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ABSTRACT 

" 

A phenomenological theory for'blast initiation of gaseous 

detonations is developed by introducing the concept of the detoQation 
\ ~ i) 

kernel in analogy to the concept of the flamel ·kernel used in the flame 

igni tion theoX'Y'. The' critiçal size of the detonation kernel is obtained 
1 

by equating the effects of the source energy and combustion energy on 1 0 

1 

shock motion. It is shown that the detonation kernel theory gives ,) 

good estima tes for the minimum energy n~cessary for direct initiation 
\ 

of gaseous detona tions. The propagation and limit cparacteristics 

~ 
are also shown,to be clo~ely relat7d to th~ initiation behaviour and to 

\ 
be weIl predicted by the detonation kernel theory. 

/ 
reveal 

Experime~ conducted with different explosive gas mixtures 

a profound i 'fluence of the confinement on the initiation proce9S. ... 
The explosion length (~) i9 found to be capable of identifying the 

geometry of initiation in the different experiments, i.e., for Ra > 

the characteristic source dimension L the geometry of 

governed by the confinement whilst for Ra < L the geometry 

is characterized by the geometry of the source. The ~xplosion length 

for a given explosive ~as mixture i9 also found to be 

different geometries of initiation. 

. , 

equivalent i~ the \,), 
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~ ~ 

Le concept de centre (kernel) de d~tonation est utilisé 

en analogie avec le centre d'allumage de la théorie de l'igni~ion de 

flamme pour développer une théorie phénoménologique sur l'initiation de 

détonations "'en- ph~se gazeuse par onde de choc. . \ On obtient la 

àimension critique du centre de déto~ation en égalant l'énergie de 

combustion à l'énergie de la source qui entretiennent effectivement 

le choc. La théorie du centre de détonation permet d'estimer d'une 

manière satisfais~nte l'énergie minimum nécessaire pour l'initiation 
\ 

directe des détonations en phase gazeuse. Cette théorie prédit 

ii 

é 
,ID Q 

ad quatement les parametres charactérisant la propagation et les limites . 
et', démontre que ces derniers sont ét'roitement liés au comportement de 

l'initiation. 

Dels expériences réalisées dans' divers mélanges exp'losifs 

gazeux montrent une influencè marquée du confinement sur le processus 

de l'initiation. On démontre que la longueur charactéristique 

a'explosion Ra permet d'identifier la géométrie d'initiation dans 

différentes expériences, c'est-à-dire, si Ra est plus grandi que la 

dimension L charactéristique de la source, le confinement gouverne la 
", 

géométrie de l'initiation, alors que si Ra < L, la géométrie de la source 
lo-

charactérise la g~ométrie de l'initiation. On trouve que, pour un 

mélange explosif gazeux donné, 'les diff~rentes géométries d'initiation 

ont des longueurs charactéristiques d'explosion équivalentes. 
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INTRODUCTION 

This thesis1reports an investi~ation of toe initiat~on of 

detonations in explosive gas mixtures. The~ain aim of this 

research ls twofold: to develop a simple analytical theory which 

can determine, a priori, the conditions under which a detonation is 

likely-to occur in a given explosivé gas mixture, and to devise 

\ 
\ 

suitable laboratory experiments for generating meaningful quantitative 
! ' 

results on initiation of detonations. The motiva~ion for such an 
\ 

investigation stems primarily from a desire to further our understanqing 

of the basic features of the detonation phenomenon. The recent upsurge 

in the numbe~ of accidental explosions and the need to evolv.e safety 

criterion to minimize their occurrence aiso warrant such an endeavour. 

A detonation is a shock wave sustainéd by exothermlc 

\ -; 
chemicayi reactions. The shock wave in passing through agas, cél-pable !f% 

/O-f reacting, heats it up to a level wh~rein spontaneous chemical r~a~tions \ 

can oceur and the energy Iiberated during the combustion process In turn 

goes te maintain the strength of the shock. Experiments reveal that 

there are two ways by which a detonation can be formed from the energy 

released by the ignition source. 
" / 

One mode involves the instantaneous 
( 

or direct formation of the detonation by the ignition sourc~~ 
/ 

In the 
/ 

other mode of initiation, the i9nition source merely serves to ignite 
1 

\, 
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'the gas mixture. The gas associated with the 

acceleration of the flame with the confinement 

results in the transition to In the literature, the 

former mode of initiation is of as direct or blast / 

initia~ion, whilst the latter i8 known as indirect or transitional . 

mode of initiation. This thesis deals mainly with the blast initiation 

of detonations. 

A study of the blast initiation process should help us resolve 1 

the other characteristic features of a detonation such as the propagation. 

and limit ~ehaviour. By propagation i5 rneant the particular manner 

in which the detonation proceeds or propagates. The limits of deton-

ability, on the other hand, denote the ability of the mixture to support 

a detonation wave. The initiation, propagation and limit characteristics 

of a ... dftonation ar:e" intimately related and accrue out of the sarne basic 
\~I l ' 

mechanism, viz., th~ ~oupling between the transient hydrodynamic flow 

structure behind the shock front with the kinetics of the chemical 

reactions. Detailed experiments (1-4) suggest that the" propagation of 
'l 

) 

a detonation is through a serie~ of local periodic initiations whilst the 

inability to form such localized points of initiation i8 indicative of 

the approach to the limi ts of detonability. The Key to the unders1tanding 
1 

of1the propagation anq limit characteristics therefpre hinges on the 

initiation mechanism itself. fHence a study of the initiation pr~ces8 
1 

should contribute to discern the propagation and limit behaviour as weIl. 
~. ~ 

/' 

In fact, theories developed ta explain these individual features separately 

/ 

" 

. ' 
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, such as the acous tic theory of S treh10w and Barthe l (5-7)"- fol," the 
) 

propagation,pehaviour, and the 1055 theory of Dove et al. (~, Tsuge (9) 

and Williams (10) for limit behaviour, have met with very lt.ite4 
~ 

success. The present work aims at res01ving the basic characteristics 

of a detonation wave by a detailed study of its' initiation behavi6~~. 
, 

The theoretical description of the initfation prob1em consist 
• :'1\' 

of depicting the coupling between, the shock wave and the chemical 

reactions occurring in its wake. Analytical solution of this problem 

presents formidable difficulties because of the nonlinear nature of the 

coupling between the hydrodynamic flow structure generated by th,e shock 

and the chemistry of the combustion process. lt is only under some 

limit!ng assumptions such as heat release at the plane of the shock 

front itself (the Jouguet, Taylor and Zel'dovich model (11,12) and the 
\ 

Reacting Blast Wave model (12,13», or a complete decoup1ing'of shock 
1 

motion and h1eat release (the Finite Kinetic Rate model (14,15»,- t1at 

ana1ytical solutions have been shown to be possible. 
, 1 

The perturbation 

schemes, such as those of Korobeinikov (16,17) which allow for a weak 
f" 

coupling between heat release and shock motion, are also inadequaté to j~ 

describe the strong coupling inv01ved in the initiatipn '~foce~s, . ' 

In view of th'e difficu1ties associa~e~ witH an ana1yti~ 
'. 

description, many ~esearchers have attempted a ~erica1 a~a1ysis of 

the problem. Notable amongs t these are Rajan (18), Kyong\ (19), Feay 

\ and Bowen (20), and Levin and Markov (21), It is important to realize , 

n6nsteady characte~ with that a detonation has a three-dimensional 
e \ 
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1 
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finite amplitude transverse waves moving laterally in the combustion 

zone, whereas it ls only possible to desçribe a one-dimensional non-

steady flow involving 'chemical raactions umerically with àny de9~ee " . ~ 
/l"Of success. c, In addition, the detailed cHemistry' for most explosive 

gases of interest are not known, and even w~\ire 
to the highly non-equilibrium conditions behlnd 

known their application 

the ahock la so~ewhat 

dubious (22). Consequently, it does not appear worthwhile to pursue 

a numerical approach and deve10p sophisticated computer codes which are 

expensive to run and reveal numerical data of questionable validity 

without providing any further insight into the physics of the prob1em. 

Over the last two decades, however, a significant number of 

experiments (15,23-29) have been conducted on the blast initiation of 

detonations using a variety of ignition sources (e.g., electrical and 

laser sparks, exploding wires, solid explosive detonators, linear 

detonation from a tube, etc.) for a numbe7 of fuel oxygen mixt~~es at 
,./ 

dlfferent initial thermodynamic states. Sorne detailed experiments 

(30,31) on the mechanism of coupling betweén the shock front and the 

C~mbU~iOn heat release have also been reported. On the basls of 

the exp~rimentallY observed dependence of the initiation process on the 

various par,meters, it is possible to develop a phenomenological theory. 

Such an approach has been adopted in this thesis. 

The use of phenomenological models i5 not new to the field of 

detonation research. As early as 1956, Zel'dovich (29), on the basis 

of the similarity in the behaviour of the chemical induction zone 
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thickness and the threshold energy required for direct initiation, 

proposed a phenomenological criterion linking the two together. Lee 

et al. (32) showed that this criterion warks when an experimentally 

observed reaction zone thickness, viz., the so-called "hydrod'Ynamic 

thickness" of a detonation is used for the induction zone thickness. 

More recently Edwards (33) propased a criterion very similar to that of 

zel'~ovich for the quantitative determination of the threshold energy 

required for di~ect initiation using the hydrodynamic thickness derived 

on the ba~is of the experiments of Vasiliev, Gavrilenko and Topchian (34). 

Lee and Bach (35) employed a more sophisticated phenomenological 

theory in which the coupling between the hydrodynamic flow structure 
. 

and the chemical heat release was modelled in terms of an effective heat 

release at the shock front. Their model recovered the experimentally 

observed features of' propagation of spherical detonation waves. However, 

as in Zel'dovich's model, the prediction of the correct arder of magnitude 

of the threshold energy was ~een to be possible only by using the experi­

mentaIly observ~d reaction zone thickness or the hydrodynamic thickness 
,'" ., 

of a detonation. 

Though the phenomenological models proposed 50 far have been 

able to predict the correct order of magnitude of the initiation energy, 

they suffer a serious defect in that they make use of the hydrodynamic 

thickness. The concept of the hydrodynamic thickness is undoubtedly 

very uscful since it defines an equivalent onc-dimcnsional reaction 

zone thickness for the three-dimensional nonsteady detonation wave (viz., 
\ 

the distance between the shock front and an equivalent Chapman-Jouquet 

. 

\ 
~ 
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surface). Soloukhin (36) ,gives an order of magnitude estimation of 

the hydrodynamic thicknes9 as being about the characteristic cell size 

of A multiheaded detonation "'Ave. Vasiliev et al. (34) determine 
\ Ù 

experirnentally the upper bound for the hydrodynami~ thi~kness for a 
1 

fe", gas mixtures at certain initial conditions. HOWjver, the estima-'~ 
4 

tian of this length lS extrernely fuzzy in view of the arbitrariness , 

'~ssociated with defining a plane of completed reacti~ns or an equivalent 

Chapman-Jouguet s,urface for a multiheaded detanation wave. 
C • r ,- __ 

... ,'j-

It is,qesirable that a theory shou1d not re1y on a pararneter 
,1 ,-.. { 

# ~ .J---'" 

which has to be qetermined on the basis of experiments and which i9 il1-

defined bath experirnenta1ly and theoretically. Hence an attempt has 
1 

been made in this thesis ta develop a PheïomenolOgica1 theory which 

describes the initiation in terms of the physical and chemical properties 

of the explosive gas mixture alone. A novel concept of a critical 

detonatian kernel is introduced to model the blast initiation of detona-

tians in ana1091 to the wel1-estab1ished concept of the flame kernel 

used in the flame ignition theory. The development of this new concept 

in detonation initiation has primarily been possible by virtue of the 

more recent experimental results on blast' initiations of detonations. 

Concurrent with the development of the detonation kernel 

theory, an experimental investigation of the blast initiation process \ 

has also been carried out. The purpose of these experiments has been 

(i) ta assist in the develop~ent of the phenomenological kernel theory 

" .. 
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;' 

,l 



'~ 
i 

o 

7 

( 

, 
and (ii) to help deduce fundamental results of a generalized nature 

independent of the configurations and geometry of the initiation 

ex.periment. The need for determinihg a set of generalized experi-

mental results is particularly necessary since the results on initiation 

repor~ed 50 far in the literature by different investigators for the 

sarne explosive gas mixture at the sarne initial condition, differ 

considerably. The present experiments are conducted in different 

geometries with acetylene-oxygen and hydrogen-oxygen mixtures. Those 

experiments desiged to help in the formula~ion of the theory are mainly 

done with oxyhydrogen mixtures sinee their dètailed chemieal kinetics 

and autoignition characteristics are somewhat weIl understood. 

The subject ~tte~ of this thesis is divided into six chapters. 

The second chapter is devoted to a critical survey of Sorne recent experi­

'ments with a Jiew to ascertain the role of ignition sources in blast 

initiation. Based on these experimental findings the concept of the 

detonation kernel i~ developed in Chapter 3 and using this concept a 

phenomenological theory of,blast initiation is presented. The chemistry 

of the ~ombustion processès is considered using a simplified chémical 

kinetics model based on shock tube induction time measurements. 

~ The theoretical calculations oof Chapter 3 yield resuits for 

planar, cylindrical and spherical geometries and take no accoùnt of the 

influence of confinement~on the initiation process. In practiee, sinee 

almost aIl laboratory expe~iments are performed on a small scale, the 

effect of confinement on detonation initiation can be profound. The 
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ignitcr sources are al~o of finite size and in no way conform to perfect 
, 
point, line or planar energy sources. 

'l. 

To achieve' any meaningful 

comparison between the initiation experimentB done under different 

conditions and to correlate the results with,the theory, it becomes 
~ 

necessary to independently a9gess the geo~.t, of initiation and the 

confinement ef~ects. Chapter 4 deals with the results of exploratory , 

experiments conducted in this reg~rd. 

In"Chapter 5 the suitability of the initiation theory to model 
, 

the propagation and limit behaviour ~s demonstrated. , 
...... , 

The phenomenon 

of transverse, ~ave spacing and limits of detonability are a1so examined 
~ 

in the 1ight of sorne recent experimebta1 results • 

Chapter 6 discusses 'the limitations and va1idity of the theory 
- . 

and summarizes the main conclusions and opinions. 
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.' CHAPTER 2 

ROLE OF THE I~ITER.IN BLAST INITIATION 

2.1 In~roduction 

In this chapter the results of some experiments on b1ast 

\,- initiation are reviewed in order to dlscern the basic fUnction of the 

ignition source in the initiation process. The majority of the . 
experiments dlscussed herein have already been reported in the literature 

by various inv,e~tigators usi'ng different ignition1l:Js,ources and different 

explosive gas mixtures. The results 'of s~ additional experiments 
1 

performed auring ~his investigation, 50 as to extend the existing results 
\ 

1 1 

over a wider range of conditions, are aiso included. The description 

of these experiménts.~s given in Appendix 1. 

2.2 Minimum Energy and Pbwer Requirement 

• The early experiments of Laffitte (37) in 192~ showed that 

1 

spherical detonations could be initiated in mixtures of CS
2
+302 and' 

2H 2+02,with powe~~ul det?nators containing 1 gm of ~rcury fulmin~te. 

Theoretical considerations, however, led to considerable bickering.on 
. 

thè very existence of spherical detonations and cast doubt on the 

validity of Laffitte's observations. The experiments of Manson and' 

Ferrie (38) in the early fifties with different ignition sources such 
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as hot wire, electrical sparks'and detonators in th\ spherical symmetry, 

followed by the work of Zel'dovich (29) in,planar and spherical geometries, 

conclusively establi~hed that the blast initiation of planar and 
• 

diverging waves is possible by the explosive release of finite quantities 

of energy. A threshold value of source energy was'identifiable above 
, 

which instahtaneous initiation of detohation was invariabl~ obtained, . 
\ whilsc with smaller source energies a deflagrative type of combustion 

" 
resulted. This threshold value of energy, known as the critical enèrgy 

. 
for direct initiation~ was seen to be a function of the explosive gas 

mixture and its initial conditions of tempe rature and pressure. Subsequent 

studies of the blast initiation of detonation~ have mostly been associated 

with determining this ~itical energy requirement for a variety of gas 

~mixtures usihg different ignition sources. 

