysis, gasdynamic prOfiles only in the 

stcady propagation regime of shock wave have:becn obtained. In this 

chapte~; the non~steady flow~field~ generated. by the moving energy sources 

arc numerically analyzed using a finite difference method. 

2. Theoret:j.cal Model, 

The theoretical model conside!ed here is a one-dimensional syst~m 

in which a fïxed energy per unit mas~ Q is ~eleasèd at a rate q (x,t) by 
-' ' 0 

a moving energ] source. Thermal çonduction and viscosity èffects are 

neglected. The gasdynamic equations are written in the f~r1owing form: .... ' 

-, 

\ 

" 
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Mass Conservation: 

M,omentum Conservation: 

Energy Conservation: 

State of Gas: 

= 0 

(lu- au -+ u-= at a~ 
l!œ. 
p (lx 

(ln + U ~ '+ y P dU ( ) • at (lx ax = p y-l q 

p = pRT 

33 

(3-1) 

(3-2) 

(3-3) 

(3-4 ) 

where X is distance and t is time; p, u. p, and T denote dcnsity, 
/' 

velocity, pressure, and temperaturè respeefivcly; and, ,y and-R represent 

) the specifie heat ratio and. the gas constant respectively. 

The solutions of the above equations dopend on the particular 

form of the energy release function q (x, t). 'the initial state of the, 

system, and the boundary conditions. In particular, a one-dimensional 

planar symmetric system, initially at res~, is considered (x=O corresponds 
o 

ta 'the symmetry plane). Thus, the b~undary condition and the initial 

conditions are written as rol1ows: -' 

Boundary Condition:,: 
, 

Initial Condition: 
/' 

IY 

~ 

u (0, t) = 0 

u(x;O) = 0 

p(x,O) = P 0 

p(x,O) = p 
0 

,T(x,O) = To = p /p R o 0-

.. /' 

(3-6) 

where the variables with subscript "9" denote the initial states. 

The energy, 'release function is chas en in a form, which can 

simulate the energy release fram the combustion zone travelling at a fixed 

and constant velocity Vo and depositing in each unit mass a total encrgy 

Qo at a rate Ill. It should be noted that the induction time gradient ~Tind/dx 
,/ 

is expressed in terms of the veloèity V 0 as 

... 
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COÏ\scqu?ntly, ci (x,t) may he written)n the fOllowing form: 

x x' q (x,t) = w(t - v-) H(t - \1) 
0, 0 

where w(r) (t-= t ~ ~) satisfies the condition 
V o 

\' 

/" w(t) dt = Q 
• 0 . 0 1 

:lI1d whcre 11('t') is the Heaviside or s~ep function 

I1(T) = 0 

= 1 

t < 0 

T > 0 

(3-'7) 

, (3-8) 

(3-9) 

'. 

for mathcmatical .convenience, we shall now sel~ct a functional form fo't-- ' 

w(t) which' may be integrated analytically .and satisfies the conditiort (3-8). 

Olle such function 

w{t) 

is givcll as follows: 
Qo' 1 ... 2 2 

= [2" exp (-1 /2t
R 

) 
R 

x = t - V-
o \ 

(3-10) 

(3-1,1) 

and, as illustrated in Fig. 16, t R is the time required for W(T) to reach 

i ts peak value. ln ana10gy to the comrustion probleln, this characteristic 

time TR' is referrcd to hereon as the "l'eaction time". 

The total cnergy per unit cross-sectiona1 area depos,ited by- the 

energy source is denoted as E. and it is givcn as follo~s: 

'X) 
p-p 

1 , 2) E .. J 0 dx (3-12) 
0 (Y-1 + ï pu 

ft /JO , .. (x. t) q (x. t) dx dt (3-13) 
0 o p 

Using the characteristic time TR together with the initial 

conditions p~, Po' T~. and Co (initial sound vc1ocity: typ/po)' we can 

introducé the following dimension1ess variables', 

" 
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t* th R' x*.=X/CT .,. 
, . 0 R . 

, p* = p/po' u* = u/e 
0 

(3-14 ) 

p* '" p/Po.' ,T* =TIT 
0 

We obtain the following normalizcd cquntions by substit~ting the abovc 

variables into the cquations ;(3-1)-(3-4). 

\ 1 

~ + u * au* = __ 1_ 
;Jt* . ax* . 'YP* 

~ + * 2.l!."': + yp'" au* = y (y-1)p* q. * 
at* U élx* " ax*, 

p* = p* T* 

'q;k '" Q* (t*-x*/A) 

Q* =' Q le 2 
o II() 

A = V le o 0 

(3-1' ) 

(3-2') 

~3-3' ) 

(3-4' ) 

x* -) A 

(3-14 ) 

ln a simi1ar 'manne., the boundat:Y and initial eond itions (3-5) and (3-6), 

and the total energy E in Eqs •. (3-12) and (3-13) can be normalized as 

follows: 

r 

u* (O,t*) 

u* (x* ,0) 

, p* (x* ,0) 

p* (x'" ,0) 
~ 

./ T* (x'" ,0) 

fi* = Hie p t R o 0 

= 0 

= 0 

'" 1 •• C'-./ 

= 1 

• '1 

t* 00 
= 1 J' yp*q* dx* dt* o 0 

./. 

(3-5' ) 

, .i 
<II 

(3 .. 6,' ) 

(3-15â) 

(3-15b) . ~ 

wl11're E* is-the normalized totàl energy per unit eross-s·ectionàl area. 

\~ 
," 
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The above nomà1i:z.cd governing eqüations show tha t the parameters, 

ï 
thé sp~cific heat ratio, y, the normalizcd encrgy rèleaso per unit mass Q*, 

j 
anu the Mach, number of the cnergy source A. dctennine the amplification 

rroccss'of pressure waves. Th this analysis, y = 1.4 and Q* = 10 are 
, 

assumed. and the flow-fioldsgenerated for diffcrent energy s.our:c Mach 

, , 'l1umbers arc nUITÎerically ana1yzed, using a hybrid version Qf the Van L.eer' 5 

finite differoncè scheme (42)* and .. the 'Boris-Book's antiJiffusion mcthod 
'-

(44-46)**. Details of the numerical .. computa'tion are givcn in Ap'pcndix IV. 

For given values of Q*,and y, we can calculate the pressures of 

tIlt' Chapman-Jouguet detona tion waVe and the constant 'voItune combust ion. 

Thlls, we assess the strength of the pressure wave obtained through the 
../ 

nUlI\erical ana1ysis, in comparison witn thesc values. The Chapman-Jougue~ 

detonation ~ach number MCJ a~d the shock pressure of the detonation (i.e. 

'50-called von Neumann pressure) PY.N. are obt~ined using the Ra~kine-Hugoniot 

(3-16) 

PV.N .. 
-,--= 

+1 (3-1}) 

'hU' constant voiume ~combustion pressure p tS glven by the following C.V, 

Qquation: 

* The author is grateful tD Prof.essors Taki (Fukui University, Japan) and 
Pujiwara (N3goya University, Japan) (43) fof~ointing out this finite 
difference scheme to hint. 

** The author would like tQ thank Professor G.G. Bach (McGill University) 
for helpful discussions and suggestion~ on this ntethod. 

.. ,; 
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pc.v. 
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Po \ 

\ J, 
\ ~) 

1 + t { yl::JJ_ S* 

For-Q* = 10 and y = 1.4, wc, btain MCJ = 

pc. V .IPo = 6.6. 

1 
1 

3. Rosu1ts and Uiscussions 
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{3-18) 

4.60, PV.N.!Po = 24.9" and 

The flow-fields gcnerated for energy source Mach numbers 

fi = 0.5, 1, 3, 3.5, 4, 4.25, 4.5, 5, .and 6 'werè numerically ana1yzed. In 

particufar, Figs. 11-26 d~y the pressure profiles B:n~ the x-t diagrruns 
• '< 

for A = 0.5" 1. 3. 4, and 5. 
i 

In Fig.' 17, the development of pressure wave for A = 0.5 is 

i Il ustrated. In the figure, the "cnergy source" rcpresents the dominant 

region of energy re1e:se, More precisely, it covcrs from the ftont of 

E'llcrgy source to the point where the volumetrie energy re1ease rate' (pët) 

i~ 10% of the maximum of -(p41. In the figure, ~e can notice the early 
, 

formation of a shock wave which immediate1,y runs away from thé energy 

source. The third pressure profile shows that the peak pressure has 

decreased after the detachment of the shook w~ve frèm th~~ source., 

The shock wave propagation soon approaches a steady state regime, and the 

qu iescerlt field right behind the rear cdge of the energy source is indicated . 
by the flat pres~ure profile. * The interaction between the pressure wave 

and the' encrgy rc1ease for this case is more clearly illustrated in the x-t 

diqgràm of Fig. 18, where the trajectories of the point of the maximum 

volumetrie energy relasse rate (pq) and the maximum pressure point (p x) max ma 

ar" shown. The coherent energy reIease to the pressure wave lasts only 

* ltl was observed that lu~1 
the energy source. 

-2 -3 
~ 10 ~ 10 right behind the rear edge'of 

\ 

( 
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-........t. 
t * '" 4, ynd after the dccoupling 1 the amplification immediately decreases. 

The trajectories of p and (Pq) show.that the shock wave propagates max - max 

at a constant velocity after t* ~ 8.5. Figs. 19 and 20 correspond to 

the case of A = 1. The flow-field is similar to the previous case .with 

the except.ion thnt the shock detachment occurs later anq a larger peak 

. pressure. resul ts. In bath cases 1 weak shock wave amplification is observed 

with peak pressure far below that of the constant volume combustion 

In contrast with the above cases, the cases of A = 3 and 4 reveal 

strong shock w;lVe amplification. 
. / 

-Fig. 21 shows the pressure proflles for 

the case of A = 3, whilc' Fig. 22 is/the corrcsponding -x-t diagram. Wc 
./ 

observe a strong $hock wave amplification over a time t* '" 8. During this 

period, the energy source remains in c~se proximity of the shock wave to 

provide a coherent energy release. Furthermore. the shock wave produces 

- a rC?gion of high density. Thus, the volumetrie energy release rate (p<\) 

ma i ntains a h igh magni tude, a!ld a peakp;ressure far above tha t of the 

oonstant volume combustion results. Aftcr this amplificati~n process, the 

shock wavc starts ta decouple from the energy source, and a stcady 

propagation regime of"the wave' resl\1ts. Figs. 23 and 24 corresponds to 

the case of A = 4.;/ In this case., the shock wave travels closely with ~he _ 
_ ,., • J~':.. 

er~ergy source for a longer period than in the prcvious case, and this 

rcsults in ci highcr peak pressure. As shown in the pressure profiles, 

the peak pressure is almost that of the Chapman-Jouguet detonation. 

Figs. 25 and 26 show the development of pressure wave for the 

case of A ~ 5 in which the_~nergy source Mach.numer cxceeds MCJ (=4.6). 

In this case, no shocR waveis formea but rather a broad compression wave 

p.ropagatos. Fig. 26 shows .that (pq) point is always ahead of the .Pmax max 
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point, and this is in contrast witl) the previous cases of A < MCJ ' 

Si ncc the encrgy rePease hccomcs' less coherent in th is case than in 

the previous case, a lowcr peak pressure resul ts. Asshown in Fig. 25. 

the compression wavc hroadens as the t imc goes on> nncl finally the 

compressio'n wave starts to propagate in a steady.,state regime where 

the vc10city of Pmax point is less than the Chapman-Jouguet dctonation 
-' 

veloci~y. As we incrcase A. the cffect of the wave broadening becomes 
3 • 

more sàlient, and the energy is distributed more evenly, thus the amplifi-

cation d\creascs. In the limit A -+ 0>, the cnergy relcase bccomes, of 

course, c~mp1ete1Y uniform, and the constant volume combustion results. 

In order to proper1y cvaluate the efficiency of various energy 

sources for shock wave amplification, the following two parameters are 

C'onsidercd. One is the peak pressure ratio p Ip. The other 1s E*, 
max 0 

\ ... hich is the normalized total energy deposited by energy source (see Eqs. 

(3-15a) and (3-15b)). Fig. 27 shows the variation of the peak pressure 

rat io Pma/p~, with respect to .the ene~gy source Mach nuinber A an? the 

normalized total ,.cnergy E*. We can evaluate which energy sourc~ provides 

the maxillllm' value of Pmax/po for a given va.1ue of E*. In other words, 

we can assess the relative cfficiency of various cnergy sources. It is 

shown that the opti~l source Mach numbcr is in the range 1 < A < MCJ> 

and that its exact value obviously depends on the total energy deposited. 

The curveS in this region intersect in such a way that a given !ource 

remains optimal.only temporarily as it becomes immediate1y supersèded by 

a faster source. Consequently) the opti~al Mach number monotonically 

increases with E* and approaFhes MCJ as E* -+ 00, indicating that the 

Chapman-Jouguet detonatlon itself is, the most efficicntly amplified wave 
1 • 

in the steady propagà+ion regimes. 
/ / 

/ 
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The results of the present numerical analysis ha.ve illustrate-d 

the basic aspects of the SWACER mechanism: It is clearly shown that 

eff.ective shock wave amplification requir~ that the energy source ~nù the 

pressure wavc travel in close proximi ty to each other. The, unison betwcen 

tht' two establishcs the coherence and determincs the resulting ampl ification 

process. Furthcrmore, due to the rcsul ting local increase in ùensi ty 1 the 

va lumetric energy release is increased, which in tu~n further enhances the 

amplification process. If the dccoupling of the pressure wave from the 

bncrgy source occurs, the coherent cnergy release immcdiately breaks down, 

and the shock wavc amplification ceases. Thus, the generation of strol)g 

<;hock wave depends on whether or not the coherent encrgy release can be, 

ma intained for a sufficiently long period. 

Within the fram~ork of the present theoretical model, the 

rcsults have confirmed that"the induction time gradient field has the 
1 

(potential of rapidly amplifying a shock wave to a stl"ength above that of 

constant volume combustion to that of a Chapman-Jouguet detonation with 

comparable heat release. 'Thus. it is now obvious tha t a detonation 

initiation can be triggered in the gradient field if a non-uniformly 

rp;lcting gas mi xturc can provide a coherent energy rclease to the shock wave 

for a suf.ficiently 16ng duration. One may notice that the following 
./ 

conditions must be satisfied for detonation initiation. Firstly. inside 

th(' volume of the reacting gas mixture. a certain non-uniformity of reaction 

mllst provide a proper induction timeJ~r~dient field as weIl as the 

coll('rence bc'twecn the energy release and the resul ting shock wave. Secondly, 

th<.' volume of the gas must be sufficiently large ta generate a shock wave 

which is strong cnough ta auto-ignite the gas outsidc the volume. The 
/ 

volume rcquir,cd for'gencruting an nuto-igniting 5hock ~nve dcpcfl(~on the 
" 

, 
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---
rc\ctïvi ty of the, gas" The present results indicate that gas mi:l\:turcs 

with 1arger rcaction times, thus, ~caker gas mixtures"rcquire a 

corresponùing 1arger volume of the gas mixtures" It has been shown that 

the lt'ngth of guS rf?4uircd for" strong shock amp.lif.i.cation is propôTtional 

ta the reaction timc TR" 
1 

If these condition~ arc satisfic~, an auto-

iglliting shock wave can be gcnerated, and finally a,detonation wave may 
,? 

propagatc outsiqe the volume. 

\ 

\ 

1 

o / 
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DIAPTER 4 
? ... 

SIIOCK WAVE AMPLIFICATION IN NON -UNI rORMLY PREIlEATED 
", / 

GASES 

1. Introduction 

In the prcceding chapter J the resul ts have suggested t'hat ' 

detonation initiation can be triggcrcd in a non-uniformly reacting field 

if the SWACER mechanism is sustained for a sufficiently long time. Indeed, 

:l!> mcntioncd in the introduction of this tht'é;is, the rccent experimcnts 

by Knystaut~s ct al. (15) ,have dt'monstra tc-d tha t, by means of oh"tac 1('5, 

the non-unif'ormly reacting field of intense turbulent mixing can generate 

a rapid shock wave amplification, which leads to a formation of dctonation. 

-There are some prcvious theorctical works which investigated 

the detonation initiation in non-uniformly rca'cting gas mixtures. Zeldovich 
f '-

t't al. (47) have investigatcd the formation of detonation waves in non-------- ~ 

uniformly preheuted gases. In their analysis, a finite length of gas is 

considercd, and at the end of this lcngth a still adiaba tic wall is assumed. 

Th('\ in~ tial tempcrature distribution is assumed such that temperature 

dccreascs lirrearly from a high temperature at the wall with a constant 
'-

gradient. 'The flow-fields for different initial temperaturc distributions 

have bectl numerically analyz(1Jd. They have demonstrated that, for certain 

initial temperature gradients, detonation wavcs are formed via a rapid 

shock wavc ampl ification. 

Barthel and Strehlow (48) have more tccently studied the formation 

and propagation of spherical shock wavcs occurring when the reactivity of 

explosive gas is non-uniformly enhanced insidc a sphere of gas mixture. 
-" 

Thcir analysis have shown that detonatiQn transition is possible through 

il rapid shock wave amplification. Thus, it is shown that the dctonation 

.. 
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initiation through a shock wave a,mplificadon OCCUN; in three-dimcnsional 

gcometry as weIl. 
. 
-'f . 

In this chapter, the shock wave amplification ln non-uni'formly 

prçheatcd gases .!s numerically analyzed in connection with the dctonation 

transitio~'. A theoretical model similar to':.tl,le above-menti~med model by 

Z61dovich.et al. is pursGed in the present study. The present analysis 

particularly emphasizes the importa~t raIe of the gradient field in the 
. , 

wavç. ampli'fication as well as the effects of important factors, such as 
• 

rcactivity of gas mixture 'or gasdynamic parameters. As mentioned in the 

previous chapter, the m'in,imum vo lUl11c of non-uni formly reuet ing ~as 

n'quircô for detonation initiation should depend on the rcactivity of gas. ln 
,. 

tJ\e following analysis, the induction and exothermic pracesses of reacting 

gas mixtures are desc,ribed by a relatively simple model. We shall investi
l 

gate whether or not th,e 'Coherent shock wave amplification ilS ma:j.nta fned 
. . 

i Il the preheated volume for dif.ferent combinations of parameters which are 

" involved in the chemical reaetions and gasdynamics. Finally, we shall , 

. "eek for the conditions for d.eton~ti0!l initiation in terms -of the dominant 

param~ters-. 

2. Tlieorctical Madel 
1 , 

We eonsider a non-uniformly pre~eated gas mixture in t~e spaee 

x ~ 0; in a onc-dimensional planar syœmetrie system. The initiàl tempera

ture distribution is assumcd as follows: (see Sketch 1 below): 

Tw 
T(x,O) Il T -w 

.. T 
o 

T 

L 
o .-

,x 

, / 

(0 ~ x < L) 

(x > - L) " 

,. 

(4-1) 

. ... 
\ 
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'" whcrc .Tw is the initial temperature of- the gas at x="Ô;' .'T~ 15 the 
/ 

tcmpcra,ture outside the preheated region; and L 1s the length of tire 
IJ , 

preheatcd gas. The field is assumcd to be quiesccnt initiallY. that 

i s. 

p{x,O) = Po' u(x .0) = () (4 ':2) 
Q 

T 

"" 

.' .,----
Sk"tch 1 

T 
0 

0 X 
L 

The rcact.ion of each gas particlc 1s described by a simple 

Arrhenius inducti·~n time law and a heat releas'e fun,e.tion. 

pl'ocess ~s exprc sed by the following ~quation: 

dÀ: 
dt = - kp exp (-Eact/RT) (ifT' ..... T. ) 

,C 19 

The induction, 

(4-3) 

where d/dt is th~ substantial derivativc; À rcpresents the progres~ of 

induction proccss;\ À = 1 and 0 correspond to the start and termination 
1 

.. 

of induction proces,s respcctively; pre-exponential factor k and activation 

encrgy E t are constants; and T. is the 19ni t ion temperature below " ,ac , 19 

which· the induction process does not proceed. The .above equation indi~ates 

that the induction process largely depends on the temperature of gas. 

Fran the initial temperature distribution, we see that the induction time 
/ 

of the partic1e at X=O t ind •w• i5 the minimum. The induction time T intl •w.' 

is giv~n br the following equation: 

li-
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1 
t = kpw exp (t,ct/RT~) ind. w. \, ....,.. (4-4 ) 

• • 
where Pw is thè initial density at x=O. The induction times or other 

sas ~~rticles may dcviatc from thé initial ones due to the develo~ent 

of the gas expansion starting at x=O. 

The gas starts 'to liberate heat after the induction process. 

According to the heat release function used for the analysis in th~ 

preceqing chaptcr, wo ex·press the cxothermic, roaction of each gas particle 

as follows! 

(4-5) 

t = t - tÀ=O 

whcrc t R is tlie characteristic reaction time at which q approaches the 

\ 
maximum heat relcase rate, and tÀ=O i5 the tÎl)le wheJ} the induction proces5 

t~rmina tes. 
• s 

ln order to fbllow the reaction of each gas particl'e, in the 

" present numerical computation, the governihg equatiorts of gasdynamics are 

wri tten in the fôllowing Lagran~ian form: 

au Mass Conservation: 

Momentum ~onservation: 

Energy Con.scrvati,on: 

" State of Gas: 

where v' = lJp 

.J!Y.... + 1 2 e = v-l _ '2 u 

d~ = p(dx-udt) 

\ . 

av 
at 

au -+ at 

ae 
-+ at, 

~= 0 

2.E. = 0 
"a~ 

3(PU)' _ • 
a~ - q 

p = pRT 
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and where F, is the' independent variable in the Lq.grangian coordinates, and 

r. = 0 corresponds to x = O. The boundary condition at -the wall «(.!lO) 

is given,as fo1lows! 

u(O,t) =,0 (4-13) 

Using \he ïnitial conditions outsidc the preheatcd regioll, 
• _ .. .0-

'IHi,!!cly, p P T and sound velocity C J together with the 1cngth L an~ . o· 0' 0' • ,. 0 

the eharaeteristic gasdynamic time Tg (=L/c
o
), wc introduce the following 

- --Jim~nsionlcss variables: 

T* = TIT , o 

x* = x/L 

ù* = u/c o 

dF;* = (dx* -'u*dt*)/v* 

(4-14) 

We can obtain the following normalized equa tions by substi tuting the above 

vahables i,nto the original dimensional equations. 

Mass Conservation! 

, ôu* 'ô n* 
Momentum çonservation: ôt* + a~* (7) = 0 

ôe* il p*u* 
Energy Conservation: W + ~*. (y ) = q* 

'- p*v* 
where e* - y{y-I) + l *2 -u 

2 

Induction Parameter: 

:2 :: Q le . o 0 

E* 
ÔÀ k* (_ aet) 
ôt* =: - V* exp T-* 

(if T~ > T~ ) 
. - 19 

whcrc'-'k* =,kpoTg " E:ct ~ Eact/RTo,and Tig = T. tr/T • 
16 0 

--'r--~ -, 

(4-15) 

(4-16) 

\ 

(4 -17) 

(4-18) 

(4 .... 19) 

(4-20) 

..,. 

\ ' 

" " . 
! \ ; 
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Position of Gas Particle: x*«(*,t*)=ft*v*(~*,t*)d~* (4-21) 
o 

Initial Conditions: T* = T* - (T* - 1 )x· (x· ~ 1) w w (4-22) 
,/ 

= 0 (x* :.. 1) 

p* = l, u* = 0 (4-23 ) 

= T /T . w 0 ~ 
./ 

Boundary Condition: u*(O,t*) = 0, (4-24) 

Fran the above nonnalized equations (4-14) - (4-24). we find 

the following dimcns1.onleSs parameters. wrich govern the chemical-

gasdynamic proccss occurring in the preheated gas mixture: 

T* T* Q* E* Y , w· ig • , act' 

ct (= l&, T R) and e (= Ti T ind • w . ) 
~ , , 

In the following ana lysis, the effects of the length of preheated 
./ -

gas and the reactivity of gas are particularly cmphasized. For this 

reason, the first five of the above parameters are' to be held constant 

throughout the ntuncrica1 analysis: T* = 4 T'!' = 8/3 Q*:: 20 E* = 50 w '1g , , ~ct 

and y :: 1.4, ,whi le the remaining paramcters ct and e are varied 50 as to 

dcterminc thcir" rclatïve influence on the shock wave àmplification process. 

The parame ter (l denotes the ratio of the characteristic gasdynamic time to 

the characteristic heat releasC-/time, while the parame ter a is the ratio 

of 'the charactcristic gasdynamic time to the characteristic induction time. 
/ \ 1 

For Q: = 20 and y = 1.4, the corresponding Chapman-Jouguet 

UQtonation Mach number MCJ~nd the von Neumann pressur~ jump PV.N./Po, 
\ 

url? given by E~. (3-16) and (3-17): Mci = 6.35 and PV.N.lPo = 46.9. 
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The fini te differcncc mcimod employed in the present numcrical 

ana lysis i 5 a hybritl version of MacCormack 1 5, sccoJ)d-ortlcr èxplici t 

scheme (49,5 e) and Boris-Book 1 s antidiffusion lJIethod (44-46). Details 

of the finite difference method and procedure of t;he numerical computation ,. 

arc given in Appendix V. , 

In most computer runs. the computational grids for ~ covcred 

the length 0 < x* < 1.0 ~ 1.3 ~o ~~ to discern whether ,or not the SWACeR 

mechanism is .sustaincd in the preheatC'd 1cngth for various combinations 

of the parruneters a. and ~" 

~. Resutt~ and Discussion 

Fig. 78 shows the pressure profiles for the case of a = 45. 4S 

and B = 27.58. We observe a strong shock wave amplification which has 
_ c 

the potential of fonning a' dctonation wave. In the figure, -we can see that 

the reaction front propagating- in phase wi th the pressure wave i5 
'> 

responsiblc for 5uch a strong amplification. -Fig. 29 is the corresponding 

x-t diagram whiçh shows that the amplification process is divided into 

three stages. In the early stage of the_amplification process (t* ~ 0.06). 

the reaction front follows the trajectory prescribed by the initial induction 
. 

time curve (which is calculated based on the initial ~i~tributions of 
\. 

temperature and density)'. 
J 

A compression wave is formed as describcd in 
_________ J 

the prcvious chap~er. In the second stage (O.{)6 < t* < 0.15), the wave 
• .., 'V t'V 

then propag~tes into neighbouring hot gas which is under the induction 

process. Al though the ampli tune' of the wave is re1atively small, the 

induction timc of the neighoouring hot gas is reduced by the compress,ion 

'effects. The resulting heat release, in turp, reinforces the amplification 
, ~ 

of the wave". Finally, a strong shock wave is established. and the perfect 
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coherence betwcen the wave and the reaction front continues to accelera te 
"" 

the amplification further. The wave amplification in this stage 'fIay be 

.callcd ,:'ielf-coherence, because the shQck-heating of the wave i tself becomes 

... 

the most dominant. we,an consider that the first two stages of the 

amplificati?n p~orcss provide certain conditions for cstablishing the 

self-coherent ampl ification mechanism. Whon the shock passes through the 
-

('tige of prehcatcd rcgion at x*=l. the shock ovor-pressure is about 40% of 

tlw von Neumann spike. Since the shock wavè is sufficiently strong 

1 nducing rapid hetlt release. the wave will evcntually grow' into a detonation 

wave. 