Bach, :Lee and Knystautps (39) pointed out that the magnitude 
'" 

of the critical energy for the same gas mixture at the same pressure and 

-' initial composi,tion varied by several orders of magnitude when different 

ignition sources were e~ployed. The practice of characteFizing the 

blast initiatlon by a source energy alone was shown to be inaqequate. 
, , ~ 

Experiments conducted with laser and electrical sparks with a detailed 
~ , 

monitori~ of rhe time history of the ~energy deposAion process showèd 

the critical energy-to increase in magnitude as the duration of the 

energy release increased. On the basis of these experiments Bach et al. 

proposed that the average power density of the ignition source, 1.e., , r 
p 

sourc~ energy/(de~sition time x source volume) ,~ould be a more realistic 
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parameter. They demonstrated that for the particular case of, 

" stoichiometric_acetylene-oxygen mixture at an initial pressure of 

JO 'torr, for which the critical energy varied from 0.6 joules for the 

rapid laser spark ta 450 joules for a very slow electrical discharge, 

the power density remained almost constant at 3 x 1017 watts/m3. 

Further experimepts (39) at several pressures with the acetylene-oxygen 

mixtures confirmed that the power density of the ignition source does 
'Ii 

ind\e? uniquely characterize the blast initiation process. 

From a physical point of view, the description of the initiation 

proce5S by the average power density of the source alone does not appear 

to be meaningful since it adroits the possibility of zero critical energy 

in the limit of infinitesimally small energy deposition times or a 

negligibly smalt source volume or bath. A finite amount of energy is 

required even to initiate chemical reactions between two molecutes and 

it i5 therefore impossible to expect a vanishingly small amount of energy 

ta be capable of forming a chemical energy driven d~tonation wave. 

Sorne very recent experiments (40,26) conducted with source 

energy released from electrical sparks in the cylindrical geometry have 

helped to resoive this quandary. Figure l shows the results obtained 

by Knystautas and Lee (26) for the variation of the critical Jnitiation 

energy with the duration of the effective energy release t for a 

t Only a smaii portion of the total energy released by the electrical 
spatJc oont.ributes towards the formation of a detonation. Knyauut .. 
and Lee (26) showed this fraction to correspond to the energy rèleased 
by the spark till the attainment of the peak averaged power. Details 
of evaluating the effective energy of an electrical discharge forminq 
a detonation wave along with a theoretical model thereof are given in 
Appendix II. 
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stoichiometric acetylepe-oxygen mixture at an initial, pressure of 

10.6 torr. It is seen that the critical energy reaches a constant 

mi~imum value for energy release times less than a microseconde 

Experimetts similar to the above were conducted'for stoichia-

metric hydrogen-oxygen mixtures at an 'initial pressure of ha1f 

atmosphere for which the critical energy is more than an order of 

magnitude greater than for the 100 torr oxyacetylene mixture. Th~, 

results, also inc1uded in Figure l, clearly co~firm the observations 

of Knystautas and Lee of'a constant minimum energy requirement for , 

rapid energy release rates and a sharply increasing trend in the energy 

requirement for slower energy release rates. We can surmise on the 

basis of these exper~ments that no matter how rapid the energy deposi~ion 

is, a limiting quantlty of energy is always required for blast initiation. 

Figure 2 shows the critical energy results of Figure l 

replotted as a funetion of the average power of the energy release. 

The dependence of the enetgy on the power and the existence of a limiting 

value of initiatio~ energy is evident. It ia also seen that there is a 

eritical value of power below which initiation is not possible no matter 

how large the initiation energy is. 

The above experime~ts suggest that bath the energy and the 
\ 

power of the ignition source are related in the initiation process and 

that they must each exceed certain threshold values for direct initiation 

ta oceur. The implications of the existence of a minimum limiting 

power and a minimum energy r~quiremejt is examined in the next section. 
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2.3 Implications' of a Minimum Energy and Power Rfquirement 

The strength of the shock wave generated by an ignition 

source depends on the rate at which the ~urce energy ia deposited in 

the gaseous medium, viz., the power of the energy source. The subsequent 

decay of the shock depends On the time rate of change of the tptal 

energy bdunded by the shock front and the origin. 

The existence of a minimum limiting power for the initiation 

of a detonation therefore suggests that a shock wave of a certain minimum 

strength must be generated by the ignition source. A minimum limiting 

energy requirem~nt, on the other hand, implies that t~e strength of the 
\ 

shock wave must be maintained over a certain duration of time. 
,~ 

It is possible to derive an idea of the minimum shock strength 

necessary on the bas'i(.of the results reported for the oxyacetylene and 

oxyhydrogen mixtures.in the previous section. The -energy released 

corresponding ti the minimum power requirement is mode lIed in terms of 

the energy release from a constant velocity cylindrical,pis"ton. For, 

simpliei ty, the approximate analytieal solution of Guirao et al. (41) 

which.assumes a linear velocity profile behind the shock front, is used. 

The details of this method are given in Appendix III. The minimum 

shock Mach number as implied by the minimum power requirement is seen 
. . 

to correspond to about Mach 5 for both the mixtures. This limiting 

Mach number is slightly greater than the conventional autoignition limit 
el! \ • 

for most fuel oxygen mixtures as obtained in the shock tubeexperiments. 
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Since, in practice, the gas dynarnic expansion aS90ciated with the 

transient motiQn of the shock causes the temperature, pressure and 

density of the shocked gases to be less than those correspondinq to al 

steady planar case /_ we can conjecture the minimum power requir~ment to 

~ndicate the necessity for the initiation source to generate a shock, 
1 \ 

wave of a certain minimum strength '0 t'. the arder of the autoignition 

\ 
limit. Physically this makes sense because the spontaneous chemica1 

reactions can accur behind the shock only if the conditions behind it 

exceed the autoignition limit. 

2.4 Mechanism of Shock Reaction Coupling in Blast Initiation 

The coupling of the shock front with the chemical reactions 

occurring in its wake can best be illustrated by subdividing them' 

according to Bach et al. (15) on the basi~ of their experiments on , 
spherical ~etonations. Fol{owing reference (15), reactive shocks are 

classified into three regimes of initiation, viz., supercritical, sub-

critical and critical regimes according to whether the source energy is 

greater than, less than, or equal to a threshold value corresponding tOI 

the critical energy discussed in section 2.2. 

Figure 3, taken directly from the work of Knystautas (30), ls 

a streak schlieren photograph i11ustrating the supercritical, subcritical 
\ . 1 

and critical regimes from left to right respectively. 
1 

'" \ In the super-

critical regime, an overdriven detonation is formed by the energy released 
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from the ignition source. The chemieal reactions are observed to 

oeeur adjacent to the plane of the shock front itself (Fig. Ja). 

This overdxiven detonation ~ave, decays continuously to a .ultihe&ded 

detonation front whi~h p;opagates with a ve~ocity corresponding,to 

about the Chapman-Jouguet value. A typicai sequence of spark , 

-schiieren photographs, shawn in Figure 4, illustrates the strong 

coupling between the shock and the reaction front. 

For the subcritical regime, an overdriven detonation is 

initially formed as in the supereritieal mode. However, as the 

wave mayes away from the source, the zone of chemical reactions 
1 

progressively recedes from the shock front as evideneed in Figure 3b, 

and in the framed spark schlieren pictures of Figure 5. The reaction 

zone and the shock front become decoupled; the combustion zone 

propagates as a deflagration wave whilst the shock front decays as an 

unreactive blast wave. 

Figure 6 illustrates the eritical regime of initiation. The 

reaction front and shock are seen to initially behave in a manner 

si~ilar to the subcritical or decoupled mode in that the shock is 

observed to decouple from the chemical reaction zone. But unlike 

the subcritical case wherein the reaction zone eontinually recedes from 

the shock, the d~e~lihg in this case stops when their separation is 

a few millimeters. 
1 

Thereafter both the shock and the reaction front 

propagate togethcr as a quasi-steady complex for severai microseconds 

at a Mach number corresponding to about the autoignition limit. This 
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ig followed by localized explosions which grow and sweep around the 

shock front leading to the formation of a highly asyrnmetric multi­
b 

headed detonation wa~e. 

The existence of a quasi-steaqy period of propagation 

around the autoignition Mach number, followed by the localized explosions 
1 

which culminate in the formation pf a multiheaded detonation front, 

has a1so been observed in the t~-estab1ishment proce~s when'an over-

driven detonation in a tube is suddenly expanded (detonation diffraction) 
1 

(31,30) • The formatiQn of the localized explosions is also manifested 

in the transitional mode of initiation when the turbulent flame transits 

violently into a detonation. Oppenheim (42) called these localized 

explosions in the transitional mode of initiation 'explosion in an 

explosion '. 

The precise reasons for the occurrence of the 10calized 

explosions following a quasi-steady period of propagation 15 not ~der-
1 

stood; Lee et al. (43) point out that sorne instability generating, 

mechanism in the shock reaction comp1ex, such as the chemical instability 
, , 

of the autocatalytic reactions, could lead to the formation of localized 

reaction centres and hence ta the lacalized explosions. This facft of , 

the problem has, however, not been explored. We shaH not dwell on 

this problem in this thesis other than realize that for 'the criti9al 

case of b1ast initiation the ignition source must be capable of geh~rating 

conditions conducive to the formation of these localized explosions. 
1 1 
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The necessity of forming a quasi-steady complex travelling at the 

autoignition conditions is in agreement with the conclusion derived 

from section 2.3 on the basis of a minimum power and energy require~ 

ment of the ignition sourpe. 

... 
2.5 Parameters Influencing the Initiation of Detonations ~~ .. Ir, 

1 \ 

Having strd~ed ~he r~le of the i~nition source in the initiation 

process, we briefly\examine sorne experimental results in order to 
\ 

determine the influ~rce of the common detonation properties on initiation. 

Such a survey should reveal the parameters affecting the ignition sour~e 

requirements and would pave the way for the choiee of per~ent para-

met~rs in the phenomenologieal theory. 

We first note, on the basis of discussion in section'2.2, that 
j 

the limiting minimum value of energy, under conditions of rapid energy . ., 
release, is unique and can describe the blast initiation of the explosive 

gas mixture. We shall therefore address the problem of blast 

\ ~~itiatioh in this thèsis in terms of determining the minimum 'critical .. 
energy.\ ln the following, unless otherwise stated, the critical 

energy will be taken ta correspond to the limiting value under conditions 

of rapid energy deposition. 

Figures 7 and 8, reproduced from the works of Lee and Matsui (28), 
~ , 

show the experimental variation of the critical energy for acetylene-

oxygen mixtures with composition and initial pressure. It is seen that 
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\ 

the critical energy increases sharply near the limits of detonability 

and decreases with incre~sing pressure. The dependence of the 

induction zone thickness on comppsition and pressure la similar to that 
\ 

of critical energy. The Chapman-Jougueb velocity, on the other hand, 

has an opposite behaviour in that this velocity increases with increasing/ 

pressure and falls near the limits of detonability (Fig. 7). It is also 

of :interest to note that the characteristic transverse wave spacing of a 
( 

detonation has a dependence on composition and pressure, very similar to 

that of the,critical energy for blast initiation. 

Additional pararneters like the ratio of specifie heats y, th~ 

geometry of initiation j,' and the overa11 activation energy for the 

chemical r~actions E, ~re also expected to affect t~e initiation process. 

Levin and Markov (21) on the basis of dimensional considerations 

,\ postulated a functional relationship between these various parameters 
Cl.' 

and the initiation energy of the form 

j+l 
j+l Po 

Q 2 ( E 
j ) E = Po t F , , y, 

s PoQ Q 
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CHAPTER 3 

1 • 

A DETONATION KERNEL THEOR'l FOR INITIATION 

3.1 Introduction 
, 

1 
In the preceding chapter the role of'the source energy in 

the initiation of a detonation was discussed and sorne parameters 

invo1ved in the ~nitiation process were noted on the hasis of experiments. 

1 
using this information, a phenomenological the ory of initiation of a 

detonation is developed in this chapter. 

The basic aspects of the theory are simi1ar to the one recent1y 

reported by Lee and the author (44). The concept of a critical 

detonation kernel is introduced in analogy to the concept of a flame 
• 

kernel in the ignition, theory. An equation for the kernel size is 

formulated in blast wave coordipates and a simplified method of solution 

i5 demonstrated. The solution is in a generalized form wherein p1anar, 

cylindrical and spherical waves are treated 'simultaneously. 

The following section of this chapter recapi~ulates the notion 

of the critical flame kernel in order to he able to constitute a clear 

presentation of the concept of a detonation kernel. 

3.2 'Flame Ignition and Flame Kerrtel 

The formation of a steady propagating flame 1s go~erned by 

the transport processes of heat conduction and mase diffusion. The 
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ignition source, e.g., an electric spark, raises the temperature of 

a certain volume of gas and causes chemical reactiqns ta occur within 

this' volume. Some of the heat and reactive species are also trans-

ferred out of this volume into adjacent regions of the unburnt gas, 

thereby leading te conditions conducive to the occurrence of éhemical 

reactions in these neighbouring layers.· ' Thus the adjacent regions f 

of the fresh gas begin to burn and a flame is propagated away from the 

ignition source. 

The transport of heat and mass out of the volume of the 

chemically reacting gases into the adjacent regions ot the unburnt 

gas also results in a decrease of temperature and a depletion in the 

concentration of reactive species. The chemical reactions tend to 

offset the affect of these losses (due ta transport) by ganerating heat 

and active radicals. If, however, the rate of loss of heat and 

reactive species is greater than the rate at which these are produced by 

the chemical reactions, then the temperature and concentration of the 
1 

1 
active species decrease within the initial volume thereby inhiblting 

further chemical reactions and leading to the extinction of the flame. 

Hence for a self-sustained flame to be formed (i.e., success-

fuI ignition) it ls necessary that the net rate of production of heat 

and activated radicals by the chernical reactions overrides the losses. 

The obvious way of achieving the above is to generate an adequate volume 

of burning gases. In other words, for flama ignition;' the energy 

source must be capable of farming a certain minimum volume of reacting 

gases 90 as to lead ta a situation wherein the generation of heat and 
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activated radie aIs is in excess of their dissipation. Schlieren 

photographs o~Olsen, as given in Strehlow's book (45) and reproduced 
\" )" 

o in Figure. 9, clearly demonatrate the above reaaoninq. Whén the 

magnitude of the source energy is less than the energy corresponding 

to the ignition threshold (Fig.9b ), an incipient volume of burning 

~ 
gases is i~itially formed but soon collapses (around 100 us) due to 

losses. On the other hand, for the source energies greater than' the 

threshQld value (Fig.9c ) the initial volume of burning gas does not 

-
decay with time due to losses but instead continues to form a well-

established flame. 

Theoretica1 work on flame ignition has continually e~ploited 
\ 

the necessity of forming an adequate volume of burning gases, viz., a 

flame kernel (46,47). Approximate estimations of ignition energies 

~ ~ 
have"been made assuming the minimum flame kernel size,to be about the' 

" . 
combustion wave thick~ess (e.g'"Williams (48». The flame kernel 

criterion has also been applied to combustion under turbulent flow 

cpnditions (DeSoete (49), BallaI and Lefebvre (50». 

Yang (51) gives an elegant theory to determine the flame 

kernel size by explicitly invoking thé balance condition between the 
4 

production and dissip~tion of the heat and reactive spec\es. He~ 
o 

M 

J ~ 
ex~resses the minimum>flame ,kernel size in terms of a critical mass flow 

rate G., for which the ~ rate of production of heat and active species 

i5 identically equal to zero (generation equals losses). Mathematically, 

~ 

1 
~ 
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his criterion reduces to 

" 
110 

f a. '0 pC at dr = 
,f; 0 

" 

.., 

J p 
aa and dr = 0 

/ 
at 

" 0 

2.2 

\ 

In deriving the phenomenological theory fbr detonat ion , a 
1 

pa~al1el approach has be,en adopt~d. A brief discussion of the 

methodology invôlved in the derivation of Yang's theory is given ~n 

Appendix IV. 

3.3 Concept of a Detonation Kerne'l 

In contrast to flames, the chemical reactions in case of 

detonations are"brought about by the shock heating of the gas,particles 
\ 

~ \ 

ins~ea~ of by the transport processes of heat and mass. It has also 

bee~ s~\ on the basts of experiments in Chapter 2, that for the blast 

initia~ion of detonations -it is necessary to 

1. "g~nerate a shock wave above a 'minimum st"rengtfi (say, M* ) 
1 8 

, ,corrcsponding to about the autoignition limit, and 

2. maintain the shoèk strength above this minimum value over 

, 
\ 

a certain distance of travel (say, R* ). s 

-', 

,1 

( 

1 
l 
" ~ 

". 