Fig. 30 shows the nZessure profiles for the case of Cl~ = 11. 36 

and B = 27 .58, and the corresponding x-J diagram is given in Fig. 31. 

ln comparison with the previous case, this case has a smaller value of rj.. 

anù the sâme v<tluC' of 13. Wc can sec that an incre,ase in the characteristic 

rCilction time rel:! tive to the characteristic gasdynamic time reduces the 

rate of wave ampl i fication and resu! ts in a weaker amplification. A 

compression rave \."j th a gcntle slope is formed, and the waye propagates 

with increasing its streng,th. Although the initial induction time curve 

Is identical to that of the previ~o a slower reaction ra:te 

ra larger ratio of the characteristic l'eaction time to the charactcristic 
, 

p,nsdynamic time) J the distance betwecn the wave front and the reaction 

front is relatively large .. This pre vents effective energy release to 

the wave . .,.. A shock wave is then established at time t* '" 0.35. However, 

the wave is not 5t1'Ong enough to rapidly induce heat release from the gas 

mixture, ahead which is at a relatively low temp~rature. Thus. as a result. 

the reaction front starts to decelerate, and the distance between the shock 

nnd the' reaction front progressively increases. As shown in the, last 
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pressure profile of Fig. 30, the shock pressure ratio is only about 4. 
li. 

wh ich is insufficicnt even to induc~ induction p;ocess of the gas 

mi xture outsidc the preheatcd region. Therefore, the shock wave decays 

outsidc the prehcated region. 

Figs. 32 and 33 respectively show the pressure profiles and 

the x-t diagram f,or the case of Cl = 45.45 and a =2.207. In comparison 

wi th the case of a = 45. 4S and 13= 27.58. in this case, e has been 

rcduccd to a lower value. Wc observe that the initial induction time 

gradient has become larger/ It is shown that an increase in the character-
, 

i stic' induction time rela\tivc to the characteristic gasdynami~ time 

prevents strong shock wave ampl~fication. The trajcctory of the reaction 

front" deviates from the initial induction time curve in the very early 

stages. The rel;lction front and the maximum pressure point traVel in 

lInison for a rclatively long duration (0.5 ~"l:* < U.7). However, the 
'V ru 

(.' ffcct of the large induçtion time becomes salient as the timc goes on, 
1 

:lnd it prcvcnts wave amplification. In particular. this is clearly shown 

in the' noticcable dcccleratjon of the reaction 'front after time t .... ;< 0.8. 

A5 a result, we observe a rapid increase of the distance betwcen the shock 

w(lvc and the rcaction front. 

From the abov~ thrcc cases. wc see that incrcase in either of 
, 

the parameters ex or 6 enhances the shock wave amplification. For certain 

combinations of the parameters, the SWACER mechanism is maintained and 

rapidly amplifies a shock wave to a certain stren.gth which is capable of 

triggering the onset of det0-!1a tion. The amplification process is divid,~d 

in to thrcc stages. In the first stage, a pressure wave is amplified 

primarily due to the e~ergy release fran the prescribed initial indùction 
f 

r 

time gr ad je nt field. In the second stage, the amplified wave itself starts 

) 
',i 
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to induce the heat release of neighbouring preheated gas. Finally, in 

the third stage, a shock wave 1s formed,' and a self:'coherent amplification 

is established by a strong shock-heating effect. We can consider that 

the estahlishment of the sel f-coheront stage dcpends on the first two 

5 tall,es. If a pressure wave i5 not devcloped to a certain strength in the 

first two stages, the self-coherent stage will never be e5tablished, and , 

consequently the wave starts to decay. 

Table 2 summarizes the resul,ts of computer runs for various 

com\>i~a tions of the pararnet~rs Cl and 6. In the table, for each computer 

run, the shock pressure ratio p/po near the edge of the preheated region, 

the position of the shock wave xs/L, the position of the reaction front 

x IL. and the normalized time tlt are given, and the criterion fôr the 
r g 

wave amplification is aiso provided*. 

The criterion for the wave amplification is' pased on the fact that 

the shock wavc and the reac,tion front must propagatè in ~mison for sustaining 

t he co~erent cnergy release in~ the entire preheated region of gas mixture. , 
(~antitatively speaking, though it may involve sorne arbitrariness, the 

c'ase. in which â' shock wave i5 followed by a reaction front within the 

distance of 0.02 L at the edge of the preheated region, is considered to 
, 

have the ]1ot<'ntia1 of d('tonation formatl0n through the coherent shock 

wave amplification. Such a case is referred to as "coupled" in the table, 

bascd on the relation between the shock wave and the reaction front. If 

* The case of Run 20 is an exceptional one. Because the criterion could 
be e~sily obtained from a salient decoupling betwecn the shock wave,and 
the reaction front in the early stages, and' because quite a large number 
of mesh points were required ta resolv(\ the"'l'(':lction zone 8l'CllTately. 
further computation was not carried out to avoid _unnt'cessary cast 
of the computation. 

1 

/ 
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the coherent shock w<1-ve ampl i fic,a~ion is not sustaincd, the shock 

" 
dccoùples from the reaction front. This c,ase is refcrred to as "decoupled". 

In the above table, we notice that, in a11 the coupled cases, 

the shock pressure ratio is nt least above 12,7. One may ea~i1y ver if y 

tha t the value is above tha t of the shock wave which has the minimum 

strength required f?r tri~gcl'Îng induction proccss of the non-hcatcd gas 
• l 

p:lrticles outside the preheuled region. From the well-known Rankine-

lIugoniot shock wav:e .relation. w~ see that the shock Mach numb'er for 

providing the ignition tempcrature T"!' is 2.99. , , , 19 The corresponding 'shock 

pressure l'atio i~, 10.3./\ Thu'- t~e snock pressllr~ 

(,(llJpled cn!';es arc c('rtai~ above this value, * 

rat,ios in aIl the 

The criteria for shock wave amplification in Table 2 are plotted , , 
'" in the a-a plane of Fig. 34. The regim~ of the, coupled cases is separated 

'from that of the decoupled case~"by the dtfve AB,. In -the range 2 ~ S ~ 140 J 

the minimum length 6f the prc~eated ~as re;Jired' for s\J~taining the coherent 
>-

sHock wave amplification increases from about 20 CotR to 45 Co TR with , 

dccrcas~ng the t Value of S. 
/' 

In the range B < 2'-, the minimum lcngth rcquired 
'" 

'5harp Iy increases, while, for very large value of B', we notice that the 

minimum length must be at least' greater than about 10 Co T
R

, 

The present relatively simple model has served well to elucidà.tc 

the basic features of the shock wave amplification phenomena ocourring in 

the prehea ted gas mixtures. The present paramctric study has also emphasized 

* Runs 9 and 12 arc critical cases. Although the shock pressure ratios 
are abovc 10.3, the distance between the shock and the rt'action front 
is great'er ,than 0.02 L (x IL - x' Ir.. > 0.02) for bohh the cases. ThUS,. 

sir 
these cases ate rcferred to as decouplcd in Table 2. 

" 
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the relative importance of the charactcristic gasdynrunic, induction, 

and reaction times in thé amplification phenomena. The resul ts show that 

the reaetivity of explosive gases is one of 'the, important factors involved 

in the shock lVavc amplifieat ion, which has already bccn pointcd out by 
1 

Meyer and Oppenheim (21). As mentioned in the introduction of the present 

thc;sis, the trans1tion process induced by obstacles Dccurs in the non-

uniformly reacting turbulent field which· is similar to the preheated field 

considercd in the prosent theoretical model. Thus, the present results 

suggest that the above-mentioned parameters are alsQ signifieant in the 1 

transition phenomena. 

.. 
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CIlAPTéR 5 

---CONCLUDING REMARKS AND RECOMMENDATIONS FOR FUTURE WORK 

The basic a"spects of the rapid shock wave amplification, which 

occurs in non-uni fonn Iy reacting gases", have been the main thcme of the 

present thesis. The important concept of the SWACER mechanism has cmerged 

through the numerical analysis of the flow-field of photochemically igni ted 

gas mixtures. The research has been extcndcd to the thcoretical analysis t 

wh kh has aimed to elucidate the basic aspects of the SWACER methanism 

and to show the importance of the amplification mechanism in sorne of the 

deton'ation initiat ion proccsses. 

in tlte fol1owing, the important results of the present research 

are summarized (as numbered 1 to 5) and sorne recommendations for future work 

are also providecl. 

Chapter 2 

In the preliminary investigations. the basic aspects of the 

photochC'IUical constant volume combustion and the photochemical detonation 

initiation, have been studied (Appendices 1 and II). The schlieren photo-

~~raphs obtained by Professor R. Knystautas have shown that the rapid formation 0 

of the shock waves in the photochemically ignited gas mixture plays Il 

significantrole in the photochemical detonation initiation. 

1. The results of the prese~t numerical analysis have shown that the 

.radiation intensity is one of the important factors which gover~ the shock 

wave amplification. If the radïation intcnsity is not strong enough to-

induce sufficiently fast chemical reactions, the pressure wave can not be 

:-tlllplified strongly, and the decoupling of the wave from the reaction zone 

rpsults in a doflagration. The results have also suggested that very 
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high intcnsi ty of radiation docs not ncèl's.sarily result in -rapid 

formation of shock wave .. It is shawn that the explosion rather approaches 

lIniform constant volume combustion. 

2. The cxamination of the rcsults has suggested an important aspect'of 

the shock wave amplification. It is shown that the coherence between the 

pressure wave and the energy releasc from the combustion is one of'"the 

1ll0::;t effective means of shock wave amplification. It is found that the. 

coherent .shock wave amplification can be established either by the induction 

time gradient field, or by the compression effects of the amplified wave 

i t self. The Cl;lnCept of "SWACER" mechani sm ha s been propos ed. 

Chaptet 3 

3. A theoretical study on the coherence phenorncnon between energy. release 

• and pressure wave has been carried out.' Such a study has stemmed from a 

consideration that the real gasdynamic-chcmical coupled shock wave amplifi-

cation is, in essence, the phenomenon of the interaction petween the pressure 

\'iHve and the temporal-spatial sequence of energy release. The flow-fields 

g~ncrated by moving energy sources, which are governed by the induction 

t ime gradient field, are nurncrically analyzed. Within the framework of 

th~ thE'oretical model, the optimum Mach numbcr of the moving source has 

heen searchl'd sa as to assess the strongcst shock wave amplification. It 

j s clearly shown that effect ive shock WilV(' amplification rcqui res 

th:1t the cnergy source and the pressure wave travel in close proximity of 

. t'nch other. The optimum source Mach number A* is in thé range 1 < A* < M
CJ 

and depends on the total energy deposited by the source. Wi th increasing / 

thE' total cnergy. A* approaches M
CJ 

and the corresponding shod~ over-

,pressure increases. 
\ 

'. 

. 
If the source Mach number A is in the range A > MCJ ' 

1 
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110 shock WUYC is formcd and a compression wavc results. Thereforc, at 

the steady propag,ation rcgirne, the energy source travelling at the Chapman-
/ 

.Jouguet dctonation velocity corresponds to the optimal condition for the 

pressure ri se among a11 the possible encrgy sources. 

<]wpter 4 

1. The shock wave :lmplification in non-uniformly preheated guses hus 

t.,.·en numerically analyzed in connection with the detonation transition. 

The results of the present numerical ana ly~is emphasize the important raIes 

of the characteristic gasclynamic time Tg' the reaction time 't R, and the :.~ 

i nùuc t ion t ime T. l . 
1n( • w 

fd . T h
R

) or 13 (= T /T. cl ) enhances the shock ampli fi cation proces s. g g 10 .w. 

lly certain combinat ions of these parametcrs allow the coherent shock 

Increase in ei ther of the non-dimensional parameters 

l'lave amplification to be sustained. It is found that sufficient sU5tenance 

of the SWACER mcchan'ism requires that the lcngth of the prel\eated gas L 1 ~ 

mllst, roughly spcaldng, satisfy the condition L ~ 20 co'R' 

5. When the SWACI:R mechani sm is mainta i ncd in the prehea ted region 0 f gas 

mixture, the wave amplification process can be divided into three stages. 

ln the first stage, the waYC is amplificd due to the cnergy release frgm 

thE' prescribed initial induction tirne gradient field. In the second stage, 

thE> wave deviates from the induction time curve and starts to trigger the 

hpa t release of ncighbouring hot gas mixture. Fina Il Y , a strong, ~hock 

waye is established in the third stage, and, the shack wav9 is capable 
1 / 

of providing the self-coher~nt amplification process, in which the shock 

w()ve and the reaction front traYels in the perfect coherence by the strong 

~hock-heating. The establishment of the seLf -coheretlt stage depends on "" 

----whQther or not a certaijl strength of 'the wave is ensured ,through the energy 
Il, 

release in the first two amplification stages. " , 

" 

~ 

" 
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Recommendations for Future Wdrk 

,1. In the numBriea! analysis of Chapter 2! the influence of the temporal 
. 

variation of radiation intensity has not ,been considered. This should be 

~cstigatcd systcrnatically. In the present s,tudy, hydrogen-chlorine 
Q 

mi xturcs arc analyzcd. Perhaps, more quantitative and rcfincd invc'st igation 

, ' 

1 

l':lIlo he carricd out by analyzing 03-02 mixtures. The chernieal kinct ics .of 

03-ü2 system is wcll-cstablishcd, and the cheinical spc~ies invotved arc 

oniy 0, O2 , and 03 , Thus. we 1can expeet ta carry out the numerical analysis 

'-r • .: ' \ 
works should also be performed. 

more easily. - In addition to thesè theoretical works. sorne .experimcntal 
l 

Detailecl spectroscopie measurcment of 

the flash radiation should be carried out as w'el! as the sc'hlieren photographie 

ohscrvations. 

2. The thcoreticai stu4y in ~apter 3 has becn Iirnitecl ta the planar 

symmctric gcom~tri~s. Studies shouid also be earried out for cy~indrical 

allt! sphericai symmctric geometries. Through such studies, we can obtain 

the importan~ information conccrning the cffeet of area div~rgencc pH the 

\I/<Jvo amplification process. 

3. The analysi's of the shock wavc amplification in the temperature gradient 
1 

fipicl should be mor~ systematieally carried out. Studies for cylindrical , 
, / 

ami sp~crical symmctric gcometries should yield some interesting results. 

Al~o. ~me improvemcnt may be made con~efning the modeHing of the cheÎnical 
,/ 

\ 

rt»3cÙons of gas mixture. Â ïoor~ realistic heat release function may be 

exprcssed ,~.~erms_ of an empiri~al formula whieh includes the thermodynamic 

parametels .and the concentration of fuel, oxidizer, and radicals. S'uch' 
'/ -
an empïrical formula may he obtained through a systematic study' of the ' 

",,\ ,- / 

.chemical ~inetics of the real reactiol) systems such as 03L02' H2-Cl2 or 
/ 

. , 
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Il. In addition to the above..mcntioncd theo,retienl, works, Sorne expè1'i~ 

lilental works should !llso be earried out. Wc can gc!"cratC' a tcmpcr~ture 
, ~ 

gradient field, ùsing an imploding cylindrical shock wave and a'circular 
. 

cylinder whose axis is at the implosion center. The implodfng shock 

reflects at the surface. of the cylinder, and the reflected shock wave 

s'tarts to deeay by t~e area divergence effect. Thus the temperatu:f~ of 

th9 shocked gas deereases in the_radial direction. The observation of 
\ 
" 

the shock amplifieat ion phenotllena in sueh a gradient fiëld should yield 

sorne intercsting results. 
" 

,., 
. , 
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CHAPTER 6 

, STATEMENT OP ORIGINALITY AND CONTRIBUTION TO KNOWLEDGE 
, , 0 

Prior to the présent rescarch J the basic featur~ and mechanisms 

of the 5hock wave,amplification in explosive gases have not been clearly 

e luddated. In fact .• the rapid shock wave formation phcnomena have been 

50metimes regardcd as the phcnomena governed solely by the expansion of 

the localizcd explosion center, and the process of the shock wave ampli-

/ '" ficntion has not becn precisely analyzed. 

The author believes that the concQpt of the SWACER mechanism 

in-troduced in the preserit research i5 quitc' important for a better unde~-
o " 

standing of the shock wave amplification phenomerra~ ,It is shown for the 

first time that the coherent energy release generated by the,induction time 
/ 

grndient field plays a significant role in the shock wavc ,amplification 

phenomena. The author expects that the results presented in this\ thesis 

ar~ a distinct contr~hu~ion to the knowledge in the field of gasdynamics 

of explos ions. 

," 
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PRELIMINARY EXPERIMENT AND DETAILS OF EXPERIMENT OF SCHLIEREN 
- , 

OBSERVATION OF PIIOTOC~ŒMICAL DETONATION INITIATION 

A. Preliminary Expcrime~t 

"-
'The main a im of the preliminary experiment was ta confirm the 

fea5ibili ty of photochemical dctonation initiation. Gas mixtures of 

C
2

1\2-02' C2I1
2

-02 -N02 and 112 -CI 2 were mainir tested. Th~ relative 

f~asibility of pKotochemical initiation for these mixtures wâs investigated 

hy mea5uring the induction timcs for detonation initiation. 
"', ~ . 
The photon-absorption and photo-dissociation of molecular oxygen 

and ni trogen dioxidc are bricfly dcscribcd in the following, white those of 

molecular chlorine are given in Chapter 2. 

/\-1 Photon-Absorption and Photo-Dissociation of O2 and N0i 

The absorption spectrum of ~xygen mole cule in the range of 1200-

2(l(lO A. i5 given in F~"g. 35.' A salient photon-ab50rptioh start5 a~ 2000 Jl. " 

and below this wavclcngth the absorption coefficient noticeably increases. 

Th" absorption bands ,from 1759 to 1950 A. 15 called Schumann-Runge band!?, 

wllC'rc the dissociation of one oxygen molccule gcneratcs two normal oxygen 

utoms: 

\ 
(1-1)-

The photo-dissociation p:çocess changes below the Schumann-Runge bands. In"" 

the continuum absorption range of 1290-l7~0 Â. one photo-dissociating oxygen 

1 3 
molecule generates one excited O( D) and normal OC P) atoms. 

3 - < 1 3 
,Q2( Eg) + hv' ~ OC D) + OC P) (1-2) 

* The détails of the molecular physics of the photo-dissociation processes 
arc provided in _the book br Ca1vert and Pitts (35). ' 

" " 

" 
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Although mblecular oxygen nas strong photon-absorption below 
, 

1800 It, it can not be easily achieved to generate a sufficient amount of 
1 

; -
oxygcn atoms, due to the ùifficulty in producing intense far ultra-violet 

radiation. In fact,' the maximum radiation strength of most light sources 

1 j e~ in the range above 2000 IL The available far ultra-violet radiation 

je; quite weak. Thus, sorne photo-sensitizers are sometimes added to the fuel-

oxygen mixJ:ures in the flash photolysis experiments. In particular, ~02 

- j:5 one of the strongcst photo-sensi ti z.ers. 

The absorption c~efficient of N0
2 

1s shown in Fig. 36. The bond 

en~rgy of Nà
2 

is about 71.8 Kcal/mole corresponding t.o 3945 It. Below this 

wavelength, the photo-dissociation becomes possible. Between 2537 and 

39~5 ~, the dissociation of one N0
2 

moleculc gcnctates one oxygen atom in 
• 

ground state and one nitric oxide in ground state: 

(1-3) 

Bplow 2537 1\ the dissociation process changes, and one excited oxygen atom 

is gm~erated i{lstead of normal one: 

l N02 + hv ;.- NO eX
21T) + ~(lD) (1-4 ) 

A-2 Details of Experimentation 

A-2-l Flash Cavity 
1 

The essential part of the experimental apparatus is il1u~trated 

in Fig. 37. An existing solfd state laser cavity was easily convcrted i~to 

the flash cavity for the cxperiment. The upper photograph in the figure, 
/" 

i 

displays' the inside of the double elliptical silvcr-coated flash cavity 

(16.5 cm long and 11 cm wide) wherein a qua!tz explosion tube (14 mm ID. 

l mm wall thickness and 42.5 c~ long) was inserted along the central axis. 

Tho tube was irradiated by two xenon flash tubes (EG & C FX47C). The lower 

schematic ,diagram illustrates the cross-section of the flash cavity. A 

, ' 
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large portion of the energy discharged in the flash t\lbes is convcrted 

into the~mal energy. A water-co'oling system was used to proteet the 

exp'los ion tube, the flash tubes, and the silver eoated st:trfaèe of the 

flash cavity,from the heat. The flow of nitrogen gas was used to avoid 

lo~s of far ultra-violet radiation of the flash tube, otherwise Oxygcn 

jn air woold have completcly absorbed the far ultra-violet. The photon 

transmission ?f the quartz explosion tube used in the experiment cuts off 

shnrply at about 1650 Â. Thus. due to the nltrogen flow, the far ultra-
, ' - , 

vioret down to 16SÔ ft was avaUable 'to dissoeiate oxygen moleeules. In 

fact, although the available far ultra-vio~et radiation intensity was 
Cl \ 

supposed to be rc~atively small',it was found that C2H2-OZ mixtures detonate 
-- , 

without any addition of NO
Z

' 

A-2 -2 Flash Tube 

The. flash tubes were eonneeted to an encrgy suppfy system (Maser 

Opties Ine.) which eonsisted of a 2250 !-IF capaeitor bank, a DC power supply. 

and a trigger unit. The capacitot bank could be charged to about 4 KV, and 

th<' ~orrcspondi-n~ maxinrum energy was about 18 KJ. Fig. 38 shows the 

radiation output of the flash tubes for different r1ash energies (energy 

stored in the eapacitor bank). This was monitored by ~ photo-tube (RCA 929). 

Th(" tube was eharged with n-!J.50 V DC supp1y. The outputs were measured 
-~----./ 

aeross a 2 Mn resistor., It was found that the irradiation duration is 

about 2 msec irrespcctively of the flash energy.' The trace of the flash 

irradiation was somctimes smeared with the noise caused by the strong 

electron discharge in the flash tubes. Sïnce the experiment aimed only to 

investigate the r~lative feasibility of photochemical detonation initiation 

for sorne diffcrent gas mixtur~s, the actual radiation inténsity of the Iflash .. 

r' 

, 1 

\ 
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jrradiati'on wns not mcasured. The relative radiation intensit'y W3!'> 

exprcs:cd in terms of the flash cnergy. 

1\-2 -3 Diagnostic Techniques 

A detailcd schcmatic diagram of the "entire cxpcrimenta1 ~ystem 

Îs illustratcd in Fig. J9. A pressure transducer was p1aced at one end 

of" the quartz explosion tube 50 as te dctect the abrupt pressure jump by 

a detonation wavc. The ahove·mentioncd photo-tube moni tored the flash • 
irradiation. A sodj1unl-chloride plate was p1aced in front of the photo-

tubc to reduce the radiation intensity' JO the tube. The outputs from the 

rr~ssure transducèr and the photo-tube were p1ugged in one channel of an 

oscilloscope (Tektronix Type 555). In the resulting superimposed trace, 

the induction time for detonation initiation is defined as the time 1ag 
~ t 

hetween the start of the flash irradiation and the abrupt jump of the 

pressttre OlltpUt. 
• 

The pressure tr:msducer used was designed by Knystautas (S'l) and 
" 

is shown in Fig. 40. It consistcd of a barium titanate-7.Ïnc rod combination 

and a prass housing case. The positive face of the barium titanat~ e1ement 

(6 mm long and 6 mm diameter) was jointcd to the zinc rod (4 cm long and 

6 mm diametcr) with silvcr epoxy glue, while the negative face was grou~ded 

by soldering a copper wire between the clement and the ~rass housing case. 

The output from the pressure transducer was directly connected ta the 

osci lloscopc wi thout any cmi tter follower drcui t. ' 

Th~ quartz explosion t~be was 'connected with a pyrex glass tube 

(14 nun ,ID, l mllJI wall thickness and 120 cm long) J and a streak camera was 

employed to ohs~erve the propaga"tion of detonation wave for C
2

H
2

-0
2 
o~ ~ 

C2112-,02-N02 mixtures. The luminosity from these gases was strong ,'nough / 
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to be recàrded on a film. Streak records wcrc obtaincd on Kodak Tri-X 

type 475 70 mm film. Tho writing specd of the camera was kcpt about 

6cm/msec., The contact switch of the c,amera could provide a signal to 

the trigger unit for the flash tûbes, 50 that' the flash tubes were fil"ed 

~imultaneously with the shutter opelling of the camera. The duration of the 
1 • 

shutter opcning was set'at 2 msec or 5 mscc. 

A-2-4 Preparation of Test Gas Mixtures 

• 
Gases of commercial purity wero ùsed without any additional 

purification. The gas mixtures were prcpared in two 5 liter capacity 

stainless steel tanks by' the i'lIethod of partial pressuris. The tanks were 

,fi Bed, to 300-500 tau? Qf the mixture. Adequate mi,}Cing was obtained by 

allowing the gases to diffuse for 12--24 hours prior to the experiments. 

Oxy-acctylcne mixtures were som~times sensitized with nitrogen dioxidî 

(N02) which was made by mixing 

1 ral1id reactiort NO + '- 0 -+ NO 
2 2 2 

nitric oxide (NO) and oxygen. Due to the 

at room tcmperaturcs, N02 could be obtained 

wi th in an hour a fter the mixing of the gases. 

A-2-5 Test Procedure • 

To prepare for an experiment. the explosion tube and the lines 

connt"cting -ihe tube wi th the storage tanks of the test mixtures were firs't 

evacuated to a pressure Iowar than about 0.02 torr. The explosion tube was 

then filled with, the gas mixture at a higher pressure than the desired 
'. 

initial pressure. The tube was then slowly evacuated until ,the required 
• 

prpssure was obtaincd. Thereafter, aIl the valves were closed.' The lines 
, , 

-netween the valves of the explosion tube and the storage tanks were evacuated 

aga in to provent aoy possible danger of detonatiQn feedback. 
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The range of initial pressures of the gas mixtures was bctwecn 

20 to 100 torr. The upper limit was determincd by safety con~idera tions 

fran detonaiion overpressures in the explosion tube. Since the wall 

thickness of the tul?e wns only 1 mm, a higher initial pressure woti1d have 

causcd damage to .the experimental system. 
• 

The osci lloscope and the photo-tube circuit were swi tched on a t loast 

20 minutes before the experiment, so that the measuremcnt systems were 

~llfficiently warmed up. The streal<:: camera was kept running ~bout 1 minute 

bcfore the experiment 50 as to ·ansure a steady rotation of the drum. 

A-3 Experirnen ta1 Results 

Rapi,cl ,jJetonation initiation wus observed for the mixtures of 

(;2112-°2' C
2

1I
2
-0

2
-N0

2 
and 11

2
-C1

2 
in the initia,l press~re range 20 - 100 torr. 

The top photograph in Fig. 41 i5 a typical pressure trace superimposed on 

the ph'oto-tube output recording the radiation of the flash tubes. The 

!>lIùùen pressure jump indicatcs that a detonation wave is formed with an 

i Ilduction time of about ~OO p5ec (as indicated by t. in the figure). The 
1. ' 

hottom_photograph is the stre~eéord for the same experimental condition. 

The record shows that a fully developcd dctonation wave emerges directly 

from the flash cavity after the'delay time of, about the same as thnt from 

the pressure record. This result indicates that the direct initiation is 

<1chieved ïnside the flash cavity. Fig. 42 shows the pressure record for 

,lJl 11
2

-C1
2 

mixture. It is also shown that a fuUy developed detonation wave 

is a1ready established at 10 cm from the flash cavïty~ 

The induction timc was found to depend on the particula~ mixture 

used, its initial pressure and composition, as well as the flash energy.and 

NÙ
2 

concentration. The induction.times measured by the combinat ion of the 

• 
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pressure transJuccr and the photo-tube are plotted in Fig. 43. ~c 

, reslll ts show that the induction time decreases with (1) increasing 

init ial pressure, (2) increasing flash cnergy and (3) increasing N0
2 

cOllc~ntration. Thesc bchaviours are to he expcctcd. In addition, in 

comparing the induction times for the test gas mixtures at the flash --('\-

cnergy of 6 KJ, wù may notice that, as the mixture becomes less feasible 

to detonate, the dcpendcnce of induction tilJ1e on the initial pressure 

as well as, the fluctuation of induction tiqle incrcase. 

o 

p. Details of Expertmcnt of Schlieren Observation of Photochemical 
1 

Detonation Initiation 

8-1 Flash Tube 

Fig. 44 shows the schematic diagram of the radiàtion source 

system. Powerful xenon flash tubes (Xenon Corp. FPA-a-IOOC) were employed. 
__ 1 

The flash energy was supplicd from an 8 \.IF capacitor I(Tobe Oeutschmann Lab. 