1 • 
~ .~, 



c 

,~ ~ 

-t «) ~ 
t 

o 

Sincc spontaneous chemical reactions take place above the 

auto ignition limit, the above statement,s suggest that an adequate 

l , " *' volwne of apontaneous chemlc:al ré~tl.ons (corresponding to R ) must 
1 s 

be induced by the ignition source in order to generate a detonation. 

The significance of an adequate volume of burning g~s can be interpret~d 

as follows. 

During the arly phase of shock travel, the mass of the 

shocked particles i 
, 1 

smali sa that the heat released from the chemical~ 

reactions of the 5 ocked maSs of gas will be insignificant as compared , ,.. 

to ~he source e ergy. The ,shock motion will consequently be governed 

prinCiPallY,~ the Bource ener~. leading te the shock wave deca . 9 as 

an unreac~-blast wave.. As the shock wave moves a from the 

s9urce, it ~races an increasing volum~of t gas and if the shock ls 
\ 

." ) > 
sufficiently strong' (M ~ M ) tIrê' che 'c~l energy released from theie 

5 's 

combustion progressively 5 ,~re inflllentiai in determining the 

shock motion. 
c 

e chemical energy released is gr~ater than the If 

source energ , the decaying characterlstlcs of a source domlnated motion 

II 
15 a ested and a shock wave sustained by chemical reactions (viz.,~a 

detonation wave) 15 formed. However, if a domination of the chemical 

e~ergy release over the source energy ls not pos~ible'lsay bY,the shock 

wave decaying beiow M* before the shock embraces a sufficiently large 
s 

mass of ças, then the shock front will continue ta decay more or less 

like an unreactive blast wave, s~ that no self-sustained detonation cao 
~. 

be forrned. ~Thi~ liné of reasoning is in confo~ity with the theoretical 

considerations of Nichol1s et al. (52) arid Korobeinikov (16). ' 
, 
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Fry and Nicholls (23) used a mathematical regression model 
'.:p- • 

to describe the initiation behaviour in terms of a strong ~last decay 

fqÎ\owed by a con~tant velocity detonation. 
, 

speclttc.l!~1 they 

presumed t~ shOck wave time'hist~ry to have a second order dependence 

on the distance travelled for the early time shock motion and a l~near 

depend~ce on distance for [later times in thair experiments in a 

cylindr,ical geometry. They demonstj'ated that the value of R*' at which 
s 
~ 

the charaêter of the wave changes from a sfrong blast decay te ~ constant 

velocity detonation coincides wlth the radius-at which the~hem~cal 

energy released by the shocked gas is about the same as the source 

energy. Lee et al" (53) also showed, on the ba!;is o~ the experimentally 

0~5erved shock trajectories, that the shook motion transits from a 

l " source driven decaying blast mode to-a detonative mode when the chemical 
" 

energy of the shocked gas and the sOÙrce energy are about equal. The 
l ' 

transition was also demonstrated to be attended with the formation of 

/ , . 
localized explosions aS,evldenced by the experiments in the criticai 

, .. 
~egime of initiation discussed inlsection 2.4 of Chapter 2. 

i 
These 

\ observations substantiate the assertions made in the previous paragraph, 
.~ 

, \ 

viz.,that for the formation of a detonation a certain volume ofburning 

gasses (R*) must be created, the chemièal energy release from which can 
s , 

dominate over the source energy. 

The analogy between the initiat~on of~a flame and the initiation 
f 

of a detonation is now evident~' In section 3.2, we saw that the role 

of the ,ignition source in flame ignition wAs to form a. sizeable vo~ume,of 

1 
/ 

o ' 

\ . 
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hot bu~ning gases, i.e., a flame kernel 90 that the generation of 

heat and active species within this volume could compensate for the 

108ses. 

must he' 

In, d~~onation initiation also, we Und that the igniter " 

ca~ble ~f forming an adequate volume (corresponding to R*) 
s 

of strongly shocked gases 50 that the'chernical energy releage from 

thi5 

en~rgy 

vofume ca~ dorninate over the decaying influence of the source 
i' 

• r 
and rnainta~n a detonation wave. We 5hall call this volume 

the d~tonation\kernel in parallel to the flame kemel used in flame 
\ 

ignition • 

tt i8 important to realize the clear -distinction in the 

/ 
~anner in which the concept of the detonation kernél i9 derived in 

relation to the flame kernel. Unlike the latter, the formation of 
1 

an adequate volume of heat release in the case of a detonation 

initiation (the detonation kernel of size R*) i5 to mitigate the 
5 r 

decaying cha~acteri5tic of a source-dominated shock motion and to 

result in the formation of a strongly coupled shock-reaction comple~ 

(viz., a detonation wave). If the size of the detonation kernel i5 
\ f 

tao small, t~e energy released by the chemica1 reactions in the kemel 

is ne91igibly small as compared to the energy released by the source. 
, 

Hence the shock will dec~y further and the inflammed gas will grow as 

a flame subsequently. There is no question of losses here as in the 

concept of. the flame kernel. f 

1 

/ 
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In the following section we shall formulate the above notion 

of a detonation kernel in ter.ms of a simple theory and de termine the 

critical size of a detonation kernel required fQr the blast initiation 

of detonati:ens. From the size of the kernel the threshold initiation 

energy and other characteristics of a detonation wav~ will be derived. 

~.4 Theoretical Formulation 

In this section the cçncepts'of section 3.3 are ~athematically 

described. It is assumed that spherical, cyl indri cal and pl anar 

symmetries exist. The flow is taken to be one-dimensional. Transport 

\ 
los ses of heat "and mass are neglected. The chemical reactions behind 

the shock front are modelled in terms of an induction delay followed 

by spontaneous exothermic reaction5. 

Consider the sourc~ energy Es to be rapidly deposit~d at a 

point, a line or a plane 50 as to generate a strong spherical, cylindrical 

or planar shock wave respectively. Let the shock be at a distance 

R (t) from the source at a certain instant of time t. s 

Let' d be' the induction zone thickness 50 that the plane df 

heat release i8 at (R (t)-d) as sho~n in sketch 1. 
s 

The energy released 

by the source E and the energy from the chomical reactions go to increasp 
s , ., 

Il 
the kinetic and internaI energy of the gas bounded by the shock at R (t). 

\' s 

The conservation of the total energy en~losed by the moving boundary 

(viz., the shock front) at sorne instant of time t ls, therefore, g~ven by 

\ 
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• 

. \ 
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C(tl-à Ct) Ct) 
QPkjrjdr u2 

pk ,rjdr e pk ,rjdr E + = ('2 + e) -s J o J 

0 

( 

where k, = 4rr, 2~ and 1 for j = 2, land 0 corresponding ta the 
] 

spherical, cytindrical and planar geometriest respectively. 

For convenience in analysis, we shall recast the abave 

4.~ 

energy consérvatian equation in blast wave parameters by replacing the 

spatial coordipate r by F; , where 

= r 
R (t) 

s 

and the variables. p"p and u by f, 1/1 and ~ where 

f(F;,n) = p(r,t} 

POR/(t) 

" 1/I(F;,n) = p (r ,t) 

Po 

and ~(F;,n) - u(r,t) 
0 

R (t) 
s 

/ 

4.2 

4.3 
~';P 

/ ~ 

1 
1 
i • 

1 

1 
~ 
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is the local shock ve10city 
dRS Ct) 

dt 
and -

Substit~tin9 th. values of F, P, u and f 

from'Eqs, 4.2 and 4.3 in Eq. 4.1, and simplifying, we get 

M 2 

1 s 

wHere 

l = 

I-d/R
lii 

Ct) 1 

J. 
( _f + ~) f;jdf; + r (_f + tt:.) f;jd,~ 

-y-l 2 J y-l 2 

o l-d/R (t) 
s , 

, 
Cons~rving the total mass enclosed by the shock at any 

ins tant, we get 

P k. . l 
....2....2 R (t) J+ 

j+l S 

4.4 

-,' 

4.5 

4.6-

, 
" 
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1 
1 

In blast wave ooottdinates, Eq. 4.6 reduces to 

k,R (t)j+l P 
J S ,0 

giving 

1 
j+l 

pokj j l 
R (t) + 

j+l s 

4.7 

Substitutirg Eq.[ 4.7 

energy of the fO~ 
in Eq. 4.4 leads to the global conservation of 

[ "OC02k::. (t) j+l 

l-d/R Ct) 

1 
l J "ld: t 

e 
M2 +L 0 

4:8 = 
5 l 

C0
2 (j+l) C0 2 

0 

The above equation is an exact statement of the conservation 

of energy. No assumptions, whatsoever, have been made in its 

derivation. 
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For small values of shock raoius R (t), i.e., d/R (t) "-0 [1) , 
5 S 

the i~egral term on the RHS ~f Eq. 4.B and the initial internal 

energy term are small compared to the source energy term. Hence 

= 
E 

s for 'R (t)'Vd 
s 

4.9 

" 

•• ? t This denotes that the shock strength ~ 
s 

is dependent on 

El 
s the specifie energy E = ------~~.~+~1------

POk.R (t)J j(j+l) 
J S ' 

of the source. As the' 

shock wave maves away from the source, the mass of shocked gases 

[ 

POkjR,s (t) j+1 1 
increases. )+1 , 

If E E (= constant), as in the ideal 
s 0 

blast wave theory, then the specifie energy decreases with increasing 

shock' radius and eonsequently the shock strength decays. From Eq. 

_j+l / 
M 'V R (t) 

2 
50 that R (t) 'V t 2/ (j+3) (i.e., R (t) 'V t N , ( 

s s s s 

i, 

4.9 

t The strength of a shock wave is usua11y expressed in terms of pressure 
ra~io across it. For a perfect gas, the pressure ra~io is a linear { 
fundtion of the square of the shoek Mach number, so that M2 is indicative. \ , S 
of the strength of a shock wave. 

.... ,'\ 
'.(. 
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, • u 
where N : 2/3, 1/2 and 2/5 for j = 0, 1, 2) a~ given by the simi1arity 

solution of Taylor, Sedov and, von Neumann (54-56). 

On the other hand, for large shock radius (R (t)+a) the , s 

source energy term in Eq. 4.8 becomes vanishingly small so that 

1 
l 

". 

l \ 

4.10 

1 
This implies that the wave is essentially driven aJ constant 

veloci,ty by the chemical energy at large tadius,Le, the shock-wave 
(' 

asymptotically approacqes a Chapman-Jouguet detonation at large radius. 

The above statement assumes that Esis finite as t tends to infinity 

which is true, in general, in initiation problems. 

It is instructive to note that the early time motion described 

by Eq. 4.9 and the asymptotic or 1ate\time mbtion given by Eq. 4.11, are' 

in good agreement with ~he experiments (Nicholls (52,23) and Lee (53» 

and wlth th~ phenomenologica1 theory of Lee and ,Bach (35) • 
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From fairly general considerations, we thus see that the 

shock strength is a consequence of the competition between two tërms: 

one 19 a dec,~eas~n9 function of time, or equiv6:1ently Rs (t), 1.e., 

• 

E 
s 

, j+l 
POC()2k.R (t). 

J S 

\ 

whilst the other i9 an increasing function of time, or 

R (t), i.e., 
s 

I-d/R (t) 

Q I· ~~jd: ë;;"Z" 
o 

* 

, . 

We define the minimum size R for the detonation_kérnel, as \ s 

di9cussed in section 3.3, by the condition of balance between the 

energy diminishing and energy production terme analogous to Eqs. 2.1 

and' 2.2 of Yang (51) for the critical flame kernel. We, therefore, 

", write for R (t) -1- R* 
s s 

E s 

k P' C 2R" j+l 
j 0 () s 

-Cbeing the 
, s " value of d when R (t) = R 

s, s 

. " .. 
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/ 
_.~ * '. 'fOe shock Mach number M must at loast be M when R (t) + R 

s s 's s 
\ 

(section 3.3). Using this information along with Eq. 4.12 ta replace 
l, ' 

the ten in Eg. 4. a, we 
, 

source enal'gy get 

r~ I~ l 1 ljJ~jd~ + 
e 

M*2 0 
= (j+l)C 2 s l 

0 
0 

Equation 4.13 gives an expression for the minimum size of 

-,the detonation ke,rnel R* in terms of M*, l, Q and the induction zone 
s s 

thickness d. • The eva1uation of R from this expression, however, , 
s 

is not straightforward and 'section 3.5 dea1s with a simplified method 

of explicit:l.y determining R* from Eq. '4.13 
" s 

It should be pointed out'that once R* is known, the source 
s 

, 
energy can be determined from Eq. !4 .12. 

3.5 Method of Solution 

We require to know the distribution of density, pressure and 

velocity between the shock front and the spurce il'1'order to determine 

rd~':)I': 
the mass !ntegra1 ljJ~Ja~ and the value of the energy integral l 

0 

" 

" 

4.13 

, , 

" , 
, ' 

;"., '. 

" , 
" 

" 
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in Equation 4.13~ We'also require a knowledge of the variation of 

the thermodynamic properties of pressure, temperature and density along 
~ , 

a qaa partiele after it ia process~d by the shoek·so as ta fi9Qre out 

the time take,n, for the induction reactions ~~o to completion and thus 

evaluate the ~nduction distance d • . .,. 
\ \ ' 

The mathemat~cal relations govefning the flow field behind 

the shock front are the basic conservation equations. For a perfect 

gas, we can write these conservation equations, in the absence of 8 

viscosity and heat conduction effects, as follaws: 

Conservation of mass: 

éonservation of momentum: 

D -u + 
Dt 

l ~ 
p dr 

COnservation of energy: 

= o 

D = -Q 
Dt 

:LJ 
Analytical solutions of the above equations for the flow 

j 
field are possible only fGr sorne particu~ar cases such as a stronq 

. 

5.1 
, 
{ 
/ 

5.2 

5.3 

blast wave, a constant velocity shock driven by a piston, or a constant 

velocity detonation. The numerical solutions, though possible in 

~ ,~ , ' 

,,' ,. 
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highly ovcrdriven regimes (57) are, in general, plag~ed with mathe-
1 

rnatical instabilities (Strehlow and Hartung (58) ,and Fickett and Wood 

(59» in vieW of--ü'. nonlinear feedback between th. hYcirodynamlc flow 
\ 

structure and the chemical reactions. As already rnetioned in the 

Introduction to this thesis, it i8 the purpose of this work to avoid 

a detailed nurnerical description in view of the well-establish~d three-

dimensional character of a detonation and the uncertainty in the chemical 

kinetic data. In this section, therefore, certain simplifying 

assumptions will be made 'in order to develop a straight~orward solution ' 

of Eq. 4.13. The sirnplified evaluafi'on of the different; \ terms in the 

above equation is first gi~~n individually. 

-~;5~~etermination of Energy Integral l =-
Assurn1no-~'c' ontinuous profile of density, velocity and pressure ---------------

". 

behind the shock front, the energy integral l given by Eq. 4.5 can be 

written as 

l = .. 

and again re-written in 

l -j+l 
~- -------

\ 0 

1 

J ( L +Jf1 ~jd~ -y-r- 1 2 

0 

" 

the follo~ing form 

" 
o 2 
R 

8 

5.4 

,. 

-J 
5.5 

( 

, 0 

'. 
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o 
The numerator in Eq. 5.5 deno~es the kinetic and internaI 

l j+l 02 
energies of the shocked gases, whilst the·te~ j+l PORs Ra in 

tho doncminator ~epre.~nta tho kinotib onergy if :hO o.tir. maa. of 

shocked gases we~e to move at the shock ve10city R
s

\' For the shçck 

strengths of interest in detonatio~ initiation (M ~ 4), the square , s ,. - .. ,,~ 
of the partie le velocity (u2 ) and the intern~J.t'Ye~ergy (~) (proportional 

to t""pera.ure) just pehind the shock f 1ont.