Mode l ESC-~8 B, 5 nana Henry inductance, maximum allowablc encrgy 2.SKJ), 

wh ich was charged with a high voltage DC power supply (0-60 KV OC, IUpo

tran ix). The flash tubes were fired by a "home-made" swi tch and a trigger 

m~tlu-re (ElG & G 1Mll-A). The electrodcs of the switch were of poli shed 

stainlcss steel 2.5 cm in diameter with a fiat face. One of the electrodes 

had a central hale to açcomodate the trigger pin through which a j30 KY 

pulsE' from the trigger module fa the electrode induces the main discharge 

bctwcen the electrodes. Q The distance between the electrodes waS adjustable. 

and ,the inside of the swi tch was pres~ized with dry nitrogen 'gas. 50 that 

the discharge was controlled ta provide a reliable switching function. The 

electron discharge inside the switch could be detected 'by a current transformer 

, 1 

'. 

,; 
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. (Pt'arson Electronics, Model 1025, 0.025 v/amp). The signal from the 

transformer was uscd to trigger an oscilloscope (Tektronix 556) which 
, 

rccorded the pressure inside the explosion chamber: The spark light unit 

for the schlicren photography was also triggered by the signal. 

Fig. 45 shows a typical oscilloscope record of" the radiation 

from the flash tube. This was moni tored by an RCA 929 photo-tube wh i~h 

W,lS C hargcd wi th a + 150 V OC, and the output was moasured across a 2 Mn 

\ 

resi stor. It was found that the flash. duration- is ab,out 250 lJsec irrcspectively 

of the flash energy. 

B-2 Pressure Transduccr 

In the experiments' using the rectangular box "chamber. twp calibrated 

pit'zoelectric pressure transducers (PCB 113A24. 1 V output/200 psi) were 

mountcd on the stainless steel plates which were about 12 mm apart from 

bath _the end sides of the chamber. Bach pressure transducer had a built-in 

amplifier and was powered by a battery unit (PCB Model 480A). The output 

from the uni t was plugged into the / oscilloscope and recorded on POlaroid 

typE:' 47 film. 

8-3 Spark Schliercn System 

The spark schlieren system consisted of a spark light ~nit. two 

sch 1 ieren mirrors, and a camera. -Fig. 46 shows the schematic di~gram of 

the spark lightfJç!~ThC signal ~rom the current transformer in the 

radiation source system was sent ta a delay pulse generator (Rutherford 

Electronic~ Co., Model A2). Two capacitors (Condenser Produc~s Corp., 
-".., 

EB 502-50 MP, 0.005 )JF) in parallel connection were charg~d to 20-25 KV , 

wi th a DC power supply (Hipotronix). The main disc,harge was triggercd 

<' 

1 
1 

.... - '\ 

" ,f. 
,[ 
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inside a switch (EG & G Model GP 12-8) by a +30 KY pulse from the 

trigger module with a desircd delay time, and the spark light was gcncrated 

i n' a S mm gap bctwccn two e lcctrodcs. The spark light was focused at a 

pi n. hole on a metnl plate by a 75 mm focal lcngth lens, and a point 

\ L ight source was obtaincd for the schlicren photography. 

The schlieren mirrors were parabolic mirrors of 1.5 m focal 

h'ngth and prov idcd a undistortcd field of view of lS cm diameter. In 

front of the camera, a razor-knife edge was placed. The camera itscJl 

consisted of an integral iris diaphragm and shutter, a 180 mm focal lcngth 

Iens, an éxtcnsihle bellows (up to 1.S m), and a Polaroid film holder. 

Thl> al ignmt'nt of the schlieren system was obtained using a steady light 

source (Tungsten arc lamp) placed ncar the schlieren light source. 

B-~ Preparation of Test Gas 

, lIydrogen and chlorine gases of conunercial purity were uscd to 

l1lak~ equimolar hydrogen-chlorine mixtures. The mixture was prepared 10 

a 2V -stainI€'ss steel tank by the method of partial pressures. The mixture 

dt 1-2 atm filleù the storage tank, and the mixture was stored at lcast 

2.rt hours prior ta the experiment 50 as to obtain a sufficicnt mixing by 

tht' diffusion. 

\ 
'\ 

B-S Test Procedure 

Prior ta the loading of the mixture into the explosiQn chamber. 

first the 5witching functions in t~e~adiation so~rce and spark light 
.' 

sy:;tcms WE're checked. After a sufficient evacuation of the explosion 
J' , 

chmnber and the Hnes connecting the chamber with the storage tank, the 

gas mixture at a higher pressure than the desired initiàl pressure was 
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introduced to the chamher. The chamber was then slowly tlvacuated 'till 

tlie requircd pressure was obtained. ~er the ;"ixture bet~een the 

valve of the chambçr and that of the storage ~ was evacuated to avoid 
1 

/ 

any possible danger of detonation feedback. The explosion chambers were 

round to be sufficiently strong' to endure the detonation pressures of 

,Qqu imolar H
2

-C1 2 mixture initially at 100 torr. 
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APPENDIX II 

NLMERICAL ANALYSI,S OF H
2

-C1
2 

EXPLOSION 
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A. Constant Volume Combustion 

f\-l. Govern ing Equations and Computation Techniques 
, 

The govl'rn ing cqua tiods for H
2 

-C1 2 constant voIwne explos ion 

are cxpress~d as follows: 

~ 

whprc [il 

w. 
l 

C pi 

Ro 

T 

h. 
l 

-E I[CI 2] 

Chomicai Kinetic Equations: 

~il- W 
,dt - i (II -1) 

Energy Conservation Equation: 

dT . 
Uni] (Cpi - Ro))} dt = - L Wi (hi - RoT) + El [C1

21 
i 

(11-2) 
;, 

Conqervation of Atoms: 

: 

} [II] + } [IICIJ + [112] = 1112]0 

\} [Cl] + } VI,~lJ + [CI 2] = [CIzlo 

concentration of chemical species i 

Î,roduction rate of species i 
r 

(II -3) 

(II -4) 

constant pressure specifie heat of spccies i (encrgY/mole/deg) 

Imiversal gas constant 

temperature! 

specifie e~thalpy of species i (energY/mole) 
-, 

r'adiation energy absorbed by C1 2 per unit 

volume (see Eq. (2-3) in Chapter 2) q 

i ' 
time ,Per\ unit 

\1 

'--1 

[i]O :" initial concentration of spccies i e 

( 
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In ,the above,governing equations, WH and wCI ' in Bq. (II-2) 
2 2 

can he expresscd'by the foI!owing equa.tions using Eqs. (II-3) and (11-4): 

WCI ,-= 
2 

1 l' 
- 2" ~C 1 - 2" WHcl 

(11-5) 

(11-6) 

"Il(' conccntrnt ion [11
2

] and [CI
2

] can be obtaincd tfsing Eq. (11-3) and 
, , 

( J 1 -1\ J • 'Thus. by the eliminat ion, we have now four.non~linear 
\, 

tI i ffcrcntial cquations, C which are threc chemical kinctic cquations for 

Il. CI, ando lIC1. and the cnergy conservation equation. 
o 

ln thc present study. the chemical reactibn rates were mainly 
, 0 , 

tak"l1 fran thu paper by Cohen et nI. (36) J and the data are summarized -- , 

in 'l'lIblc 3. ln Eq. (II-21, C . and h. are the functions of tempe rature .. 
pl l 

yjl,rt~xpressei' in tems of the poIynomiaB of temperature. 

of 'th~' polynomials 'w~re taken "from the rc~ort by Gord~n and 

and thase ~rc listed in Table 4. 
, . 

The coefficients 

McBride (53),' 

The fourth-order Runge-Kutta mcthod~has been us~d to integrate 
o ' 1 

-
t,h:(' di fferenti al equations. [n each iteration procedure between t and 

"1 t+i\t. tl}e time step t.t is repcatedly adjusted' to satisfy thè' following 

,-
~ 

cond1 t ion imposcd on the incrèase.of tempera turc: 
~ 

1 
T(t+t.t) - T(t) 1 ~ 5 x 10-4 

, T(t) ,;s 
(11-7) 

If tlHl above èondition is not satisfied, the computation is redone by 

.., rcdul:Ï ng .the t ime step size to 75% of the previou5 one. 

The aboove critcrio~ was set basad on the fol1~wing resul ~s: 
1 

.when the time stcp is about 10 times largcr than that obtained b)r the above 
c 

cTitc~lon, somc nwncrical instabilities are observed. On the other hand, 

when the time stcp !s fUlI-ther red~ced hy a factor of 2 - 5, from tnat -
, . • 

o..htnined ,by !hc -above critcrfon, little 
" change in yery the results is 

\ 
\ . .- , , 

~ . , 
./ . 
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founù. (For oxamplo; the relati vo error of ~he tcmperature is Ipss 

tnan ,about 0.1%). Thus. the above' criterion for the time step is sufficienL 

for obtaining rcasq,nably accuratc rcsui ts. 

. /' 

fI.-2 [)istinctions Betwccn Photochemical and 1henna1 E;Xplosions 

/J The main purpose of th6 m.unçrical analysiS in Chaptel' 2 has 

---""/ bCCll to elucidatc the- basic features of the shock wave-l ampli~ication in 

photochcmically rcacting gas mixtures. In this soctj.on_ the basic ajspccts 

of the phot:'ochcmical explosion mode are diseussed in, comparison with the 

thf:'l;mnl explosion mode. 

Riec' (55) has calculat('d the induction timcs of photochemieally 
~ " 

. ign i ted H
2

-02-CI
Z 

rhactions. CCl'kanowicz and Stevens (38) have also 
-" ~, 

theorgtically studied the reactions of photochemically igni ted H2 -02 
, \ 

mixtures. Howcver, the ,distinctions between the photochemical and therma.l 

cxplo'iions have not becn studied in thcir ·works. In the pre~ent research. 

th<' di c;tinctions between the two explosjon modes in F1
2

-C1
2 

reaction system 

hav(' becn studied through a. -numcri~al analys:i.s. 

Equi-nrolar HZ-CI
Z 

mixtures initially at 29SoK have been considered 

t.hrnughout the numerical computation~. The basic premise of the thcoretical , 

t~("rmal explosion' model is that the mixture is instàntaneously heated up 

to n higher tcmperature. and the subsequent chemical reactions are calculated. 
/ 

For photochemical explosipn. twç theoretical madeis have been considered. 
\ . 

ln t~~ first model, the photo-dissociation proces~ of Cl 2 has not been 

con~,idered. and it i5 Q,ssuncd that a certain amount of éhl?-rine atoms is .. 
instnntaneously produced. In the second !Bodel, a 3300 .ft. monochromatic light 

,. •• '" j 1 

bchm has been as sumed, and the pnoto~dissociation process has bean taken, 

into account., One tyPical Tesul t obtained for this model- has alreadY4 been , . , 
pr(';-;~ntcd ih Section 2 Cff Chapter" 2. 

" 



r\ 
'LI 

, , 

.-, 

'{;f 

-73 

Fig. 47 shows one of the resul ts for the firs·t model of 
/ 

photochemica.! explosion. It is assumed that about 9% of C1 2 is 

in5tantaneously dissociated into chlol'ine atoms. The figure shows the 
, 

changes of chcmical species concentration and tempcrature. The chlorine 

atom concl!ntration decreases during the initial 12 Ilsec, diJe to its 

rnpid consumption in the chain-carrying stops (Le. HZ + Cl + HCI + H -
, 

amI Il + Cl
Z 

+ IICI + Cl), .and at the same time temperature is increasing 

duc to the exothermicity of the chain-carrying' stcps. After passing the 
,/ 

min imum point in 'the carly stage of the roaction, the chlorine atom 

/. -
concentration increases due to the therma1}y enhanced chain-carrying 

, -

rcactidns. In, the presê~t stûdy, th~ 'induction time is' determincd by taking 

the i'ntercept of the tangent to the maximum slope of Jhe temperature-time 
1 

curve with th~ i'nitial temperature line. The induction times so calculated 

for different! degree of ci
2 

d'issociation in equi-molar B2-C1
2 

intially 

at InO'torr are summarized in Tahle 5-1\. 
r 

Fig. 48 ~hoWS one of the results ~or the thermal explosion. It 

is nssumed that an Gqui-molar Hz -CI
2 

mixture ,ini tially at 100 tOrr and v 

29~oK is instantaneously: heatcd up to 18GOoK. In contrast with the previous 

case, the concentration of l~iS ,alway s m~ch greater than those of H and 

Cl a toms in the ent ire prOCeS!; 0 f the rcaction. Right after the very early 

stage of the reaction, where a very sma'l1 ,amount of H and Cl atoms is 

:~ produced via, the the~aI dissociation of H2 and C1
2

, the chain-carrying 

st~P$ are cxtremely accclerated ùue to the higher temperature. and they 

arf' dominant in the cn'tire cornbu<;tion proccss. The induction time is 

determined as "before •. and the rcsuÜs obtained for diffe.rent initial 

conditions are summarizëd in Table 5-8. 

. .. 

.. 

'.\ ' 
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I.h order to further elucidatc the basic distinctions betwccn 

tlll> thermal and photochemical explosions, the rcsults of numeri'cal analysis 

(computer ,runs A-2 through A-7, and B-l through 8-3 in Tahle 5) are 

plottcd in th~ T-Iog[Cl] plane of Fig. 49. Such a phase plane analysis 

wus introduce~~ for the first time by Yang and Gray (56, 57) in their 

stllll i~s on the' oxidation of hydrocarbons. Berlad (58) discussed the 

di stinc'tions between the thermal and photochemical explosions on a quaI i-

ultive,basis, using this phase plane. In the figure, the curves show how 

the r~bction proceed_s in the phase plane for different initial ·conditions. 