6

are directly ~roportional 
ta the squar, of'the Mach number and hence to Rs2. The density ratio 

, [ Ps X+1 
aeross the shoek front for M ~ ~ is fa~r1y high -- = ~-1+2/M2 

s . Po , s 

rC" y ~ ].35], sa that most of the shocked mass will he concentrated in a 
l 

region very close to the sh~ front. A detailed distribution of 

prêssu~e, density and veloci ty should therefore not 

influence the num:rator th expression 
/ 

") . 
5.5 since the 

significat'}Ùy . 

major contribution 

cornes from the close neiÇhbourhoo9' of the shock front wherein ~Silof 
'-

the mass is located. Further, sinee for the shoek strengths of 

interest, \the values of u2 and e are proportional to Rs 2 , the value of 
" POk, '+1 

'th~ numerator will also be pr~portional to ~ Rs J, R;" 1. As the 
. . 

denominator 0, the expression in square brackets in Eq. 5.5 is given 
.. ~. , ::--t ~~ \ 

precise1y by the above expression, the value l shpuld therefore be a 

relative1y invàr~t parameter for 
, 

a partieular geometry. !:n fact~ 1 

Rogers (60) and oabora (61) find the value of l for the case of an 

E te ':\ 
energy release of the forro E = (E and B are constants) to remain s 0 0 

valu~ ~ 

faitly constant for of a between l and 5. 
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It is possible to determi~e the value of 1 for a constant 

\ 
velocity detonation for which the flow field can be exactlyodetermined 

\ 

aince a similarity solution exists fox the governing 4ifferential 

Equations 5.1 to
c S.3. It is also possible to calculate the value of 

1 in the asymptotic limit from Eq. 4.11. The value as\ determined by 

the two methods are almbst identical. As an example, the value 1 

calculated for a 100 torr stoichiometric acetylene oxygen mixture in 
\ 

case of cyl1ndrical geometry (j=l) i9 0.402 from the similarity solution 

and is 0.410 from the asymptotic,method. The'close agreement resufts 
/ 

.. 
from the relative insensitivity of 1 to the details of the hydrodynamic 

flow structure as expected on the basis of the arguments in, the previous 

paragraphe 'In our analysi~, we shall take the value of 1 as \ a 

constant, and in 0rder to achieve the appropriate limit of Ms + MCJ 

'" when R' + ~ , we shall use the' asymptotic value of 1 given by Eq. 4.11. 
s \ 

Appendix V gives the details of evaluating' 1 O5ing the_ , 
similarity solution for a constant velocity detonation. 

1 

J
l-d(~)/~ 

3.5.2 Evaluation of Maas Integral \,~jd~ 

o 

In order to determine the mass integra~ we require a kriowledgè 

of ~he density.distribution behind the shock front. It has beeq 

demonstr,ated earller (13)' that a densi~ distribution ,given by a power'law 
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adcquately describes the shock motion 50 long as the global 

conservation ofmass and ~nergy are satisfied. Following Lee (12), 

we shall'assume the 'density distribution to be given by 

1 

\' 

~(~,Ms) = ~(l,Ms) ~q(Ms) 

The exponent q(M ) can be de~ermined'from th~ global 
\ • 8 -

conservation of mass, viz., Eq. 4.7,giving 
• 

q(M
s

) = (j+l) [~(l,Ms)-l] 

\) 

Thi mass integral, there}:ore reduces to 

• * 
(l-d ~RS) /Rg\ 

1. 1/J(J de = 

.' l-d(~)/~ )q+j+l 

j+l 
o 

,5.1 

1 
S.8 

In section 3.6, an alternate method of evaluating this mass 
~ \ 

integral is presented, and the validity of the assumption o{,a power 

law density profile i8 independently ascertained. 
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3.5.3 vdlue of "eap Releasc Q 

Q is the heat release of the combustion per unit'mass of 

the mixture. It is to be expected that the ~alue of Q should 

depend On the amount of dissociation of the product gases and therefore 
) 

seemingly warrants equiliqrium composition computations for each 
'\ " 

individual set of conditions. 

Guirao (62) computed the heat release for severai modes of 

1 
combustion such as a' C.J. detonation, a constant volume combustion, 

a constant.pressure combustion, and a C.J. deflagration for a wide range 

of explosive gas mixtures. She found that the heat release does not 
, 

differ markedly in the different combustiion procasses. 
! 

The table 

below shows the heat release obtained from the combustion of a 

stoichiomctric hydrogcn-oxygen mixture at an initial pressure of half-

atmosphere in the different c~mbustion processes. 

*': Combustion ptrcess Q kcal!gm Q/Co2 

, 

C.J. Detonation 1.5002 :21.54 
1 { 

Constant volume combustion 1. 6176 ~3-;2\~ 

---------
Constant pressure combustion ______ r.-n87 ---------- / 24.83 
, ------------- \ 

- ------ 1.8413 \ C.J. deflagrat±o~ 0 26.44 

, 

Based on the above, we shall takc the value of Q ta be a constant and 

~ 'f.' 
determi.ne its value using the C.J. criterion, vh. 

" 
" 
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3.5.4 Determination of d(R*) , s 

5.9 

5.10. 

\ 

-\ 
In ~q. 4.13, d(~} denotes the separation between the shock 

1-

front and the reaction,;one when the shock is at R:. strictly speaking, 

the evaIuation of d(R*) requires a complete knowledge of the shock 
s ... , 

hydrodynamic fiow struc~ie for Rs < R;. This is because the flu1d 
~ 

particle whibh burna when the shock travei ia R* has actually crossed 1 s \ 

;" 
1 

, 

\ 
l' 
! 

. '. 
\ . 

'. . 
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, 
the shock much earlier in time when M > M* and has been subjected 

s s 

to the transient gas dynamic processes during its induction time 

prior ~ explosion. However, the experiments of section 2.4 have 

conclusively revealed to us the quasi-steady propagation of the shock 

reaction complex when its Mach number is 'around Mir 'just prior t'a the 
s ... 

formation of the local explosion centres and the sudden transition to 

a highly asymmetric multiheaded detonation front. The numeri,cal 

solutions of Kyong (19) and Feay and Bowen (20) also show a relatively 

constant pressure and density,profi1es adjacent the shock front in this 

region. Figures 10, Il and 12 show the numerica1 results for 
~ ~ 

pressure, velocity and density profiles as obtained by Kyong for the 

" propagation of a spherical detonation wave with critical initiation 

energy in a 100 torr stoichiometric oxyacetylene mixture. R o denotes 
\ 

the characteristic explosion length of the source energy which was 

1/'+1 
defined by him to be (E /k,p C 2) J '. 

o J 0 0 
A zone of, constant properties 

behind the shock front i5 c1early evident before the onset o~ severe 

instabi1ities associated with the strong fouPling in the detonative 

mode of combustion. 

We shall therefore assume that near R; the fluid PartiCles, 

under criticai conditions of initiation, enter the shock when Ms = M; 

a~d since the shock is quasi-steady and the properties behind it are 
\ 

/ relatively invariant, we shaii aiso assume the fluid partie le states 

to remain constant during its induction ~~ocess. 

\ 
d{M*) for d(R*) and evaluate the local in~~ion 

s s\ 

local critical shock Mach number M*. 
s 

Thus we can write 

distance based on the 

l ~ ~ . . , , 
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The induction time is calculated using the empirical shock 

tube correlations of the form 

m l-m ln {(fuel) (oxygen) T} = A + B/T'. 

The temperature T of the shocked gases is'determ~ned by assumi~~ the 

shocked particles of the gas to reach a state of rotational and 

vibrational equilibrium immediately after being shocked. The \ 

induction distance d(M*) is evaluated directly from the inducti9n 
s "" 

time T using the condition of the quasi-steady propagation' of shock 

around ~ jfM! viz., 

d(M*) 
s 

M* C T (M"') 
sos 

= 

3.5.5 Value of R* 
s 

!li (l, M*) 
s 

On the basis of the simplifications discussed in sections .... 
3.5.1 to 3.5.4 and using the perfect gas equation 

5.11 

p 
5.13 e = 

1 
\ ! 

1 
[ 

.. , 

, , 

.,' J ~ 

" 
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the critica1 size of the detonation kernel can be exp1icitly eva1uated 

to be 

1 , 
d(M*) 

R* 
s 

5.14 
s 

= (1- 1 

{ j+l s{ l J }q+j+l . 
[ M*2 1 

2 Q s (j+1) y(y-I) 
\ 

\ 

3.6 An A1ternate Determination of the Mass Integral in ES' 4.13 ~ 

Consistent with the 
1 
assumption of quasi-steady conditions near 

R*, it i5 possible to estimate the burnt mass and hence the combustion s 
'; 

energy without the assumption of a power 1aw density profile as was done "r 

in section 3.5.2. , 
Sketch 2 shows the shock trajectory and the path of a fluid 

particle (shown by the dotted line) which burns off at E' when the shock 

\ d' , * ra ~us ~s R • 
s 

This particle would have entered the sh'ock at a time T 

earlier (viz, at D) where "[ i5 the induction time corresponding to the 
\ 

quasi-sterdy Mach nrlmber of the shock during this-period. The mass of 
1 

the gas burnt when the shock is at C (radius a;) corresponds to the mass 

enc10sed by the shock front when it is at point ~. 

( 
I~ 

i 

1 
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The burnt rnass carresponding ta R* can therefare be wrltten 
s 

k. p [ 
ll\.=~Rs* 

b j+l 

The chemi:al energy rele~e carresponding to R: ls ~Q. 

Substitutin9' this ~alue in Eq. 4~ and -s'irnplifying, we get 

; [p k.:: j +1C 2 + -1(J-·+-t!~:")-C-02-
o J S 0 

R*TlM*) 1 j+l 
s s + 

R* 
5 

giving 

M*C
O 

TCM*) 
R* s S = s 1 1 

_ { j+l c~ [ M:" 
e Jr 1 

a 
~ 2-0- - (j+l) C~ ,. ! 

:.. 

6.2 

6.3 

77~ff:' 
.1-
f • .ti" 

><" 
''''t.'(,*r 

:~~~~ 
; 
1~ 

'" !\ 
, ~ I~ 

, 

" 
.t\' 

.. 
~{, 

'" J 

lo~ 

• 
J ! !~.r,; 
/j.n, 

.. ~" 

"~~ ":""\ 

11 ;fiJj , 

" ~~f 
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* The yalue of R eorrespqnding to several values of M* 
s ' '\ S 

based on the density profile method (Eq. 5.14) and the above method 

(Eq. 6.3) are calculated for ailOO torr stoiehiometric acetylene-

oxygen mixture. The resul ts ,Ir shown in Figure 13, a're a1most identieal, 

indioating the insensitivity of the results to the assumption of a 
. " 

.density profile. 

3.7 Choiee of M* 
5 

'.... We have seen in sections 2.3 and 2. 4 of Chapter 2 that' the 

10wer limiting Mach number (M*) ,eorresponded to about the auto ignition 
1 s 

lirnit, viz., the limit for spontaneaus chernieal reaetion5 ta oceur. 

It is, however, diffieult to quantitatively specify a 'unique value for 

the aq,taignition condition aince it is very much "system and definition 

dependen t " ( 63) . Thus, e.g., the dimensions of the experimental 

apparatus sueh as the shack tube diameter and its characteristics\can 

influence its value. This is due to the fact that near the autoignition 

limit~ the induction time inereases exponentially and the transport 

effects become important. 

The induction and autoignitio~ characteristics of the oxyhydrogen 

() 

mixtures have been studied rather extensively over the past several years, 
1(t"­

and on the basis of these investigations it i5 possible to derive sorne 

quantitative estimates for M*. s 

1 

-

The dominant chemical ~action steps 

. \ 

.. 
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during the for the H2-02 system are knowh to he "(64) 

1. Initiation step "2' °2 -0, H, OH (A) 

\ 

, 2. Chain branching step 
k ' 

H+021~OH+O (B) 
" 

.0+H2 ~O"+H (C) 

OH+H2 ..2st... H20 +H (0) 

and 3. 
• 1 

Chain term~nation 
k ' 

H+02+M ~ H02+M (E) 

The chain b~anching reactions C and' 0 are much faster than " 

the reaction B 50 that the oxygen atom and hydroyl radicals are 
- 1 \ 

consumed as soon as they are produced. The principal chain carrier 

is therefore the hydrogen atome , Frolll the classical explosion limit • 

studies (46) it is also known that the H02 produçed in the three-body 

recombination reaction ~iffu5e5 ta the walls w~re it is inactivated 

wall, destruction 

Thus, the rate at which the chain carrie~s èàn be generated 

depen~s on the competition between th~ chain branching step B and the 
l ' , ,~ 

chain termination step E, a consequence of which i5 the existence of 

the well-known classical sec~nd explosion limit (viz., at which :fH1 =0 

50 that t~ second explosion 4imit criterip~omes: 2kl = k4 [M). 
1 
\ 

\ 

, , 

" . : 
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In the case of detonations, a' condition of steady diffusion 
i , ' 

of Hd2 radicals to the walls followed by treir destruction through 

surface reactions 19 unacceptable. The H0
2

" radicale will be expacted 

to react in the gas phase and produce further free radicals. , On the 

basis of matching the experimentally observed behaviour of induction 

times wi~ th~ theoretical comp.utations, Hirsch and Ryason (65) have 
l " 

shown the chain termlnation step to be unimportant in shock tube studies 

when the temperature of the rhocked gases is in the range of l200-1800oK. 

At lower temperatures typically of the order of 900-ll00oK, however, 

Voevodsky and Soloukhin (66) demonstrate the profound influence of the 

chain termination reaction (E) in considerably increasing the induction 

times obtained from shock tube eX?erlments. 
1 

The large incre~se of 
, . 

\ induction time, in the above temperature range, also brought about a 

change in the char acter of the ignition of the shocked particles of the 

gas, viz., from a "strong" spontane,?us ignition mode to a weak "multispot" 

ignition mode. The temperatures"calculate 

second explosion limit criteri~n (2kl = 

exper.imentally observed temperatures at w 

changed from a strong detonative characte 
" 

Meyer and Oppenheim (67) condu 

the autoignition characteristics of "2-0 

:"shocks. They showed that the change in 

'spontaneous detonative mode 

.-
.' 

basis of the. 

seen to predict the 
........ . 

the ~~ure of ignitio~ 
Jl 

..1--
the weak multispot charact~r. 

refined experiments on 

reflected 

"­
could be better , 

, .~ 

\ 
i 
r-
1 
1 . 
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\. 

described by a con~tant value in the gradient of the induction time 

, ~-. 'wl-th temperature. For a shock tube of size 3.1 cm x 4.4 cm they 

, .. 
, 
'" 

dete~i:e~h;_ 9radl.~~: :;~--~: be -, 2 ~ . 
~-----'~ , 

The shock Mach number-M , corresponding ta the extended 6- ______ ~ 

second explosion limit (viz., (Ml" == 2k1/k4} usingl the recent chemical 

ki~etic data of Gardiner (68)t i6 shown in Figure 14 as a function of 

the initial pressure of the gas for a stoichiometer hydrogen~oxygen 

mixture. In the sarne figure i5 also shown the Mach number obtained 

using Oppenheim's criterion for the strong ignition limit (viz., 

!!./ - - ~ 3T P - 2 Ok ): The agreement is fairly good. The value of M i5 
S 

~I 

also about the sarne as the minimum Mach numbers observed towards the 

end of the' characteristic detonation cell wherein conditions are also 

known to correspond to about the autoignition limit (39). WE! shall 

choose the value of M; ~or hydrogen-oxygen mixtures to be given by the 

criterian of the extended second explosion limit and the critical value 

of the gradient of induction time as given by Oppenheim. 

For ather explosive gas mixtures, whose detailed kinetics are . ' 
nat known, it is'move difficult to ind~pendently estimate the value of 

,M;.: In view of tl)e rapid increase of t}1e induction time near the -

autôignition limit, we shall define M* for these mixtures to be based s 

1: k 1 1.22 x 1017 T-· 907 exp ( 16.62 ) cm3 
= RT 1001 sec 
\ 

kil ==~ .x 105 exp' ( 0.87 ) cmG 
--",. 

moltsec RT 
1 

R i5 i kcal 
n 'iOOï'D'Jë and T i.s in 'ok 0 

<s. 

( ~ 

1 . • -6-, 

l ' 

0" 
, , 

1 
1 

j, 

"t 
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on the standard procedure for defining relaxation time in an 

exponential growth or decay proc~ss (i .e., lie of the' Umiting value),' 

-À 1 

Figure ~ illustrates this procedure for a 100 torr stoichiometric 
,:,",.,; 

, -' ~ 

oxyacet~Iene mix~ure. 

The estimate of M: on the basis of the l1rge increase in 
,\ j 

induction times and the consequent exponential eut-off 'procedure can 

be Justified by th~/loWing reasoning. A partiele .~~ring a sh~ck 

burns after its induction reactions have takcn plaçe. The pressure 

pulse generated during the burning of the parti cre g~es to ~einforce 

,the strength of 'the shock wave. This sequence of,events is illustrated 

in sketch 3. ... 

o~ represents/ a ded'aying ::rhock trajectory. A particle enters 

the shock at A and after an induction tim~ i explodes (v.iz., at B). 
1 

• f + 
The pressure pulse sent out during this explosion travels along a C 

~\.J characteristic to catch ùp and strengthen the shock at 0 after a tim~ t+, 

. . . 