'Ont> \.';1'. sec that the phase plane is sharply divided into the domains of 

the th~rmal and the-pnofochemical explosions by the separation curvc S. 

, 
j 

1 

The affects of initial pressure on the induction time f.or both 

the thl>rJt\al arfd photochemical ignition modes arc also studied. 
i 

For the 

2 1 

photochemical intiation, radi~tion intensity of 1.5 KW/cm at 3300 A is 

cons idered; and the induction times detcrmined as before are sUII1Il18;l'ized 

in Table,J'-C. The rcsults of the thcmal explosions have already becn 

givell in Table 5-B for the comparison (computer runs B-2 and B-4 through 

B~7). Fig. SO displays the calculated illdu~ion times as a function of 

initial pressure. The"figure shows that the 'induction time inc eases with 

decreasing initial pressure for both thc ignition modes, and that the 
, . 

indul't ion time sharply increases for initial pressures 1es5 than 100 torr • 
, ., ., 1 \ 

1 

The induction times have bcen normalized with respect to the i~duc ion time 
r ~ , 

at 1 atm in order to make both the modes compatible for compar1ison. The 
" 

"'result is shown in Fig. 51. ·The normalized induction Ume for 

ch~ i l'a 1 explosion bec~JUes much lels' than that. for the thermal explo ion 

with decreasing initial pressures. This indicates that the photochcmical 

ign"i ti on i5 capable of providing more stable ignition than the themal one. 
\' 

ln fact. CerkanQwicz et al. (59 -61) have demonstrated experimentally tha t· , . 

,,,ïj 
,) 
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tht:' rela.tive minimum ignit~on cnNgy ih sUb-a.fmosph~ric fuel-air mixtures 
./ 

i!-i much less with the photo~hemical ignition than with the spark (thénnal) 

igni tion.· Moreovcr, the cxperimcnts of detonation induction time mcasure-

OIGnts for 1I
2

-C1 2 mixtures in the present research (Appendix I-A) have 
/ 

shown that the dcilCndence of the induction tim~ on the initial pressure 

is relativcly small in the photochcmica(initiation" mode. Thus, from the 

r~<;ult-s of the present study and the above-mentioned Cerkanowicz' s work, 
\ -

w!': can conclude that the ,photochcmical ignition technique is more efficient 

~l11d stable than the thermal igni tian technique. 

B. A Modifi,cd Version ;Jf Le p-Frog Fin i te Di Hercnce Method 

"'-The govcrn~ng equa ions of one-dimensional flow-field of the 

r(,/lcting H2~C~2 mixture are expressed a.s follows:* 
Of 

Mass Conservation: !e..+ a (pu) = 0 (II -8) 
at 3x 

MC' au dU l ~ (11-9) omen-tulI~ onservatlon: at + u-= ax p dX 

élU dU au 
Energy Conservation: p- + pu-= - p - + d [CI

2
] (II-IO) 

at ;)x ax 

\~ ay. aY. 
Chemical Kinetic Equations: l r = M.W. (II-11) p-+ pu at x 1 l 

(i = H
2

, Il, Cl
2

, Cl, and HCl) 
Y. 

Equation of State: p = pRoT r--.!:. 
. M. 

- (1I-12) 
1 1 

Boundary Condition: u(o, t) = 0 (II-l3) 
, 

where U is the specifie ihternal cnerg)' of the mixture (~ner8y/mass); 

--- .---------
* For mathematicnl simpliqity pf the bO\.lndary conditions, the symmetric 

.flow-ffeld is asslJlled. 0 • , 

/ 
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e Tl C1
2
] is the radiation energy absorbed by chlorine mol.ecules (see Eq . 

(2-2)J; Y. is the wcignt or mass 'fraction of the species i; M. i~ the 
1 1 

mo leculat weight of the species i; W. is the molar production rate of the 
~ ~ 

!psdcs i (mole per unit volumu per unit time); ,and Ro iS the universal' 

gas constant, 

The leap-frog scheme has becn applied to the above mass, momentum, / ' , 
and onorgy conservation equations. The scheme has second-order accuracy. 

In this finite differcnce method, both the ~imç and spatial' differentials ' 

are approximated by the centered differcnces, and the unknown values at 

tilllB t :! to + t arc obtaincd from the values at t = to and t = to 

a~ shawn below: 

Mass Conservation: 

n+1 n-1 lit ' n 
Pm = Pm - ~ [(Pu)m+1 

n 
(PU)m_l] 

Momcnlum 'Conservation: 

n+1 
(lm = 

Energy Con~ervation: 

un ) (.E.)n lit ( n 
m-l - p m ri um+1 

d YC1 
+ 211t ç_."..,.--..... , _2 )n 

M
CI 

m 
2 

(II-14 ), 

t~ 

whcre the subscript m denotes th~mth spatial mesh point; whi1e the super. 
. th H .; " ;.» , /. ' 

ser j pt n denotes the n time me'$J1 point; and. /lx and ~t denote the spatial 

mesh size and the time step sizc, respectively. The ,radiation intensity 

1 a t a given mosh point x :;:0. m h.x can be obtained by m.uneritally integrating 

• the following 'equation: 

, , .. 

\ , 

, 
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(II-11) 

w!lEilre 1 i5 tho radiation intens i ty at x=O, and the above intcgration has 
o 

hpE'n app:t;oximatcd by the trapezo idal rule. 

follows: 

Th(' chemical kinetlc ('quations (II-11) ar~ rearranged as 
1 

ay i l 
---a-t = - M.W. 
• plI 

av. 
l uax (II-Il') 

Sine" it was found that the time integra tion by the leap-frog method is 

inappropriate to integrat,e the rapid chcmical reactions. it ~as ne~ssary 

to use a scheme that can evaluato the timc change of the chemic~l species 

more accurately. Th,;e following scheme has bccn employed to integrate 

the ab.ove cquation. 

First, only the urider-lined part oLthe equation is considered, 

ilnd the third~order Runge-Kutta scheme is applied to the part. With the 

assumption that t~e temperature and the densit.y..-are unchanged during the 

. . t l ' b t' 1 Ah' t th . 1 t 1 mE' ln ervu ctwcen lme t anl t +!Jt, t C Increment a m, 5pat,la 
o 0 

lllQSh point JjY. i5 obtained. The ,spatial 
L,m. \ 

then approximated by the centercd'\i'ifference. 

(II-lI') i5 

solution y~+l 
l,m 

j:; ohtaincd as follows: 

y~ 
l,m 

(i =H
2
,H, C1 2 , Cl, (II -18) 

The va lue s p, u, U, and Y. a t the boundary x= 0 were computed 
1 

hl' the follow ing cquations, basad on the synunctric conditions of the 

'. ' 

flow-field: ,.' 

p(t.x,t) = p(-ruc,~). p(t.x,t) .. p(-~,t) 

U(flx,t) • U(-ÂX,t), Y. (t.x,t.) = Y. (-6X,t) 
.11 

u(6x,t) = -u(-6x,t) (II-19) 

, \,:1"" 
':; ,~: 
y,,; 
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In each,iteration of the ,comp~tation, the tcmpcrp.ture ~nd tqe . 

pre.s.sure at each mesh point are l'V'aluated from p , Yi' and U. First, the 

temperature is obtained usi~g th(' following relations: 

Y. 
l U = r (h.· y . lM,) - RoT E . M-. 

,i l 1. 1 i l 
(11-20) 

wherc hi i5 the enthalp\Of .the spccies i, and whbse polynomial fitting 

coei;fi<jent5 are listed in Ta~le 4. Equation (II':20) is rearranged into 

the following form 

(II-20' ) 

, 
The temperature was evaluated by an iteration method, in which the tempera-

ture calC\Ulated on the right hand side of the above equation is b-eing 

re-substituted until the following convergence condition i5 sati5ficd: 

rHl TQ. 
1 - 1 < 0.1% 

Tt 
(II .. 21) 

" wherc Q. denotcs the number of the' 'i tera:J:ion. The pressure is then obtained 

~ 

using thé equatio~ of 5tate (Il-12):, 

p = pRoT 
y~ 

r2. 
. M. 
l l 

(II -12) 

In the presentresearch, about 70· spatial me,~h points were used .-/ 

to cover the' length of '3.5 cm. Through n" preliminat-y ekt~tion on the . 

t ill1~ st~P-J i t was found that the minimwn Ume step ~eqUi;~d for ~hé '.' 

intcgration of the chcmical kinetiC equations 15 mùch slllaller than -the time ... 
, 

./ 

st~r detennincd by the standard Courant-Fr1èdrich-Lewy criterion for the . 
/ 

nOIl-rcacting flow-fields. T ... Qus, the timc step ~5 determined br ,the chemical 
, ' 

kjnetic equations, and the step .size has been 0.01 '" O.OS }.Isec in mos,t 
1 

eqmputer runs. 

, ' 
1 ) • ...-
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The finitc dif{erenee method presente'd here has worked 

79 

rcasonably well for analyzing the reac,ting non-~teady flow-fields. 
1 

Perhnps, onc of the defc~ts invol vcd in the compptation. method is that . 
the method is unstable ~o the discontinuity waves such as detonation 

" 1 waves or shock wavcs. However ~ since the research has aimed only ta 

an:llyze tpe ,carly stage of the shock wavc amplification phenomcna, the 

nUlllE:'rical instabilitics have not saliently appcalicd in the results of 
1 ~ 

the computati6n. 
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APPENDIX III 

REFLECTED PRESSURE BEIIIND SYMMETRlCALLY COLLIDING CHAPMAN-JOUGUET 

DETONATION WAVES 

In Chapter 2, the reflccted p.ressurc beh ind the photochcmicallY 

j Il i tiated ,detonation waves has been mea~ured. l'n order to check the 

pxp~rimcntal results, the reflected pressure is theoretically calculated. 

The basic assumptions of the theoretical model are as follows: 
• J 

Two symmctrically colliding Chapman-Jouguet detonntion wave sare considered; 

tht> waves are assumed to be simple discontinuity waves (Le. the structure '. 

dE'to~ion waves is equivalent to that for the reflection of ,one dctonation 

w:lve at the wall. Sketch 1 below illustrates the condition: 

" Reflccted Octona-
t i on wave 

(Velocity D;) 

[ne ident 
\'lave 

(Vcloci ty D ) 

a) x-t Oiagram 

t 

Pz 

Sketch 1 

uC•J 

b) 
) 

( -

D' 
r 

, P
CJ P2 

1 

P CJ, P2 

t ~ >- u
2 

(=0) u' u CJ 2 
TCJ Tr2 

hCJ hZ 

Condition across the reflected wave 

(in wave co-ordinate) 

'1 
1 
J 

'. 
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wherc' the suhscripts "0", "CJ", and "2" denote the ini tial conditions j 

the conditions for the Chapman-Jouguet. detonation ,wave. and the conditions , 

for the refl'ected wave, respect1vcly; DCJ is the velocity of the 

illl: iùent detonation wave in the laboratory co-ordinates. while Dr is 

the vclocity of the reflcctcd wavc in the sume co-ordinates; u
CJ 

and u2 

reprpsent the' particle velocitie~ in the 1aboratory co-ordinates. while 

Ut:.] and ~2 arc the ,vClocitics in the wave co-ordinates; \and h' is the 
u 

sppcific enthalpy (cnergy/mass). 

Th9 relations bctween the velocities in the laboratory 

co-ord inntes and those in the wave co-ordinatcs arc given by the following 

cquat ions: 

whQre the 

u' = D 2 r 

boundary condition at the wall provides u
2
=0. 

Th" conservation equations acrass the reflected 

g i Ve?ll OS follows: 

Mass Conservati.on.: PcJub = P2uZ 
Momentum Conservation: PCJ + 

,2 _ t 2 
f1CJuCJ -, P2+ P2u2 

Enprgy Conservation: h
CJ 

1 2 1 2 
+ - u 1 - h~ + - u' 2 CJ - 2 2 

(III-l) 

(IH-2) 

wave are 
1 

(Ill -3) 

(III -4) 

(III -5l. 

Assuming an ideal gas wlth the constant specifie heat ratio y, 

wc 'can express the specifie enthalpy h ~y the following equation 

h=-Y- p.. 
y-l p 

(III-6) 

Tht' ~energy conservation e,quation (IIl-S) is now given by the following 

cquat ion f 

" 
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P2 1 2 
-- + - u' 
P2 2 2 

Eljminating~uCJ and u2 in Eqs. (III-3), (III-4), and (111-5), 
1 

wc obtain'thc relation betwcen P2/PCJ and P2/PCJ' a~ shown be1ow: 

y+l P2 1 y-1 + 
P2 PCJ 

'" 
~CJ y+l P2 --+---

y-1 PCJ 

(IIl-7) 

On th~ other hand, by substituting Eqs. (III-l) and (II,I-2) into ~q. (III-3), 

f'2!!PCJ is al$o cxpresscd as follows 
r . 

, (III -8) 

Thu~, from Eqs. (IH-7) and (III-8), the fôllowing eq!lation for p/P
CJ 

is 

ohtained 
P 2 

PC'] 
= (III-9) 

Using Eqs. (III-8) and (III-9), we can eliminate P
2 

an~ P2 in 
, ' 

th<' momentum conservation equation (III-4). The rearranged Eq. (III-4) 

'Înc111ùcs udJ anù ll~. Uslng E\ls. (III-l) and (III-2), we finally obtain 

the- equa tion for D . 
r 

.2._ D 2 + u 'h D _ (U
C
2
J 

+ Zy :CJ) -= 0 
y-l r CJ y-1 'r y-l ,PCJ 

(III -10) 

Solving the above equation, we can express Dr in terms of y, uCJ " PCJ' 

nml PCJ: 

D 
r 

, 
y-3 
y-l uCJ + + y~l (UC

Z
J + ...L. PCJ

) 
y-l P

CJ 

(III-11) 

wlH're the oth"T solution provides a negative valué. Thus, once Dr i5 

obtained, the' reflected pressure 'Pz can be ~b,taincd using Eq. (III-9). 
" ,'. 