It is seen that the, .. ~article entering the shock ae A is able ta reinforce , , 

the shock after\a time t+t+ during w~ich the shock front has travelled 
1 

a distance X. For the chemical energy ta be effective,in driring the 

shock, it is necessary that X and 
1 

'w 
t+t should not be excessively long 

+ 
'" . 

50 thatCthe. shock wave does not considerably decay before th~ pre~sure 

pulse can strengthen-it. It ls also possible that with~ge travel 

(BD) .the pressure pulse will get slgnificantly att~nuated before reaching 

the shoek. 
1 

Hen~e ~ large i~crease in induction time is likely ta biing 

about a ~eco~plinq of the shock and chemieal raactions 50 tha~ an expo-

nential eut-off procedure based on an exorbitant increa'se oL inductiQn 1) 

time i8 reasonable . 

" 

, 
'1 

~ ., 
\ 
l 

1 

7 
1 

i 

• 

• 



Il' 

/ 

~ 
t 

\ 

,. 
......... '1 

" ...--
'"' ) , 

i 
l " 

• 

() \ 
. \ 

1 

r 

t 

o 

t 

... 1 

52 

,. 

\ 1 

--.. 
1 

X r 1 

E 

\ ..... 

.. 
1 

1 v 

1 
~ 

\. 
1 

ft 

" SKETCH 3: MECHANISM OF SHOCK-REACTION COUPLING 
/ 

/ 

.. 

') 
.-

~ 

0 

( 

0 f 
f 

J 

"', 

~I"" 
Jnt-w. 

I,;~jh 

, \ 

~f~,--

/, 

)-

\D 

\I~..t 

rI -'~-,f",~ 

, 

(.-\ 

'" " , 
,', 
f ~I\-

-' 

!"' 
,,' 

" 
) ... ·i

1 

~::.. 
,'1.-., 

,,!<,~~ 
'" 

~ 
""! "'J 
~ 
-, 
'Ill . ) 

'~:i' . , , 

, , , 



0 !, • 
, .. 

t 
\ 

/ 

1 

o 

o 
~ 

( " l> 

53 

It i9 pertinent e. note that the auto ignition conditions 
1 

» 
estab1ished trom experiments in rapid compression machines are much 

1dwer than thosc obtained on the basis of the shock tube experime~s.~ 
>his i. partly due ta the dqminant raIe p'ayed by the wa". in th~ 
for~er. sin~ the ~f1uence o~wa11s on a detonation is fair1y insiq-

nificant, it is ne~essary to derive the data on autoiqnition on the 

b,;is of the sh~k tube experiments. 
1 

3.8 Estimation of Initiation Ene~9Y 

With the value of M* known, the induction distance d is , 
s 

1 • 

readily determined from Eq. 5.12 of section 3.5.4 and the crieical 
\ 

detonation kerne1 R* is obtained from,Eq. 5.14. 
s 

Using thé ,value of . 

J .l-d{R:)/~ 

",;2, J .,id, 

o 

1 
1 

from Eq. 4~i2 in Eq.4.l3 ahd simplifying, the critica~ 

,,~ , 

source energy'required for direc~initiation is determined to be 

we note 

ta dj +1 

~ 

E 
5 

= 

.. 

} 

[ 
M*2I - 1 1 s (j+l)y(y-l) 8.1 

Sincc R* is proportional to the induction·distance d (Eq.5.14) 
s 1 

that'the criticnl energy for blast ~nitiatio~ proportional 

(e.g., for 'spherical E ~ d 3). This result i9 in agree~nt 
s , 

with the experimentally observed trend first demonstrated by Zel~dovich 

(29) • 

, ~ ,Ob 

" .' 
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• 

For ~ost explosive gases of interest, the initial internaI 
\ , 

energy e will be very small compared to the exothermi'city of the gas 
o 

\ 

mixture Q, 50 that the Equations 8.1, 5.14 and 4.11 can be written as 

kloco
2 R*j+l M*2 1 

E 
S' S 

." 

\. B 2 
a.l(a) 

d(M*) 
R* = B 

's 1 
2 ' 

)q+j+l 1 - (j+l fL M*2 1 
~ 2 Q s 

and 1 = - 2 
(j+l) Co ~MCJ 2 4.11·(a) 

\ " 

" 

* Sub5tituting the value of R anq 1 from Eqs. 5.I4Ca) and 
s 

1 

4.11(a) in Eq. 8.l(a), an~ simpIifying, we get 

, ,,\ , k
j PO

C
0

2 , 
dCM*) j+l *2 ~ 

. \ 2(j+l) s Ms CM 2 

E = ' 0 CJ 8.2 s 

{ 1 
1 r+l 

"'- [ t (:~ r ]q+J+l 
\ 

l' 

\1 

1 

" 
; t: 

~"~~'~ 

.' .-- .. 

',-

" 
,1 
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~"..,' 

Further, thé value of Q/C0
2 from Eq. 5.10 can be written as 

1 ~' • Mso noting from Eq. 5.7 that q+j+l = (j+l)$l ' we get E 
s to be 

2 k,POCo " ' 1 *2 J . d (M*) J+ \ 

4(j+l) (12-1) M 
E .. S 5 8.3 s 1 r+l 

{ 1 -[ ~ [ :~ rJ (j+l) 1/It 

.. 

1 
..." ' ... f 

~ 

I,-Joo'l. 
.{;' . .'.. . ... .' .... 

, 

In the above expréssion we note that $1 i9 typical1y of the 

'y+1 * order of 6 ($1 l:= 1 ~ :y'V1.35 ) and M < MCJ 50 that the value of ~he 
y- 5 , 

denominator increases as MCJ'increases. Henoe the equation predicts 

a d~reasing trend in Es with increasing MCJ. This behaviour is also 

in agreement wi th the experimentally observed inverse depend,enoe bet'Ween 

• the critical energy and CJ ve10city discussed in Chapter 2. 

, 

\ 

() 
-; 
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3.9 ResVlts and Discussion 

Having recovered the experirnentally observed trends by the 

theory, we proeeed to make additional checks on the theory. The 

1 1 
second check involves experiments conducted with an 80 torr stoichio-

metric oxyacatylene mixture in a cylindrical geometry in which an 

argon dilution of 46\ was rep1aced by an equivalent he1ium dilution 

The\detonation properties computed for the~e mixtures are shown in 

the fo1lowing table •. 

Mixture 2C2H2+502+5.95 Ar 2C2H2+502+5.95 He 
80 torr 80 torr 

~ 

Initial density Po ,0.149 Kg/rn 3 0.0784 Kg/m3 

In~tia1 sound speed Co 319 rn/sec 441 m/sec 

C.J. veloeity 1943 m/sec 2683 m/sec 
f' . 

MCJ 6.091 16.084 

PCJ/Po 25.113 25.116 
-

TCJ 
:f' . 

3492°K 1 3492°K 
\ 

Yo 1.,43 1.43 
~ 

Y2 
0 1. 36 

0 

1.36 ,. 
'Q/C

0
2 • \ 

1 " 21. 26 21.25 
"'- , 

'1 

... 

106 
, 

lO6!p/kg Heat re1ease/ma~s of mixture 2.16 x J/~g 4.13 x , 
" 

Volumetrie hoat re1cas~ i 3.22 x 10 5 J/m3 3.24 x lOS J/m3 

~ 

/ 
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The mixture diluted with helium has a higher detonation .. ' , 
'velocity than the argon diluted mixture because of the higher sound 

\ 

velocity in the former. The CJ Mach number, the pressure ratio 

across a detonation, the tempe rature of the CJ plane, the volumetrie , , 

heat release rate, and the value of Q/C0
2 are almost identical for the 

two mixtures. The reaction kinetic behaviour, viz., the induction 

time behaviour and the autoignition characteristies will also remain 

unchanged because both the diluent gases are equally inert (6). 

Hence the ratio of critical energies with argon and helium dilution 

using Eq. 8.3 is 

E 
SAr dil. 

E 
sHe dit. He dil . 

.. 

which, for the eylindrical geometry (j=l), yields 

" 

E s 
.Ar dil. 

E 
sHe dU . 

0.52 

9.1 

9.2 

Ex~riments give the initiation energy to be about 0.6 J/cm 

for the argon diluted'mixture and about 1.8 J/cm for the helium 

diluted mixture so that the ratio of E JE 
" s Ar âil SHe dil. 

is about O. 33. 

'. 

\ 

\ 

1 

1 

t 

~. ' .. 
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<r ThIL.s value is lower than that predicJed theoretically as given by . 
'1 
1 

Eq'. 9.2. with the higher sound velocity and the hi9her th ..... l 

conductivity'of the helium diluted mixture, the initial shock formation 

process will not be as efficient as with the argon diluted mixtures. 

Hence the slightly lower ratio of source energies obtained experi-
1 1 
\ ' 

mentally for the argon and helium diluted mixture is ap~arently in 
j,\ 

the right direction. 
Il 1 ...... 

The third check on the theory is shawn in Figure 16. Here 

a comparison is made with the experiments in the lower range of sub-

atrnospheric pressures (30 torr to 300 torr) in the cylindrical and 

spherical geometries for stoichiometric oxyacetylene and oxyhydrogen 

mixtures. 

, spherical 

The experimental data for the o~cetylene mixture in the 

geometry ls taken from the works of Jach et al. (39) with a 
\ 

·laser spark as the energy source. The results in the cylindrical 

geometiy for the oxyacetylene mixture are those obtained by Lee and 

Matsui (28) using electric sparks. The experimental data for the 

stoichiometric oxyhydrogen mixtuc~were gen?ra~ed with electrical 
i 

sparks during the coûrse of this investigation. 

The shock tube induction time data of Strehlow and Cohen (69) 

.. 
and White (70) was used to compute the induction distance d(M*) in 

s' 

Eq. 5.14 for the oxyhydrogen and oxyacetylene mixtures respectively. 

These induction tirne relations are given by the following: 

\ 

1 

\ 
j 

~ 

1 
\ 
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10g10 { T [02] }' - 10.162 + ~ 
4. S8T 

9.3 

1/3 2/3 
10910 { [02J ,[C2H2] T} - 10 81 17300 

• + 4.58T 

\ ~ 
The above indu6tion time data have been obtained in high1y .,,, 

diluted mxxtures at low initial pressures for shocked gas temperatures 

in excess o,f 1200 0 K. There is Sorne concern whether such data ~~ be 

used near the autoignition conditions where the temperature of the 

shocked gases is somewhat lower •. steinberg and Kaskan (71) report 
,} 

data of ignition behind shocks in a 2 H2+02 mixture in a shock tube 

_ 5 cm x 5 cm in the lower range of temperatures for an initial pressure 
1 

of approximate1y 200 and 300 torr. 
-4 

Their.data ( T ~ 3.4 x 10 exp. 

(11,000 ») agrees well with those given by Eq. 9.3 at the extended 
T 

second explosion limit conditions for initial pressures less the half-

atmosphere. Strehlow, Crooker and Cusey (72) also indicate that 

good agreement is obtainable with the experiments on detonation initiation 

behind accelerating shock waves through the use of the high temperature 

induction time data such as Eq. 9.3. Lee, So1oukhin and Oppenheim (1) 

aiso show that tHJ induction times calculated behind shocks near the , 
autoignition conditidhs in the experiments involving the transitiona1 

mode of initiation give very good agreement with the induction time 

data of Strehlow and COhen (Eq. 9.3). Figure 17, reproduced from the 
1 

work of Lee, Soloukhin and Oppenheim, demonstrates the b~tter results 

obtained witr Strehlow and Cohen's induction time data. 
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Unlike the case of the "2-02 mixtures, it is not possible 

to ascertain the validity of the high temperature, law pressure 

induètion time data for the conditions involved in the detonation 

experiments for the acetylene oxygen mixtures., We shall assume the 

induction data given by Eqs. 9.3 and 9.4 to be valid and compute the 

critical ~ner9Y using Eqs. 5.14 and 8.1. 

Fafrly close agreement is observed Qetween the theoretical 

predictions and experimental results for both the 2 "2+02 and 

2 C2"2+S02 mixtures over the given range of pr~ssure (Fig. 16). From 

" the results of the oxyhydrogen ~ it is seen, that th~ criterion 

of the extended second explosion limit for calculating M* yields better 
s 

agreement than the criterion (~T). == - 2 E. ~e departure, in the 
fi' oT p ok " . 

case of the latter, is prob6bly due.~ the fact that the critical value 
j 

Pô'( 

of - 2 ~s/ok has been obtained in a p~rticular shock tùbe of dimensions 

3.1 cm x 4.4 cm and the autoignition li~it ls peculiar to this particular 

shock tube. We shaH henceforth base our estimates of M* for the "2-02 
s 

mixtures on the basis of the extended second explosion Ifmit. 

In the theoretical model, the chemistry of the combustion , 

process was modelled in terms of an i~~uction zone followed by a 

spontaneous Liberation of"chemical energy Q. The variation in the 
.t' 

induction time T with pressure corresponding to the CJ Mach number and 

several other Mach numbers is shown in Figure 18 for the stoichiometric 

oxyacetylene mixture. 
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The close similarity in the behaviour of the 
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experimentally determincd critical energy curve and the induction time 

curve,along~ith the close agreement of the theory with the èxperiments, 

seemingly confirm the validity of modelling the chemical reactions in 

termS of an induction zone followed by a spontaneous chemicalOertergy l 

release. 

Deviation (in
4 

Initiation Behaviour at the 

Higher Range of Pressure 

The source energy required to initiate a"cylindrica1 

detonation in stoichiqmetric oxyhydrogen mixtures begins to flatte~ 

out when the initial pressure of the mixture is around half-atmosphere. 

This tendency, towards levelling off of the initiation energy with 

pressure is shawn in Figure 19. t 

( 

Knystautas (74)-has also observed 

t " \ 
It must be pointed out that the results reported with exploding 

wires in Fig. 19 do'not confo~to the true source energifs necessary 
for direct initiation. This\is because the valùe of the stored 
energies in the capacitors has bèen used in this case. The large 
chà~ges in the resistance of the exploding wire during the electrical 
discharge (73) makes the determination of the effective portion ol: the v 

stored energy causing a detonation rather difficult to estimate. " 
However, since the q4rcuit elements and the length and diameter of the 
wire remain the same in aIL the experiments, the qualitat~ve trend 
obtained with sto~ed energy must be the same as with the true source 
energy. The results with exploding wire are included in order to be 
certain that the energy deposition characteristics of the electrical ' 
spark are not responsible for tqe observeç pressùre dependence. 
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, 
the energyonecessary to init!ate a spherical detonatio~ in a 

propylene oxide-oxygen-nitrogen mixture {90\ (2 C3H60 +' 502)' + 10\ N2) 

to have a minimum at an initial p~essure around 0.66 atmosphere. 
- J l,' 

Again, the experiments in pl anar geometry with 2 H2:02 mixture reveal 

that the critical energy begins to increase with pressure for the 

,arger values of initial pressure of the mixtufe. 

The theoretical model predicts a continually decreasing trend 
"' " 

in the ,value of\the critical energy with pressure. Our immediate 

.-. ' 
reaction i5 therefore to doubt ~h~ validity of the theoretical model 

" for the higher range of pressures. However, a closer scrutiny of 

the parameters involved in the theory show that the induction time 
~ ~ 

behaviour as given by the conventional shock tube data of the forro 

5uch as Equation 5.11 gives a continually decreasing value of the 

T"-l/po) so t~at ~) monotonic decrease of 

the ?ritical source energy with pressure 15 predicted. 

induction time with pressure 

, 
Restricting our discuss~on to hydrogen-oxygen mixtures, we o 

realize that .the conventional shock tube data have been derived at 

relatively low pressures and high temepratures for which the three-body 

recombination reactions are not influential du~ing the induction period 

(65). At the higher rang~ of pressure~, with the larger number _ 

density of the molecules present, the probability of three-body collisions 

is more ,likely. Hence there is an increased possibility that'the 

three-body recombination reactions such as given by reactions 1, 2 and 3 

will o~cur during the- build-up of chai~'J carriers during ,the induction 

process itself. 
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( ) 

H +' H + M --.. (2 

.. 
H + OH + M --.. (3) 

. 
These recombination reactions w~,l compete with 

\ 
" \ 

initiation and chain hranching reactions so that a longer perio of 
. 

time will he necessary to generate an Adequate number of chain 

·for an explosive reaction to occur. The higher the&~nitial 
~ 

the gr~ater is the iikeliho~ t,at theS~6Cbmbinat!On reactioqs ~ccur 

1 \ 

inc~ase at th~ higher range of pressures. 

eariier in the process so that the indùction time can be expectefto 

,P 

Op~nheim's data (67) on induction ~ime derived in Sh~Ck tubes 

,with the pressure Qf the s~ocked gases up to
q
l.96 atmosPhereS

J 
JualitativeJY 

o 
illustrates the tendency for the induc~ion times to level off and aiso to 

increase with.pressure near th~ limita of autoignitio~. Fig\\re 20 

shows the induction time~, derived from Oppepheim's least square fit, 

plotted as a function of pressure for shock Mach numbers of 5, 4.5 and 4. 