" 

[' 'l' 1 :': 

1 \ ,~ , 
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The propcrties of the Chapman-Jouguct detonat'ion wave have , ' , 

bcen obtaiJled using the computer program wri ttcn by Gordon and McBride 

(53). For an equi-molar HZ-CI 2 mixture initially. at 100 tors" and 298.15-K 

(1. c. the gas mixture tested in the expcriments), the rcsults arc 

summH ri zcd below. 

= 2152 atm, 

-4 = 3.5653 x 10 g/cc, 
1 

DCJ ' (dctonation velocity) ::: 1656.1 rn/sec, 
" . 

UCJ ,= DCJ - CCJ ,cCCJ: sound veloc'i ty; CCJ = 910. 9 rn/sec) 

::: 7t15.2 rn/sec· 

Mole Fraction 
~ 

Il : 0.01746, H
2 

HCI: 0.77228, Cl 

C12 : 0.00086. 

0.06455, 

0.14485, 

Si nee the" computer program has not prov ided the speci fic hcn t --
ra tio y', the polynomial fittings for C . shown in Table 4 are used to pl 

obtain the value of y. Since the mole fr~cti~ns of the chernical species 

a5c;.wcll as the tcmperature havealready bcen provided, we can calculate 

the value of y. The result obtained by the calculation has shown that 

y = 1.36. Substlituting the values' of y, uCJ ' PCJ ' and PCJ into Eq. 

'" ' (Ill-Il), wc obtain D. Thus .we can'get the reflected pressure by r 

sub5tituting the value of 0 into Eq. (II 1-9'(. , 
r 1 

( 
/ 

_ The' results have shown that Or • 774.1 rn/sec, P2/PCJ = ~S7, -
, ' 

and P2 :: 6.46 atm (94.9 psi). 

, 
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In addition to the above theorctical çalculation, a detailcd 

calculati'on, in which' the chcmica1 equilibrium 1s taken into account, 

/ 

has becn made in the present rcs('arch. The results are summarized bclow. * 

P2 = 6.213 atm 

Pz = 7.5711 x 

T 
2 = 3199°K, 

Mole Fraction 

Il, 0.03244, 

IIp 0 . 70119, 

Cl 0.00117 2 

(P2/PCJ = 2.47) 

-4 10 g/cc 

D r = 6~3. 3 rn/sec 

11
2 

; '0.08377 

Cl :' 0.18143, 

Th~ rcHectcd pressure calculatecJ shows a goôd agr~ement with the value 

' ... ohtaincd by the siJDple theoretical mode} mention;~d previously •. 

The reflectcd pressures calculate.d by both the theoretical 

moùc 1s arc lower than the pressurc recorded in the experiments. This mar 

h(' a ttri bu tcd to the following effects:' the cffee t of" the, von -NelDllann 

spi tc of thc detonation wavc; thÇl tnree-ùim~ns~onal structure of the~" 

detonation front;' asymmetrie coHision of the deontation wav~s; and the 

effect of the' intense radiation. 
. , 

'. " 
c' 

.) 

e. 

-. , 

Ir The deta ils of the canputation tcc.,hnique are not shown here. 
,0 

/ . ~ 1 • 
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ÀPPENDIX IV 

A, HYBRID 'V6~SION OF VAN LEER 1 S FINITE DIFFE~ENC~ SCHEME AND. BORIS .. BOOK' s 
"' . ~ ~ .. 

ANTIDIFFUSION METIJOD· .. 
", 

.. 
1 • The fini tb diffcrcrîce ,nicthod cmp{oycd for the analys~is in 

Charter 3 is a hybrid ve~sion of Vàn L-eor' s scheme (42) and Boris-:Book 1 s 

ant idiffusion method _ (44,46): The' Van Lcer ',s scheme- i5 a simple onc-step" 

e'xplicit m<lthod witl1 first-order accuracy: TlIk,i and Fujiwara (43) have 

,alllllyzed two-dlmensional.ndnsteady detonàtipns using this finite diffetence 
l ' 

.: 'scheme,' and their rcsults show that the scheme works quitè weIl .for the 

,.j slJrersoni~ prolliem,s in~~lVing sho~k wavelL 'T.he Boris-BQok 1 s antidiffusion 

m<;>thod can provoide accurate res$)lution of steep pressure gradient fields 

j , 

\ 
'-

surh as shock waves. 

The normali:ed'mass J mo'menttun .• and energy conservation equations 

(3 -1')- (3-3') are rearranged in the following flux :toms for the numerical 

fIlOl!1puta tions: 

_\. 

p'" 

wh('re f = p*' u* 

~ '+ 

'f. 

, ,;. 

.~ 

J - ' 

~f 

I~" s 
at'" 

.( 
g ;:: 

!. (y-l')p 1< 
2 , 

u*2 

, 0 

S = 0, 

p*(y-l) q* 

p* u* 

~ft u*2 + E.: 
y 

\ 

(IV-l) 

U*(P~,.+ ~ (y-l)p* u*2) 

o . 
(IV-;-2) . 

l' . 2" 
and where ft'" ;:: Q*(t*-x*/A) exp(- ï (t*-x*/A) .)' H (t*-x.*/A) 

2 
Q* ::t Qico 

A ;:: Vo/Co, ".; (3-14) .. 
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The abovc diffeIlential equaÎions arc fi~st approximated by 
• ~' 1 

the Van Lerrls scheme as fo11ows: 

~n+l • fn 1 6t* ( n n) + ! 
m = m - '2 6x* &m+1 -.gm-1 2 

n 1 l '1 n 2 \n~:}/2 = "2 If (c* +. u* )m+1} + {(c* + 

c* =' c/c o 

(IV -3) 

" 
(IV-4). 

(IV-5) 

' .... ' 

<Jo ~ 

whcre l'lx'!' and' l'lt* are the spati~l mesh size aFid ~~è time step size, . 

rcspcctively; m denotes 'the distance mL\x*j and n ldenotes the nth iteration. 
1 

.. 'The Boris-B"ok" s ~ntidiffusion meihod .. ~s then applhd to r'+1 
, ' ln 

as shawn below: 

rn+'~ 
m 

'\. 
= fn+ 1 { (fn fn) (fn 1 f'n ) } 

m + "m+1/2 m+1 -, m - flm-l/2 m,- m-1 

~+L 
m 

• - n' 6 m+l/2 - m+1/2 m+1/2 

K ::; 
n1+"1/2 sgn "m+ 1/'2 max {O, min 

"--
~m+3/2 sgn l'lm+1/2]} 

f n+ 1 ::; -::d1.f +1_ 
m ' m Km+1/2 + Km-I/2 

1 .. , 

(IV-6) 

(IV-7) , 

(IV-8) 

(IV-9) 

(IV-lO) 

, . 1 1 
where '\n±1/2 is the diffusion-antidiffusion coeffiê'ient, 1 and f~+ _ \~s 

th~ solution,' 
(, 

ln aU the computer runs, Jx* and nm,:1/2 have been ~~pt 0.2 

f ' 

and 1/8 respectiv<'1y J while l'lt* has been ~etermined by the Courant-Friedrich-

Le~y criterion: 

, ~ .... -

" 

", , 
.:.' 
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\ 
lit *. = Il 6x* 

(c* + )u*l)max 
\ OV-ll) 

... , 

whC're ,.. is the Courant bumber" which has been set àt O. g'S in the present' 

çomputation. 

. In order to' check the accutacy of t'h,e computation, the normalized 
f . 

total cncrgy dcpositcd by 'the energy. source U* in llqs. (3-15à) and (3-15b) 
;;.--- , 

waC; c:llculatcd by the integration of both toc equation$- The relatiyc 

crror, as defined by Eq. (IV-12), was fouJ}9 to be less than 0.2% in a11 

the comp~tcr runs. 
It* 

I{ 
00 error = 

(~ + L
2 

p*u*2)dx* -
y-l 

1 

j /" yp*q* dx* dt*! 
o 0'" . 

t* 00 

! ! 
o 0 

yp* it~ dx* dt*· 

T~i5 indicatcs that the time ~tep lIt* is sufficiently smal1 to a6curately 

intC'grate the heat release function q* nt cach mesh point. . , 
The actual compu~ation procedures in each iteration between t* 

and t * + t.t* are as follows: 

i) The mass conservation equatl'ion i5 first 50lved by'the 

Van Leer's scheme and the Boris-Book's antidiifu~ion methodj 
./ 

J, 

Simi larly, the momcntum ..and energy conservation equations 

are solved; 

Hi) From the solution, g and S in Eq. (1\'-2) are~computed for 
" 

'the next i teration step; " 

, 
iv) The time step M* i5 determined by Eq. (IV-11), and the 

total energy E* is also calculated. 

The canp~tational method has worked quite weIl. In particular; 

th(' Bor~s-Book's antidiffusion meth<?d has providcd excel1~nt resolution of 

shoc:k wave profiles. Thé shock ~ i:;continuity ha's béon successfully resolved 
, . ' 

i'" ' ., 

\ 

-. 

" , . 
~~4:,~_ 
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into two or,three'rnesh poi~ts without Rny numerical i~stabilities, aqd 

it was found that the Rankine-Hugoniot shock relatibns are satisfïcd .-
Rcross the few rnesh points.' Since no cornplicated chernical rea~tions are 

,involv-cd in the theorctical model, the Van, Lcerts first-ordcr schema has 

aiso aècurately i!1tcgrated the gasdynamiç equations with the heat 
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APPENDIX Y 
,-
f 

/ 

./\ IIYBRID VERSION OF MACCORMACK'S FINITE DIFFERENCE SCHEME AND BORIS-

BOOK' S ANTIDIFUSSION METHOD 

f 

1; The MacCormack' s second-ordèr explicit finite differencc method , 
(Jo ,50) has been used with 'the Boris-Book' s antidiffusion method for the 

nnalysis in Chapter 4. The MacCormack's schc~e is a predic,tor-corrcetor" 

type two-stcp scheIDé' with non..-ecntercd spatial differenccs. 

* The normalized governing equations are cxpressed in the fOll~ing 

f lu,X: for11l. 

af ~ -= 
~. 

at* + S (V-l ) ar;* 

e 

v* u* 0 

u* p*/y, ,0 

f = e* g = p*u*/y S = q* 
r* 

0 
k* ' (let 

À v* exp(- .--r;r) 

\V-2) 

I~ th~ predictive step of the MacCormack' s scheme, the forward 

spatial difference is ealculated, as shown in th-c fol1owi~g: 
~ 'V , 

fn+l = 
rn,1 

whf"re m denotcs mM;*, and n denotes 
~ 

'V 

va lue' of fn+i is then eorreeted in 
m, 

t'hl" baekward spatial d!ff~rence: 

(\, 'ù 'V 

fn+l ~! {fn +'fn+l t,t* ( n+l 
m,2 2 m m,l - t:.~* &m,l 

gn) + sn At* 
rn m (V -3) 

the 
th . . n lterat1on. The predicted 

the second step of the seneme with 

'V 'V 
n+l + j)n+ 1 

/ 

----gm-l,l) m ,1 
M*} (V-4 ) 

'V ' 'V 

where ~:~ a~d s~:! have already been obtained from the predicted value 

\ 

\ 

'.' 
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The Boris-Book' s aritidiffusion mctÎlOJ i ~ thon applied to tht 

111;15'5, mometrtum, and encrgy conservation cguationsso us to obtain éll'curate 
.... ~ - . ".' " 

, , 

. 
l)rc.<;<,lIre profi 1'0 of shock wave. The method' docs not aprl}' ta th(' 

di ffNcntial equa t ion for the induction parametcr. 

f"+l 
ru 

'" 
fn+l 

+ nm+l/2 
(fn fn) - n m-l/2 

(fn 
m m,2 m+l m m 

t'+l -:;11 + l . 
i\m+ 1/2 = f ' 

m+1 m 

4>m+l/2 
= . 

'" 
,. 

nm+1/ 2 m+ 1/02 

." 
t\m~3/2 Sg\}~~tl/21} 

f n+ l = ;;(lf + 1 
- K 1/2 + Km_l/f2 m m m+ 

fn ) (V-51 
m-1 

(V-6 ) 

(V-7 ) 

(V-8 ) 

(V -9) 

/ 
wherc fn+l is the solution, and thcldiffusi\m-nnthliffusion coefficient m '1 

rtm~1/2 is gi'ven by the, fo llowing equa t ion: 
*0 ",n u . 

1 
u

mH 1 r )n.:':1/2 = 12 ( 1 1 + l_m_l) 
(if nm.:}/2 < - ) 

*n c",n -6 
c'm±l 

1 
= 6" 

m 

wh~'re c* is the normalized local sound 'velocity Cc* = c/e ). o 

(V-IO) 

In the present analysis, the mesh size M,'" has been chosen 

sma Il enough to coYer the reaction zone with at least l fh,20 mesh po ints. 

'TIH' number of mcsh points inside the region 'of preheatcd gas has becn 

from 200 to/soo. 
f 

The"criterion for the time step Llt* lS given as f()llo~s: 

~t* :: A min v* ~,,* 'R 
(V-Il ) ( c* , 0.05 - ) 

Tg 

wlH'rc the first value in the bracket of the. equation provides the Courant-

Frf'drich-Lewy stability criterion, while the second value corresponys to 
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, 
• 59.: of the characteristic reaction ti.riie~' which ('nsurcs sufficient time 

, 
rp'i01ution of the hoat' rclcasc funetion. The Courant number A has been 

kGpt 0.75 th roughoût the computat ion. 