Though an increasing trend with pressure is observ~d, no quantitative 

estimates for energy are possible using these induction times. This 

~ ~ . 
is due It:O the large variations in induction times for relat.t,vely smaii 

ch~nge~ in pressure due to the 
1 

fit employed. The absence of 

double exponential nature of the curve 
" ~ } 

any~reliable inductton1time data at 

~ these higner range of pressures makes a theorétical prediction of 
/ 

initiation:energies. in the high pressure region extremely difficult. 1 . 
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• 3.11 Oomparison of the Present Th~ory with the 

Theories of'zel'd~ich and Lee ~d Bach 
1 

The presènt phenomenological mode,l, the Zel' dovièh model (29) 

and the mo~el of Lee and Bach (35) are aIl pr~rily derived br con-' 

~erving the total energy en,losed by the shock front. , , . In the fO,llowing - . 
t~e basic similarities and differences in thes~ different theories are 

briefly indicated. J 

In the Zel'dovich theorY, the energy c~nservation relation 
, ' , 

is deriv~d by neglecting the density changes behind the ;hock front. , ' 

The tota"l energy en~d by the shock (viz., SUIn of the source and 

ch~ical energies) ia given by 

E = 

, , 

. 
Fromcorisidera~~ons tpat t~ pressure behind the shock is 

'10,.1 

proportional to the energy density of the s'hocked" volume of, ga.s, the . ~ 
f pressure in the wake of a detonation 16 wrltten as 

t\ 

l, 

QPoJt. CR -d) j+l \ 
'E +, . J 5 • 

1> 
s j+l 

1> = A' --' k. R jrF1 
'l '. ...l...!!. 

j+l il' ~ .. 
ç 

. wh.ere A 1s .. a proport~onal~y cons~~t . 
/ " 

.' . . 
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\ 

\ ... 
By cxprcssHlg tne pressure, 

in the following' dimensionless f,rm' 

~ 

'. 

and r 

= 

= 

= 

E 
s 

source 

1 

-• 1 
Eq.ID.2 can be written in the form 

enQrgy 

( 1 _ .l:. )j+l +--L-
..<fI '+1 
1: , rJ 

} 

" 

" 

~ 

" 
and shock radius 

10.3 

o 
10.4 

10.5 

, 0 

10.6 

A plot of the non-dimensiona1 pre~ure n versus r for several 

,values of the source energy parameter B i9 shown in Figure 21 for a 

. spherical geomett}l (j=:2) • It is observed that a passes through a 

mirtimum value and asymptotically approaches unit Y for r + co • -For 
" , 

"-

( - ) smaller values of the source energy parame ter B, a lesser mintm~ 

, '. ~ .. " 
-prés'sure 'is, obtalned. Zel'dov1.ch 'postulated that the rapid drop in 

pressure for small values of B can quench a detona~ion. He hypothes ized 

that for th~qirect i~ieiation of a ~et?~~tion the decay rate must be auch 
" 
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thât the pressure behind the shock front should not decay to a level 

belo~ the Chapman-Jouguet pressure 'before the shock front'~ravels a 

distance of the or,der of the reaction zone thickness d . This 
. 

statement is equ~valent to saying that the time taken for the shock , . ~ 
wave generated by the igniti~n source to decay to the CJ Mac~n~er 

must exceed the time taken for chemical reactions to occur. 

Sichel (75) recently used the Zel'dovich criterion at the 

radius where the source ~gy' and chemical energy are equal. , His 

cr iterion reads " 

k 

where k is a parameter less than unit y and depends on the particPlar 

gas mixture used. ; 4The equa~ity in Eq. 10.7 holds good at the critical , 
conditions of initiati~n. The determination of parameter k is rat~er 

. ~.. ,. 
Jlf\;.cult in S iehel' s ~heory. Sichel neatly avoided th~ e~al~a'~n 
of k 6y normalizing the initiation energy in terms of the initiation h, 'j 

energy of a stoichioietric mixture. The influence of finite time 
" 

taken for chemical reactions to occur was nbt 'considered while determining 

R* in this theory. 
~ 

* ' .. , The shock behaviour at R was also approximateq to , s. 

be given by the ideal blast wave theory. 
J • " ' 

, .. 
~ L 

f ~ 

• . 

.. 

• , / ' 

. 

, , 

----------------------------~~-.----.............. '~j#.2.~.! •. A~!~ •• !~J.~A'~x,~~ ........ a .. Rr..~,~,~.--~ __ .... ~--tc. 

, 
1 
\ 

J 1 

1 

r 
1 
i 

'. 

( 

" 



.. 

\ 
1 

" 1 \ 
\ .. 

, 

, . 

\ 

,t 

() 

67 

In the present phenomenological model, we also derived the 

~ expresslon for shock strength CEq. 4.8) by conserving the total ' , 
energy enclosed by the shock front. The variation of flow properties 

behind the shock was considered unlike that of Zel'dovich. By non-

dimerts ionaliz~ng the induction zdne thickness d and the sho'ck travel 

Rs in terms of the explosion length'~o (R
o

:;:: (~s/po)l/j+l), vfz., 

" 

!::. :;:: d/R 
o 

R = Ra /R s a 

Eq. 4.8 qan be written in thE!\ form 

b 

·where a, band çIlre given by 
\ 

~ . 
and 

1 

a 

b '" 

c = 

• .. 

t 

1 
j 

1- ~)(j+l),1/Il + C 
R 

.0 

\ ' 

.. 

--10.7 

10.9 

,.-' . , 

10.10 
1 \ 
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1 

A plot of M versus R for several values of ~\is 'shown in 
s 

" Figure 22. 1 The parameter ~ corresponds to the reciproca1 of t~e 

energy parameter a in~the Zel'dovich theory. The cur<Tes exhib i t 

the tendencYlto pass through a minimum value in Mach number and to 

asymptotical~y approach M as R +'~. The initiation criterion is 

" CJ 
derived from considerations that the ~imumum value o~ shock strength 

, 
must not fall be10w the autoignition limit (M*). 

\ s 

The model of Lee and Bach (35) likewise basically hinges on 

the conservation relation for ~he total energy enclosed by the shock. 

The effect,of finite time taken for the chemical reactions to occur 

i~ modelled,in terms of an e~uivalent heat release (Qe) at the shock .. ' . 
front, viz., 

w,,' 
t, 

Rs R -d 

J. poQekl'ldt =>:J l sPQk{ dt 10.13 
<, 

o ' 0 

~ 
.... 

.. 

" 
,) 

The f10w distribution behind the shock front ia presumed 

to be given~y the reactive blast wave mo~el with infinite chemica1 

reaction rates. An arbitrary 

d of the form' 

\ 

.1 
where 

d '= ô 

" 
• ô = 'constant 

• 

(1 

funcHon for the reaction'zone 

ëEc;:/EB j , 

. 

Chenfit,Î energy 
~ 

~nclosed by the blast wave 

and Es = blast nergy. 

f 

. ~ 

thicknesa 

10.14 

/ 

( 

f' 
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j. i9 chosen. 1\ lower limit for the,shock,stre~gth, i.e., an auto-Ir' 

, 

ign1rtion limit M* is aS9urned below which the chemica1 energy is 
S . 

suppos~~to. decouple 

Q = ° if M < M*). e s s 

, v 

from the shock motion (a eut-off condit.ion, vfz ... 

Using the functional dependence (10.14) and an equivalent 

heat releaSè Q , the equation expressing the conservation of energy is 
el" 

·,'inte<1.;ated nurnerically fsif 'specified values of ÔIRo ta obtain the 

. ' shock tra]ectory. Figure 23 show!; the! variati,pn in Mach n\.i.mber with 

radius for a 100 torr~toichiometric C2H2 + 2.5 02 mixture in the 

spherica1 geometry. 

~ (col;of~~~nding to ôlR 
, 0 

The existence of steady state ~ub CJ velocities 

of 0.004 and 0.02 in Fig.23 ) is indicated 
l. .. 

unlike the acceleration to an asymptotic CJ state in the Zel'dovich 

model and the present the?ry. Mathematical instabil'ities are also 
1 

observed to occu,~ for certain values of 6/R • 
1 • 0' 

1 

The initiation energy in t~e Lee ~d Bach's theory ia 
, 1~ ~ 

ob~ained by determining the value of ô/R which yi~lds a shock traj'ecfory 
• ! " 0" .., 

* f ô . ; wh ch does not decay below M • The value 0 1S chosen on the basis. s 
" 

of the experimental measurements of reaction zone thickness (hydro-
t 

dynamic thickness) in a CJ detonation. 

I~,the present theory no funct~onal form for the induction 
( 

zone thickness is assumed, nor is an experimentally measured reactio~ 

" 
, 

zone thickness used. The induction distance .is calculated on the 

• 
basis of the experimentally obser~ed quasi-steady propagation at Mach 
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* 0 numbers around M before a violent transition to a detonation. 
s 

• A ~implified method is used to solve the energy conservation equation 

and the initiation energyis determined in terms of the chemicai and , 
!III 

physical properties of the expl?sive gas mixture itself. 
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CHAPTER 4 

1 

CHOI4E OF EXPERIMENTAL PARAMETERS 

• 
-\ . 
4.1 Introduction 

\ 

The theoretical mqdel yields critical energies for direct 

initiation in planar, cylindrical and spherical geometries. In 

arder to compare the results of the t~eory with experiments, it ls 

necess~ry to generate reproduci~le results pertaining to these 

geometries. A considerable number of experiments have been conducted 

over the last two decades using a variety of ignition sources (viz.;' '" . • 
electrical sparks, exploding wires, solid explosive detonators, plartar 

detonation f~m a tube, etc.) in spherical, cylindrical and tubular 

~metries. oThe magnitude of the initiation energles obtained by 

." 
the different,i~vestigators f9r the same explosive g~s mi"ure at the 

same initial conditions of temperatu~ and pressure differ by orders 

of magnitude. 'î It is therefore not 
1) 

possible, on the basis of these 
1 ·1 1 

experiments, to jevolve unique valu~s for the magnitude of the critical 

energy. 
. ( 

The wide discrepancies in the experimental results can be 
'\ 

attributed mainly to the fact that th~ mechanisms involved in the ( 
'..(j 

<> , 

formation of a detoJ;lation have not beel1 taken into accOWlt by th~se (1 ~ 

researchers. The ~otivation for the invest~gations of critical 
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( " 
~' 

energies for direct initiation evolved primarily .. from a des ire ...,to 

develop safety criterion in order to prevent accidentaI explosions in 

\ ,'). 
m~nes. There was no theoretical model te guide the experimental 

,~earch and' the absence of any systematic mode of investigation 
,,' If 

1 

resulted in the haphazard collection of experimental data yielding 

little quantitative information other than to indicate the relative 

ease for a given igniter to form a detonation in a given explosive 

gas mixture. 

For instance, much of the earlier work on direct initiation 

(32,7~-79) using electrical spark~ and exploding wires report the 

'e'lectrical energy stored in the capacitors (1/2 ev2) ta represent the 

• 
critical energy for direct in~tiation • 

.f 
It is ta be expected that 

the stored energy is not a val!d measure of the energy deposited in 
1 ;jtr 

the gas by,the spark or exploding wire discharge, since a subst~tial 

amount of ohmic lO$se~ is bound ta occur in the circuit element~. 
~ 1 

o 

Again, not aIL of the ene,gy deposited in the gases is meaningful for 

direct ini~tion becausc a detonation may be formed fairly early in -, 1 

the process of energy deposition~nd once formed the detonation is 

sustained by chemical reactions. consequently, only a fraction of 

the stored energy in the capacitors i5 meaningful for blast initiation 

and this fraction can be sensitive ta the configurations of the 

electrical discharge circuit.' Since roost of the reported experim nta 

e do not give d6tails of the discharge, no quantitative information 
~ 

on 
" J\ ...... _ 

critical energies can bo deduced from"these exPè~{m~ts. 
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It i9 aiso diff!!i-ult to discern the geometry of initiation 
( 

1 
in many of the experimentsrreported in the literature. This is 

because we d~ot have, in practice, ide al point, 1ine or pl anar . 
energy sources which produce perfectly spherical eylindrieal or planar 

blast "(aves. 

the problem. 
1 

The followin~- example best illustrates this aspect of 

Collins (25), in his experiments on direct initiati h 

with MAPpt mixtures, employs the dise type of cond~nsed explosive 

ignitérs (dlameters ran9~ng from 2.S,cm to 25 cm) at the'centre 0 a 

container whose dimensions are 1.2 m x 1.2 m x 6 m. It is expe 

that the initial shock wave formed from such an igniter (eSpeCi~IY 

with the larger diameters of the igniter) will be more planar than .. 
spherical. . In the far field, however, the shock front will approach 

> 

a spherical geametry due ta the unconfined nature of the surroundings. 

The problcm that now arises i9 how do we classify the geometry of 

initiation in these experiments. Apparently, if,the mechanisms involved 

in the initiation process are operative very near the source itself '. the 
1 

i~itiation could be planar: if not, the geometry of initiation l could as 

weIl be spherical. Collins arbitrarily presumes the initiation to be 

spherical. 

The problem of identifying the ge.ometry of initiation is not 

limited to the larger igniter sizes associated wi~h- condensed explosives. 
A (' 

Detailed observations (22,80) of the shock waves fo~med during the very 

t MAPP consists of a mixture of methy1 acetylerie, prop~e and 
propadJ.ene. 
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l 
early stages of energy release from a laser spark of submillimeter 

_J 
size (~ 100 ~ diameter) in a spherical container show it ta be highly 

elliptical (almost approaching a cy,lindrical geometry) , with a large 

curvature in the direction of the focussing beam. 

possible that even with the 

initiation could correspond 

almost point source laser 

ta a cyl indr ical 'eometry 
o 

It is, therefore, 

exper imEmts the 

rather than a ; 
, 

spherical one. Similar problems also arise with electrical d~scharge5. 
~ 1 

~ Thus it b~c~es difficult ta recognize the geometry of initiation in 

the existing experiment? 

We can therefor,e infer that the neglect of the nature of 

. 
~ energy deposition by the ignition source and the subsequent shock 

, 1 

D ) 

, 
dynamic phenomenon raise consider'hble ambtguities 01') the usefulness 

of the previous experimen~l investigations. For detonati9ns in 

cylindrical diverging geometry ,and p~anar geometry, another factor, 

viz., the confining walls, could influence the critica~ enèrgy for 

direct initiation. No efforts have thus far been made ta recognise 

the role of the confining walls on the initiation process in these 

geometries. The common practice'has been to choose the dimensions 
1 

• of the explosion vessel (diameter of the tube or the'width of the , 
" cylindrical chamber) to be greater than the characteristic size of the 

\ 

,t" 
detonation structure (cell size) with the hope that the wall influences 

on initiation would then be small. 
t 

But the experiments of 8rossard 
1 

and Niollet (81), and Matsui and Lee (27) sfoW the influence of walls 
l . 
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• 
" on the initiation energy in the cylindrical geometry ta be considerable. 

\ 
• 

An analysis of the early experimental resurts of Zel 'dovich (29) in 
- 1 ~ 

tubes also demonstrates the wall influence to be considerable. 

11- the choiee of the dimensions of the explosion ehambe~ were ., 
fF!' 

ta be arQitrary, then the experiments in the different explosion 
1 

# 

chambers could lead ta varyJng results depending on the degree of 
• 1 

• th. • " • influence of the confine~ent, th us making th~ ~n~tiat~on exper~ment 

uniqu~ for a partieular eQnfigur~tion. Researchers, -in general, have' 
~ 

, not met with adequate success' in sOlving the confinement effects on a 

steaây.propagating detonation. Consequently, it cannot be predicted 
.\ 

off-ha,nd how th~ walls of the expl,osion chamber could influence the 

proeess of blast initiation. 
~ 

This chapter dealS' essentiaily wi th the results of expèriments 

condueted ta de"termine the influence of the igniter and eXPlos~n " 
~ 

chamber eharacteristics on the initiation process sa as evolv~ 

experimental conditions which would yield meaningful 

results of a generalized nature for the "'direct -initiation of detonatfons. 

/ 

In view of the flexibility of control and the relative ease of monitoring 

the e,n~rgy deposited in the gaseous mixture, the eleetrieal spark was , 

chas en for the. i<;1ni ter. Experiments were mainly conducted in cylin~ 

drical and spherical geometries and direct- initiation" of detQnation was 

inferre'd from veloci t:-y and pressure measurements. 
, 

\xperiient~ and methods em~loyed"to.determine the critical energies àre 
").- . 

discussed in Appendices ~ and II. 
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4.2 Minimum Explosion Areê J 
The area of the detonation front in planar and cylindrical 

detonations depends on the dimensions o-f-tlle defunation tubè and the \.... 
o ~. 

width of the 'cylindrical chamber respectively. If the source ene~gy' 
,If' 

,necessary for direct initiation were to be a unique property of the 

explosive gas mixture~alohe without being influenced.by the confining 

walls, tl'\en the sourCle eneI!gy per unit width,of the cylindrical, 
c ,. l' - 0 

chamb~r in the cylindrical geometry and the energy per unit area of 

the tube in the planar gJometry must be a constant for a particular , . 
gas mixture regardless of the'width of the cylindrical chamber or the 

dl~eter of the tube: 

Ta simulate the influence of confinement a series of experi-

, ' 

ments were performed in the cylindrical geometry with the heigh7 of 

t~e. cYlindri~al chamb~r ~~rying between 112 cm ta 5 cm. - Different 
. ~ 

gas mixtures ral19ing ,frpm th$ highly deton"able acet'ylene oxygen mixture 
l 

, . 
to the ;elatively less detonable HZ-02 mixture at subs~mospheri~ 

pressures were employed; 

" . 
Figure 24 shows a plot 'of ,the energy per unit height of the 

f ,~ ; 

cylindrical chamber (joules/cm) versus the hei:ght 'of the chadlber (1) '" , 

~or the different explos~~e gas mixtures. The characteristic transverse 

wave spaci~g (S) for t~ese particular mixtures i~' al sa shawn in the ' 

figure. It is obvious that the varue of Esil is considerably 

influented by the width of the chamber, the inf,lueoce becoming aggravated 
~ 

as the 'oe11 size of detonation, S, ihcreases. A tcndency fo~ Es/l to . 
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'1.' 

" appraach a constant value 'is seen wheh the height of- the ch.4lher 
, 

cantaing-about 7 to l~ detonation cells. .. 
- .' That the walls can exercise su ch a cantra~ling influence 

an the .initiâ-tion process is rather surprising. '-/ (he quenching 
~ '\ 

thickness for ~ detortatian is known ta be extremely small (10) , (iess 
'1 

1;1 than a transverse wave spacing). In fact ,it is w'ell docum~3ted that 

f 
s~eady deton~tians can be maintained in sub~millimeter size tubes (82) 

" and in a cylindrica~-'diverging'geometrY'with an extremely smali height 
\, , 

01 the cylindrical chamber (13). Consequently so~ dbubt ,is likely 

" to arise as to whether the observed dependenc~ on gap length iS'a 
" .,\ ~ ~ 

reflection of the characterlstics of the s9ark disèharge ibftelf. 
, ~" .... 

In 'order' to verify, that the trend in the results is not ?u~. 
r 1 

ta the ene)rgy transfer charqcteristics, of the spark dis charge itsèlf, 
1 

1 ..... 
the overpressure of an unreactive blast wava.at fixed ~istances fr6m 
'1; 1 • • the spark was measured by monitoring the re~lected shock pressure for 

different heights of the 'chamber. It.was observed that the measured ~ 

-pressures at a fixed valué of E/1 fOf the different widths, l, were .. , .-'. 
about'~he sarne (Fig. 24a). It can therefore be inferred ~hat the 

~ 

energy deposition ..characteristics 
\ r [J.- , 

are not,responsible for 'the ob~erved 

l~end in the 'results •• 
.~ 

( 

Besides, the experiment of Brossard ând Niol~et (81) aiso 

confirma the abserved 

. and NioHet conducted 

an ~xplQding wire to 
rJ' -~ "" 

~, 

_J 

i~fluenee of confinemen:i~itiation. Brossard 

an investigation of the transfer of energy from\ 

a . detonating gas i~ cireular'seetored dises of 
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, ' 
height 2, 6, 14 a'hd 25 DUn. ' The"-"gas mixture used 'was stoichiometric 

1 

propane oxygen at a pressure of one atmosphere. They'~eported the 

energy for direct initiation in terms of the stored energy in the " 

," 
capacitor: for the different heights of the seceored dise. As 

l , d in' the introduction to thi~ c::hapter, the stofed tr ment~on~ en-ergy .. fi' . 
'not a meaningful quantitative parame ter because it fails to take into' 

\ 
r . , 

'-. 

... ' and c~rcuit connections and also ignofes 

lepo~ited in ~e ext>1osive gaEl tha~' 1 

account the lasses in the 'switch . ' 
the fraction of th(tal energy "'. .. 

t • 
actual~~~contrihut , to ~he fonmation of a detonation. Nevertheless, 

the stored energy tne~stire'm~ts of Bros~ard and liliollet. can. he expecte~ 
v \ 

to indi0ate the trëhd in the critica1 1energy for the differe,nt ~eights .,. , 
, 

of the chamber •. , Their resu1ts ar~ rep19tte~" in Figure 25 'in tenna o'f, 

s$ored energy per unit chamber height. The tendency ·foF E/l to !;>e t 
, Q. 

, 
a constant ls observed for > greater th an. about 7 

" The tIans verse ~~v~ sp~c~ngl for'.j:he one 
~ 

mm. 

• 
atmosphere'stoicfiio-

med:ic prapahe oxygen, ,mixture has. been deduced t~ be about 1/2 mm. by 

, '" ~ , . 
Edwards (33) on the hasis of'spin freque~cy measurements. we· 
/ ~ / r ..".. 

t~~;efore;ee that ~ven ln Br~ssard'~d"NiOl~~~'S ~~p~riments E/l 
~ 1 ~ tt ~ 

re~~hes a 'constant valu~ when the chamber width contain~ about 14 cella .... 
of d~fonatio~. ~ 

\ , The t'ab le , 

c' 
,. 

" ~ 

..... .. ~ ..' ~ .. 
given belOl'ill', èo'mpares the height of the cha,nber 

• , ~. '-0 1 ' ~('--' 
at which. E~ ~ _tends to ~:\:a cons:a~t' (we s~al~, ~all, this lll~ ;wi.'th ,the 

/frans,versee w~ve sPtacing,' So, for the different gas mixtu~. " 
'. 
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chs mixture 1* (cm) 5 (cm) 
1* 

n = -s 
" 

300 torr 2 CZIIZ + 5 °2 1 • .07 • 14 

100 torr 2 CZll2 + 5 Oz 
(a) 

1.5 .23 7 . 
80 torr 2 C2HZ + 5 °2 + 6 Ar 2.5 .45 6 

\ 

80 torr 2 C2 H2 + 5 02 + 
"1 

6 He 3.5 1 .7 5 

380 torr 2 116 + 02 3 .25 12 

1 atm C3H8 5 0 t 
~ 2 .7 .05 14 

2::1 

(a) Result of Matsui and Lee 

t 
Result from Brossard and Niollet 

A fcw experiments conducted in the pla~ar geometry in. 

circular tubes also reveal that the source energy per unit cross-

sectional area (E lA) tends to ,a constant value when the diameter of 
s 

the tube contains about ten characteristic cells of detonations. 

Figure 26 shows the values of E lA plotted as a function,of the tube 
s 

1 

diameter ~ for a 100 torr 2 H2 t 02 and a 40 torr 2 C2H2 + 5 02 mixture. 

For the 40 torr oxyacetylene mixture, E lA reaches a" constant value for 
s 

1 

a tube diameter around 6 cm. The transverse wave spacing 5 is about 

0.55 cm for this mixture 50 that the ratio of this limiting tube 

diametcr to the transverse wavc spacing is about 11. , For the 100 torr 

o~?ydrogcn mixturc, whose transversc\ wavc spacing is about 1 cm, Es/A 

tènds ta reach a constant value when the tube diameter is about B cm. 

) 

" " 
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These experiments in cylindrical and planar geometries 

indicate that Eli and ElA reach unique values independen't of the 

dimensions of the explosion chamber when an adequate explosion area 

containing about 7 ta 14 characteristic cells of detonation acrosè it 

is formed. If the dimensions of the explosion chamber allow the 

formation of a smaller explosion front, the confinement begins to 

influence the initiation process and larger magnitudes of source'energy 

are required. 

Op the basis of the detonation kernel theory a qualitative 
,. 

analysis reveals that the source energy must be able to form an adequate 

explosion are a containing about 10 cells of detonation even in the 

spher1ical unconfined geometry. This is seen as follows: It has been 

shawn that the ignition source in blast initiation must be oapable of 

forming a kernel of size R*. 
s 

It ia also known th)t the propagation 
(l 

of a detonation is through a series of periodic initiations at the 

intersection of the transverse waves SO~hat the length of the detonatlon 

cell must approximatelY correspond to R* (section 5.2.1). The 
5 

characteristic cell size of a detonation, S, 15 about 0.6 times the cell 

len<:{th (6). Hence the number of cells of detonation associated with the 

detonation kernel ls 

2nR* 
s 

S 
2n 
.6 

. ~ 10 . 
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", ' 4.3 Role of a Minimum Explosion Area 

4.3.1 
( \ 

Pressure and Detonation Cell Measurements 

It is instructive ta determine why a minimum explosion are~ 

containing about 10 cells of detonatibn' across it is necessary in 

order to overcome the adverse effects'of the confinement on the initiation 

process. In order to gain--some unders tanding of the process .. it 

seemed appropriate ta examine the influence of different eXPlt:ion 

areas on the characteristics of a det.onation. Hence pressure'profile$ 

behind a detonation front and ,the characteristic detonation cell sizes 

were monitored for various heights of the Crlindrica1 chamber. The 

energy released by the spark was adjusted-~o be equa1 to the critical 

energy for the particular mixture at that particular chamber height 

so as to avoid any possibility of an overdriven detonation. . The • 

pressure transducer, located in flush with the wal1s of the chamber, 
,.r;:, 

was placed at a distance of 17.5 cm. from the ignition source., 

Figure 27 shows the pressure profiles obtained for a 

1 
stoichiometric hydrogen-oxygen mixture at an initial pressure of half-

atmosphere with the height of the cylindrical chamber maintained at 

6 mm, 19 mm and 30 mm. For the smallerl chamber width there i; 
;' 

observed to be a considerable overshoot in pressure in excess of the 

CJ pressure al the ~etonation front. The classica1 Jouguet, Taylor; , 

Zel' dovich (JTZ) theory is seen to predict;. the pressure profi,les 

f~irly weIl though there is a c1ear teridency for the pressure downstream 

1 • 
<, 

,-' 
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.~ 
l "'_ 1 of the detonation fron~ to be lower with smaller heights of'the ~\ 

t ~ 
chamber. Edwards (83), on th'e basis of experiments. in tubes of 

dlameters 1.6,3.8, 5 and l~ oms., also found a decrease in pressure 
1 

~ downstream ~f the detonatlon flront for smal1er Qiameters of the 

tube. 

Smoked 'pictures showitg the ç:haracteristib detonation cells 

for an 80 torr stoichiometric acetylene oxygen mixture diluted with 46\ 

• 
helium are given in Figure 28 for the case of tpe cylindrical ahamber 

with diff~rent heights of the chamber. The assortment of continually 

varying sizes makes it diffic~lt to specify a unique ~rahsverse wavè 

spacing from these records. However, the trend for an increased 

wave spaclng 'with smaller chamber heights is clearly evident. ' For 

larger chamber heights the cell structure ls se~n to approach that 

determined in a tube havlng a diameter of 25 mm. Pressure profiles 

behind a detonation front !orresponding to these structures are also 

included in the figure. 

The tendency towards larger éell slzes with the corresponding 

~vershoot in frontal pressures (von Neumann spik~) ~ sU9~estive of the 

approach to a marginal detonation (84). Ît ls relevant to note that 

increases'in cell size~ have a1so been observed with steady'detonations 

in tubes and the common belief has been one that the tube ~ill influence 

t 'J ~ The determination of pressure profile using the JTZ theory 
is given in Appendix V. 
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the cçll size only if its diameter is less than the cel! spa~ing (85). 
\ 

However 1 a c10ser look ~t the already existing data 'obt.iined for cel! 

sizes in tubes of different diameters r~eals that the cella begin 

to grow even when'the tube contains about 7 ta 10 cells of detonation • 
. ~. 

As ~n example , Fiqûre 29 shows the'dependence of cell~ize on tube 

diameter for a stoichiometric H2-02 mixture at'~ p~sure of 130 torr. 

We are therefore l~d to conclude that the cel1 size of a 

detonation and ,the pressure profile behind a front are also affected 

by the confinement. The pressure profile '-approaches that .given the 

JTZ theory and the cell size also approaches a èonstant value as the 
\, 

initiation energy per unit length or area tends to a constant value. 

The confinement then cbntains an adequate number of detonation cells. 

4.3.2 Momentum and Heat Losses 

Confinement is always associated with losses and the most 

. . 

natural tendency is to try to explain the above experimental observations 
1 

in terms of friction and heat ttansfer ~o the wall~ of the chamber. A 

~ considerable amount of work in the fifties has attempted to explain 

1 the characteristics of a steadily propagating detonation in tubes in 

terms of friction and heat transfer at the boundary layer. A critical 
1 ) 

survey of these works shou~d help us decide whether we should-pursue in 

'1. 

this direction to interpret the observed experimental behaviour. 

K~stiakowsky et al. (86) 1 Peek and Thrap (~7) Ir and Guenoche 

and" Manson (88) have shown that the velocity of a detonation ia reàùced 
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t 

due to the presence of walls of the tube and that the reduction in 

velocity d,epends on the tube diameter and the .i:nitial pressute of the 

explosive gas mixture. Fay (89) in 1959 dev~loped a phenomenological 

explanatA~ in terms of the friction losses in the boundary layer. He 
'" ..Ll~JI , 

• used the classical une-dimensional ZD~ model of a detonationt and 
, 

showed that the momentum loss at the bounaary layef resulted in the 
\ 

divergence of the flow behind the shock front (negative displacement 

thicknessl. He was able to obtain reasonable estimates of the 

velocity deficit and also recover the experimentally observed dependence 

of the deficit on tube diameter and initial pressure of the gas mixture ~ < 

\ 

More recent~ Dove et al. (8) em~loyed this one-dimensional friction loss 

model with the detailed kinetics of the chemical reactions to predic~ 

velocity deficits. They also recover ttè experimentally observed trends 

though their numerical predictions are a gross underestimate. 

The detonation 

of the negative slope of 

velocity is pr~t\Onal to the 'squar~-root 

the Rayleigh line joining the initial state 

with the final state in the Hugoniot curve. Hence relatively large 

changes in the location of the final state will only produce second 

order changes in det~nation velocity makinq the latter a relatively in-

sensitive parametér. It is therefore rather dangerous to accept a 
~ . 

theory on the basis that it recovers the experimentally observed trend 

t The ZDN model of a detonation, 
model, viz., Zel'dovich, D8ring and 
as an unreactive shock followed by 
culminating in a sanie CJ plane. 

named èjlfter the originators \ of the 
von Ne~ann, treats a det;onation 

a zone of chemical .reactions 

r 
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in the insensitive velocity paramoter. The effect on more sensitive 

• 
parameters such as pressure or density must be ascertained. Edwardg 

1 

,(90), on the basis of pre~sure profile measurements in tuQes, showed 
1 

that Fay's bound~ry layer frictiort mode1 gives a gross ove~estimate 
"-

for the effect of tube diameters,!lon the pressure profile. 

The rote of heat 
'" 

by E~ar~ et al. (91). 

, 

loss~s, on the other hand,'~as been consid~1~ 
(1 

us!ng an experimentally determined skin , . 
friction coefficient on the ~a~is of Reynolds analogy, ,they demonstrated 

f 
..... that a 'One-diménsional theory based on heat loss to the waHs in the 

f 

1 
/ 

expansion regian behind t~e detonation front gives reasonab1e agreement 
- 1 

wlth the observed press~fe profile in a 1.6 cm diameter tube. The 
" t: 

heat loss measurements/were in agreement with the'theoretica1 estimates 
f 

h 
/, 

of Sichel and David (~2). Again, Strehlow (93) reported that the 

heat l6ss theory gives good prediction for pressure profiles in a 

'" 
marginai detonatio~ when an arbitrary value of skin friction coefficient, 

25\ less than that of Edwards', ls used. 
J 

The heat 10ss theory is, 

however, unableÇ to ~xplain the relative ineffectiveness of the walls 

4' 
in influenci~g the pressure profile for the lafger diameters of the tube. 