The computation procedures in cach j tetatlon between t* and 
, 

t k + 6t* have been carried.out in the followii'lg manner: 
\ 

i) The predictive step t)f the l'1acConnack IS scheme is appl icd 

ii) 

Hi) 

'iv) 

to the mass. rnomentum, and energy conservation equations 

as well as the cquation for the indu<ition parameter À (Eq. 
,\, 

(V 1)) d f n + 1 . b' d' 
- J an 1 1S 0 ta1ne ; 

'ù '" ID, ' 
n+l n+1 

gm.l and Sm,>l are calculatcd from 
. ""n+1 

the pr-cdictcd value fI; m, 

The diffusion-antidiffusion coefficient nm.!.1/2 is caleulated 

1 l, . n 
from {!II; 
'\i 

fn+ 1 i s obtained by the corrective step of the MacCormack's 
rn,2 

schemc; 

-v) The Boris-Book's antidiffusion 5J;:heme i5 applied to the mass, 

mornentum, and energy conservation equations 1 and the 50 lut ion . , 

vi) 

'1, 

f n+1 . b . d (fn+î fn+l f }' d . ) 15 0 ta 1.110 = or t le 1n uchon parame ter À ; 
m,' m m,2 

\..r J 
The position of eaeh gas part\le is optai~ed by the 

integration of the specifie volume v * using the trapezoidal 
). 

rule (Eq. (4 -,20)); 

vii) For the next iteration t n+1 d Sn+1 are~calculated 5 ep, Sm an m 
n+1 

frorn f ,and the tiroe stcp f.t* is cletermiricd by the rn 

criterion equation (V-11). 

Th" Boris-Book's antidiffusion method has worked weIl for the 

n'sLJltion of ~hoek ~ave discontinuity. ~rhe raason for using the socond

order MacCormaçk 1 s scheme is that 'the induction and haat release proeesses 

or-the reaction must be aecurately integratéd. In faet, in a prelirninary 

\, 
1 

L 
1 

ç 
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tl?st. '0 few numerical schemc§' were testcd. 'and it was found othat the .. 
\ ~ . 

first-onlcr schemc': prescntcd 1n AppcndiJE IV fails in 'solving the- thcoretical 
, \1' 

mode!. This is not only bcculisc of its accura'cy, but because the first-

-
order m('thod is n6t ap.plicable to the initial tcmperature gradient field 

i 11- the thcoret ical \~Od~l. Through the prel.im i n"ary te1;t. thee sE'cond -ord:r 

MacCormack' s sChemC~\Was found ta be the most rel iable one among the 
, . 

complIt;.ational method,s tested. The -accurocy of th(' computation has been 
't 

cV~~lIatcd b~ calcijla1=ing the energy Jntcgral'. whi'ch is similar to the 

cva llla t ion mel\tioncd in Appendix IV {sec Eq. (fV-2).,). The results have 

shown that the eFrOT is less than _1!~ indicating that the compu~ationa.l 
0' 

mcthod is sufficicntly accurate. .. 
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TABLE 1 
. , 

VARIATION OF INDUCTION TIME WITH RESPEC~ TO THE RADIATION INTENSITY 
o 

(3300A) 'IN EQUI-MOLAR 112 ' - CR.
2 

at 100 TORR (CONSTANT VOLUMS EXPLOSION) 

t . , . " 

" 
~RADIÂTION2INTENSITY 

~ 

INeUCTION TIME 
(w/cm ) (llsec) . . 

" , 

l x 102 
, - 168.0 

1 

2'x 102 
, ",,- 117.5 / 

, 

" 
,) J 

3 x la" ~ 9~2 

4 x 102 
80.9' 

2 
72.7 5 x ·10 . . 

i02 " 

7.5 x 
, 

57.8 . 
\ 

'" ;~ 
.~ 

;",._1 X 103 
49.4 l 

1 "-

1.2~x 10
3 . 43.2 . 

\ 
. 

.1.5 x l..O3 38.8 . 
3 . 1 

2 x io 32.9 ~ 

" 3 .... ' 
2.5 x 10 ~8.9 

3 x' 103 . 
26.1 , 

4 x' 10 
3 

21. 8 , . -

5 x 103 . . 
19.0 . 

6 X 10
3 

16.9 . 
, . 7 x 1~3 ,/ 15.2 

, 

~., " " , 

• ", 

, \ 

.' jl .! 
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6 
P 
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11 

12 

13 
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. 17 
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19 

20 
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TABLE 2 

~NFLUENCE 'OF a ~D a ON SHOCK WAVE' AMPLIFICATION 

a a (P IP , x IL, ic IL' th ) 
rS 0 s r ' g . 

~ 

Il.36 6.90 2.70 1.006 0.675 0.730 

11.36 27.58 5.89 1.004 ~37 0.519 

11.36 137.9 . 5.87 1.009 0.929 0.4~2 

Il.36 2. 758x.1012 
3.56 1.018 0.955 0.313 

18.1a" 55.16 7.03 1.009 0.972 'O.SD2, 

18~ 18 137.9 10.2 1.025 0.99~ 0.357 
, \. 
22.73 6.90 5.99 1.003 0.852 0.585 

22.73 " 13.79 9.46 1. '004 0.954 0 •. 453 
-

22.73 . 27.58 10.8 1.013) 0.984 0.394 . 
22.73 137'.9 12.7. 1.011 1. 001 0.327 

30.30 4.1S7 6.23 1.011 0.843 0.680 -
~ 

'30.30 6.895 12.7 1.-016 0.985 0.512 

30.30 27.58 15.0 1.011 1. 003 0.358 
-

36.36 6.895 15.6 1.008 
. 

0.995 0.479 

45.45 , 1.379 '1.88. 1.001 0.389. 1.320 . 
45.45 '2.207 4.24 1.006 0.656 ' 0.925 . 

' 45.45 2.758 18.3 1.004 0.994" .0.733 

45.45' . 27.58 20.0 1.008 1.008 0.319, 

2.758"XI012 " 45.45 18.2 , 1. 002 0.993' 0.732 

90.91 1.379 1.65 0.494 0:305 0.974 . 
../ '" 

l' .. 

'\ 

.'" 

Shock & Reaction 
Front 

, 

Deco,,!pled 
. 

' '1 

" 
.-/ . 
" 
u 

Il 
0-

"t, 

11 

""' 

" 
Coupled. 

Decoupled. 

" 
.. Coupled 

" 
Decoupled 

" 
Coupled, 

,. ~-" 

" .-
," 

" 
Decoupled 

' . 

,1 



:1 
l 

i, 

:~ 
,:t 
\

JI 
~~ 
~~ 

1 
J 
'1 
1 

1 
1 

t 
1 

J 

/' 

<3 

~ ,J ~ i (~_ 
',._./ 

of' .. 

/ 

TABLE 3_-

REACTIO~ RATE CONSTA~TS OF ~~Cii SYST~ 

REACTION RATE CO~STA~T 
l----;-------- , 

Elementary Stép . i Thîrd Body Efficiencies 
, \ ~,' ~ • k = AT

n 
exPC-Eac/RT)* 1--

A n E _ ' / 
~-------rk+----------~------------------'~18~-------------- a~t 

Hz + M t ~H +\M k+ (4.072xlO) (-1.008~ (104:13) M = ({;,q,. C9.2 , HCi) \ 1 

k- 18 k- 10 -1 0.0 _, M =. (H2 ) 2.5 

'1 

- ,M = (H) 20 1 

. 21 
kt , k+ 6.lSxlO·' -2.087 57.08 M = (HCl, H. HZ'CR.

Z
) 1 

Ct + M + 2Ct + M 
2 k-' k- (4 • 168x10

19
) (-1. 691) (-0.020) . M' = (Ci

2
) 1 

\ k+ , k+ (1.S96x10
21

) (-1.942) ( 1.134) 
-+ Z' M = (H, CR., H2 • CR.Z' HCR.)' 1 .. 

"'---.H + CR. + M k- HCt + l-I k- 6.776xl0 II. -2 102.2 - . ' 

- 13 -
k - k+ 4.8xl0 O.D.· / 5.26 

H + CR. -+ + HCl. 'H ** 13 . 
2 k- r + k- (5.88xlO) (-0.088) (4.528) • 

/ k+ ' 1.6x1012. -0.05' 2 .. 62 
Ct + H kt OCR. + CR. ' 

2 k~ Je- (S.17xl010) ~ ( 0.258) (48.13) . , 

l , 

* k is in cc/m~le/slc or (cc/mole)2jsec • T'in ~K and Eact in Kcal/mole. 

" k+ has been' obtained from the paper br Benson et al. (52). and other reaction rates and the third -body 
efficiencies have been obtaine4 from the pape~ by Cohen et al. (36) ~ 

Number~ in parentheses have been computed using the relation k+jk- = K • where -K Îs equilibrium constant/ c c. _ / 
and bas been calculated from the data of JANAF Thermochemical Tables (54). 
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TABLE 4 

COEFFICI ENTS OF POLYNOMIAL FITTING FOR Cp and h OF H
2 

-C2.Z SYSTEM (from Reference 53) ~ .. ' 

Cp ~'3 4 Ft = al + a2T + a
3

T- + a4T + aST 
o ' 

li ' ~ 3 4 
R~ = al + azlZ T + a3/3 ~ + a4/4 T + as/S T + 

- 0 ' , 
0 

a6/T CR :universal' gas constant) o 

a
3 

a
4

' 
, Species 

, al a 2 aS a6 /' , 

H
2 

H 
1 

Ci
2 

• 

. 
CL 

HC1 

;,~ 

/' , 

.30574 E+Ol .26765 E-02 ' -.58099 E-OS .55210 E-08 -.18123 E-ll -. ~8890 E+03 
\ " 

.31001 E+()l .51119 E-03 .S2644 E-07 -.34910 E-10 .36945 E-14 ! ,,:.87738 E+03 
\ t 

.25000 E+Ol .0 .0 .0 .0 
1 

.25472 E+OS 1 

1 

~ l' .25472 E+05 .25000 E+61 :0 1 .0 • 0 . .0 . 
" 

.31317 E+01 .48998 E-02 -.69411 E-05 .44786 E-08 -.10622 E-ll -.109~0 E+04 . 

.43078 E+01 / .31183 E-03 - .15311 E-06 .44512' E-10 -.43058 E-14 -.13458 E+04 

.20888 E+01 .28676 E-02 -.41906 E-05 .22409 E-08 -.33259 E-12 .13836 E+05 
-

.• 29595 E+Ol -.41900, E-03 , .15981. E-06 -.28103 E-10 .18674 E-14 .13659 E+05 
, 

1 .35248 E+Ol , .29985 E-04 -.86222 E-06 .20980 E-08 -.98658 E-12 -. Ï2151 E+05 
1 

> 

1 .27666 E+01 i \ 14382 E-02 ' -.46993 E-06 .73499 E-IO 1 -.43731 E-14 -.11917 E+05 

* The values in the upper co1umn is for 300<T<1000 OK, whi1e the,lower column represents the values' 

for 1'000<T<5000 I)K. .. 
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TABLE S 
" 

INDUCTION 1'l~1BS or H2-~9'2 CONSTANT VOLUME F.~r,LOSION 

A. Ideal Photo~hcmical ,Ignition 
, _. _._- .... -- -

, - . 
nUlI No. lni tial Cpnditioll C~ Atom .Concentration Induc:Uon -' Timo 

A-l Equi-molar "2-Ç"2 -3 2.Sxl0 mole/liter 0.6 l1.sec" 
. 

(100 'torr, 298 OK) _ (41).S% of initial [C12]) 

-3 3.6 " A-2 0 " 1 xlO mOle/li ter 
1 . 

1 (18.6% of~ initial [C.t2D 
10-4 "'" A-3' " 

~ 

5 x mole/liter ~.7' Il i 

, :- . 

( 9.3% of initial [C12]) . 

10-4 -
1\-4 

. 
" 1 mole/liter 48.6 Il . , X .. -' 

- '. ( 1.9% of initial [C12]) - . 
, . 

10-5 
1\-5 " 6 x mole/liter 75.4 n 

( 1.1% of initial [CR.
2

]) .. -., 

1\-6 Il - 1;5 x -5 /. 10 mole hter 160 " 

( 0.28% of initial [C1 i ]) 
, 

0-5 1 . 1\-7 Il 1 x 1 . mole 11 ter .370 Il 

0 .. ( 0.19% of initial [C"2]) 

------ ~... 1 c -

\' 
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tNI.l,UCTlON Tu.n~S OP· H
2

-Ct
2 

CONSTANT VOI.UME EX\lLOSl()N 

~ 
B. Id~al Thermal Ignition 

t' . \ 

RUI1 No: Initjal Conti i tion Temper~tuTe Induction Timo 
- . . 

EqiIt-molar H
2
-Ci2 

« 1400 OK 78.5 ~soc 
.... 

(100 -- 298 OK) torr, '. 

B-I 

- , , 
.11 1600 ~K 23.8 ft , -
" . 

- 1 

" 1800 OK 0 9.2 III , , ... B-3 , , 
Il. \ 

, ..... 
~ t' ~/-

" 1600 OK 123 " / -
( OK) 

0 

20 torr, 298 ,t 

-. 
" l~OO OK - 46.2 " 8-5 

- -• ( 50 torr, 298 OK) 
---- J , . 

" i . 1600 OK 6.3 ,~ . fi-ô 

(380 torr, 298 OK) , , . - . .. .. 
B-7 Il .. 

1600 OK 3.1. fi 

, (760 torr, 298 -OK) . 
; 

, 
0' 

f 

~ -- ~~--_. -- 1...-.,.... -,... .. -.. ~ ... ---;""'-

' .. \ 

" /. '1 ..f 
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IN/)lJ(;nON TI~mS OF H2 -C2'1 CONSTANT VOLlJf.1U EXPLOSION 

. ' 
C. Ph otoc h ern1ca 1 1 gn1t1on 1 1 

i 
No. Initial Conùi t ion ~diation,Intênsity 

----- , - . _ .... ~ .. _~ 
" 

-

Equi-molar H
2

-CR.2 1.-5 KW/cm2 

° ~, (20 torr, 298 OK) (3300 Af . - 0 

C-l 

C-2 1 " " . (50 torr, 298 OK) 
, , 

" 1 " 
1 , , . C-3 

- 1 . 
(100 torr, 298 OK) \ 

. 
- \ 

" " , C-4 -, 
(380 torr, 298 OK) 

- . 
0 

C-5 " " 
---(760 torr, 298 OK) -

, 

/ . .. 
~ , 

-- - --

\ 

'i 

/1 

. 
- . 

/ 

• 

.. 
Induction Time 

, .\ 

• 83.~ lJsec , 
157.6 ft . 

38.8 - " 
, , 

-
23. r " 

1~.7 " -'Ï' 

-

1 
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