It 15 also well-kno~n that the one-dimensional lossless 

theories predlct pressures ,and densities very weIl for overdriven 
, 

detonations but yield considerable errors for self-sustained detonations 

(94). _, A radical change in the 1055 mechanisms'cannot be expected 
j 1 

) 

to be'oporative betwcen the self-sustained and overdriven regimes. The 

1 

/ 

/ 
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one-dimen~al loss theories ~re~obviously useful as engineering 
~ 

madels in that they yield sorne quantitative predictions. But their 
1 

limited validity and the, by now, well-established three-dimensional 

character of a detonation suggest that a more appropriate explanation , 

for the confinement effect should arise from the irlteraction of the 

walls with the self-susta~ning character of a detona~ion wave. 
ILl 1 
~- ) 

4.3.3 Influence of Wave Intera~ions 

We shall attempt a qualitative explanation of the confinement 
.> 

effe~t in tèrms of the se,lf-sustaining character of the detonation wave. 

It is well-understood ~t a detonation has a strong three-dimensional 
'. ' 

., 

chco;acter with transverse shock waves propagating laterally' Along the ~1 

t 'detonation front. The transverse waves in a steady propagating 

detonation der ive their strength from the chemica1 reactions occurrinq 

, (behind them 195, 9tl ' 

A decrease i~ the rate of chemical reactions adjacent to the 

walls due to the coo1ing of the gases or 10ss of chain carriers to the 

wal1s would 1ead to a wQakening of the strength of those transverse 

~ 
The strength of the Mach stem 

1 
waves irnmedi~tely'near th~ wall. 

shock generated from the intersection of such a weakened transverse 

wave would b~ l~ss than what ~t would have been in the absence of any 
'1 

attenuation in the .t~ength of th. caù.~l tr::lver.e .hocks. 

t " 
Details of the wave interaction proces'S. and the terminoiogy used 

to describe the different shock waves are given in section 5.2.1 of 
Chapter 5 . ., 
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\ 
\ 

/ 

work w{th,isolate~ ~ch stems, has 
.... . \ 

of 'energy behind_ the newly formed 

Barchel (97), from his 

shown that the explosive release 

Mach stem shock could lead to eithe~ an augmentation in bhe strength 

of the transverse waves or a decrease in their ~trength dependinq on 

the indU~ion time delay-and the time taken for a pressure pulse 

associated with the explosive release of energy behind the initial 

Mach stem shock to catch ûp with the lead shock. He demonstx:ated 
, 

that the strengtq of a transverse shock is increased if the interaction 
, ,,}\ , 

betwee~ th~ ~ressuie pulse and the lead shock oceurs when the latter 
~ 0" 

is st~ll a Mach stem ,hOCk while a decrease in the strength of t~e 

transverse wave take~lace if the pressure pulse is so delayed that 
_/ 

it meets the lead shock when it has already become an incideJ'ff shock 

wave. 
\ 
\. 
') 

[ 

The reduetion in the strength of the initial Mach stem shock, 

COnsequent to theiwall effect, results in a longer induction time sa 

that the prepsure pu~se generated from the explosive energy releaae 

behind the initial Mach stem shock is, now generated later in the process. 

If the inerease in the induction time is auah that the pressure pulse 

reaches the lead shock wave when it has already become an incident 

ahock, then in a,ccord with Barthel'a theory, the strength of the trans-

verse shock further decreases. Such a process leads to the failure 

of the transvetse 

wall. However, 

wave and a cell of detonation, as such, near the 

local ignition si~e~may be p~oduced after the trans~ 
verse waVe has almost disappeared and 

i 

these ignition points could lead to the 

waves later 'in the process (4). 

interaction o~ the waves from 

of new transverse 

, 
<: ' , -,' ., 
,< -." 
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The transverse pressure oscillations in the wake of the 

1 1 detonation caused by the transverse waves tend to couple witb the 

oacoustics of the explosion chamber. The acoustical vibrations, in 
.., 

tilrn, tend to even out the J-ateral distribution of the transverse , 
waves. Consequently, if the detonation consists of a few number 

lof cells ~d if orte or two of thes~ cells were. to disappear,· say due 
... 

to the wall effect, the tendericy to even out the tr-ansverse wave ,-
,/ 

distribution would lead ta a conspicuous increase in the average size 

of a cell. On the other hand, when the front consists of a large' 

number of cells the influence would be minimal. 

The cumulati~e decrease in the strength of the transverse 

1 shock waves will also cause chernical reactions to occur further down .. 
'the tail of the tr~nsverse waves (since the induction time is now 

longer) 50 that the von Neumann spike now becomes more distinct. 
( 

With the chernical energy released later, in the process, the effective 

\ 
chemical energy available for driving the shock front decreases. It 

will, thètbfo.re, be necessary for the source energy ta generate a 

larger detonation kernel before the chemical energy can sustain the 

shock. Hence the trend towards larger source energies for blast 

initiation associated with larger cell sizes and a mark~ increase in 

the pressure spike with a ,reduced number·of cells in the detonation 

front can be" explained. 

The difficultics in mathematically describing tho Barth~l 

theory along with the complexities associated with the coupling of t~e 

/ 
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transverse waves with chemical reactions ·make a quantitative 

estimatioq rather difficult. Fujiwara recently reported sorne 
\ -

experiments in tubes with catalytic wall surfaces (98) wherein gas 

phase reactions adjacent to thé wall are retarded in preference to 

surface reactions at the walls. The large decrease of the detonation 
') 

velocity in these experiments also point towards the 1ike1ihood of an 

1 

'explanation for the .. confinement effects in terms of weakening of. the 

transverse waves adjacent&to the wall. Further work naeds to be do ne 

in this area to evolve a quantitative exp1anation. It i9 interesting 

to note that even in thè detouation diff~action experiment9# the failure 

of the detonation occurs when the smaller tube contains about ten ce11s' 
« 

of detonation (99). The hydrodynamic thickness ~f a,detonation also 
t 

conta~ns about tne sarne nurnher of cells of detonation (34,100). , 

404lr.eometry of Initiation 

. 
In practice it i9 impossible to have idea1 sources of enerqy, 

e.g., a point, a line or a planar sourc~. Consequently it ls not 

likely that a perfect1y spherlca1, cylindrical or planar shock wave 

can originate from these ignition sources. o'uring the early phase 
1 

of shock travel, the shock motion is considerab1y influencea by the 

characteristics of the energy source whilst with a longer distance of 

trayel the shock wave tends to adjust to the cohstraints irnposed by the 
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~ f 
confining ehambar. In this soetion, the results of experiments . 

• 
carried out to evolve a eriterion for identifying the geometry of 

initiation ls diseussed. These experiments essentiallY follow up 

the work br Matsui and Lee (27) to a wider range of conditions. 
1 

~, 

Matsui and Lee report on exper~ments eonducted to determine 

the influence of different electrode configurations on the initiation 

of spherical detonatlons. Linèar electrical sparks with varying 

distance between the electrodes ~ Were used in their experiments. 

On the basis of th~' results obtained by them for a stoichiometric oxy-

acetylene mixture at an initial pressure of 100 torr 1 it ia seen that 

the explosion length Rot 1/'+1 
(R = (E Ip) ~ ) can be used to identify 

o s 0 

whether the geometry of init-:.:I:ation ls cylindrical or spherical for this 

particular mixture.\ When Ro is less than the length of the electrical 

sparkL, the geometry of initiation Is seen to be cylindrical~hilst for 
, 

Ro >...c the 'geometry of initiation is sfheri~a1. 

The experiments of Matsui and' Lee were extended to stoichio-

. 
me~ric mixtures of acetylene and oxygen at pressure of 300 torr, 200 torr 

and -80 torr with 46\ of argon. Exper.J.ments were do ne in a spherical 

geometry with fIat 1/8" brass electrodes at different electrode spacings 

(Appendlx Il. 
. \ 

Figures 30 and 31 show the critical energy in joules . '\.. 
and. joules/cm for the vari9us electrode gaps..t.. Also included in 

the figures are the result~ of Matsul and Lee for the 100 torr oxy-
, 

acetylcnc mixture. 

t 'T~ definition, of explosion length is slightly 
that of' Matsui and, Lee in that the factor Yk j in the 
is deleted.' \ ' 

different from 
denominator, 
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) 
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• 
For. the 200 torr mixture the crit~cal cnergy E 0is seen" 

s 

'" ta he constant around O.O~ joules for eloctrode spacing up ta 1.4 cm 

indical:ing a sphe'rical detonation. Thereafter for IMqe r gaps,' E is . s 

observed to increase with.J: suggesting the approach to a cylindrical 
; 

p , ,/ 

initiation with E /-1' tending to be"a constant. 
5 

The value of R 
o 

l' calculate'd on the basis of spherical initiation with E. = 0.05 joule 
• .--...Y . 

is 1.23 cm pnd i5 1.3 cm on the basis of the asymptotic cylindricar 

va1ue~of 0.047 j/em. 

For the 80 torr acetylene oxygen mixture with argon dilution 

( 

the initiation energy is observed to be steady up to a gap sfze of 4.5 cm. 

It was not possible to conduct experirncnts for largcr electrode spacings ;J-' 
becausc of the crratic nature of the spark dischargc. 'The initiation 

is seen to conforlll to a spherical mode for the range of eleetrodè 

spacings employed. The value of R~iS seen ta he ~out 7 cm. -
With the acetylene-oxygen mixture at a pressure of 300' torr 

the initiation energy monotonically increaSes wi ~ the electrode spacings. 

indicâting the difficulty of achieving a spherical initiation. 
.-.~ ..... ,il. 

calculated on tho basis of cylindrical ~ymmetry is 0.,8 cm. 

The R 
o 

In view of the errors involved in evaluating the smaller 

resistances associated with s'Park gap lengths less than 1/2 cm, and the 
~ 

erratic nature of breakdown for gaps larger than 5 cm., it was not , 
possib'le to extend the resu1ts to mixtures with R varying by orders of 

o 

magnitu'!e. The 1imitcd results of Figures 30 and 31, however, confirm 

" 

.'" 

t~ .' ... ! 

.. 
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the hypothesis that with a linear electric spark of length..L'in an 

unconfinèd medium, in~tiation is spherical if R >~ and cylindrical 
o 

if R <.J}. 
o 

The physical interpretation for the above experimental findings, 

viz., that the geometry of initiation can be oharacterized by R , i9 as 
a 

follows: For a given value of source energy the blast wave has a 

stronger force and a relativelY.Jlonger. travel when the initial pressure 

of the gas mixture is reduced. This is due to the reduced mass of 

the gas processed by the blast wave at the smaller pressures for the 

same distance of travelo The explosion length R 1 therefore, is a 
a 

relative measure Q! how far away from the source a specified shock 

strength can be maintained - the larger the R 1 the~greater is the 
o 

distance at which the source can support a strong shock wave. The 

region of influence of the SQurce ;c~nfiguration, on the other hand, 

, liA ~ 
depends on the size of the souree. Hence it is to be expected that 

for large values of R comp'ared to the éharacteristic source demension L, 
" 0 

the igniter source configuration will exert a much lesser influence on 

shock ~tion than when R <~. 
o 

From the detonation kernel theory, the condition for direct 

initiation is seen ta be the formation of a sufficiently strong shock 

wave (M*) at a sufficient distance (R*) from the ignition source. If 
s s 

the source energy in the critical energy experiments is such that 

R > L, then the influence of the source eharacteristics on the shock 
o 
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* configuration when the Mach number has decayed to about M will be 
s 

much less than if R < L. 
o Hence the value of R in relation to­

o 

characteristic source dimensJon L can be used ta decide whether the , 

geometry of initiation is characterized by either the source or the 

confinement. 

In the experiments considered above, the source energy was 

a linear electrieal spark approximating more or less to a 1ine source 

of energy, and thus the observed trend was towards a cylindrical 

initiation with small values of R 1. 
o 

If an almost planar source of 

energy were used, sueh as the dise type of igniter used by Collins (25), 

then with R less than the characteristic dimension of this igniter o 

(say, diameter of the dise D) the initiation should be expected to be 

planar. 
': 

For R > D, the geometry of initiation wàuld be spherical. 
~/o 

"'­We have sa far restricted our discussions to an uncanfined 

geometry for which the late time motion of the blast wave approaches 

a spherical geometry. With tubular and cylindrical geometries, the 

far field motion'of the blast wave will approach planar and cy1indrical 

geometries~espectively. The initia'tion geometries' in these confine-

ments should be expected to conform ta a planar and eylindrical geametry 

only if R is greater than characteristic dimensions af the ignition o 
l 

source used unleSB a p1anar or line source of energy i8 emplayed. 

. It.was also seen in section 4.2 that l a'mini~urn explosion 

area containing about 10 ce1ls af detonations i9 necessary ta overcome 
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the adve~se affects of confinement on the initiation process. Bence 

the criterion ta achieve ~aningful r~sults for planar and cylindrical 

initiations in tubes and cylindrical containers is 

Ra > Lignition source 

~ , l > lOS 

~ ( ~ denotes giameter of the tube, and l the width of the 
-, 

cylindtical chamber). 

An upper ceiling ta the diameter of the tube and the width 

of the ~lindrical chamber is expected since with very large dimensions 

the geometry of the chamber will conform to an unconfined spherical mode. 

4.5 Effect of Igniter Characteristics 

'~4.5.l Duration of Energy Release 

In section 2.2 of Chapter 2 we saw that the source energy for 

blast initiation cpuld change by orders of magnitude as the duration of 
.. 1 

the energy release increased. For example, in a cylindrical geometry 

with 2 C2H2 + 5 02 at 100 torr, E increases from abbut 0.1 J/cm to 
1 s 

about 10 J/crn as the energy release time i5 increased from 1 ~s to 10 ~s 

whilst ,for a mixture pt 2 H2 + 02 at half-at~sphere E increases from 
s 

, 
3 J/cm to 40 J/cm with an increase in time from 3 ~s to 10 ~s (Fig- 1). 

. , 
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For energy release periods 1ess than a microsecond for thé 100 torr 

0xracetylene mixture and 3 ps for the half-atrnosphere oxyhydrogen mixture, 
, 

E is seen to have a constant value. 
s These results were obtained 

wit;h damped oscillatory e1ectrical discharges fdr which the time history 

of energy release is given by -(see Appendix II) 

E 
s 

= [ ; (1_.-2ot -2at e 

It is shown in APpendiiJ II that the effective energy dr~ving 

"'" a detonation from a damped e1ectrical discharge, is released during the 

early period of the discharge itself (energy released till about the 

1 

first quarter cycle of discharge) . For these small times the energy 

can be shown to have a cubiè dependence on time, viz. 

" 

For other energy sources, such as laser sparks, solid 
, 

explosive d~tanators; etc., theotime histo~y of the energy release is 

expected ta be different and it is net certain whether the minimum , , 

,-

5.1 

5.2 

energy requirement will a1so correspond to those values obthined by 
\. l ' • ~ 

the electrical dis charge. Experiments with laser spark show that 

. , 

1 
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, 

the minimum energy requiremènt agrees very well with the results 

obtained with the short duration electrical spark (e.g., with 
'--, 

spherica1' symmetry, the energy obtained forfue initiation of a detona-

tion in a 100 torr oxyacetylene mixture ls 0.3 joule with a laser spark 

(15) as well as with a linear e1êctricaldischarge (Fig. 30)). This 

"-indicates that the time history of energy release does not really 

influence the magnitude of the initiation erlergy provided' th~t-' the , 
duration 'of the energy release is sUfficiently short. It ls necessary 

that the initiation energies be determined under this limiting condition 

of rapid energy deposition so as to eliminate their dependence on the 

source energy release characteristics. 

In certain other classep of problems such as the initiation of 
~ _, r 

, flame or a dust explosion wherein the governing mechanism 'is one of 

directly igniting the mixture rather than produètion of a shock wave 

which subséquent1y ignites the mïxture, a longer duration spark is more 

effective. This aspect of the prob1em has been demonstrated by Eckhoff 

and Enstad (101) and by Balal (1~2). 

4.5.2 Igniter Configurations 

On the basis of the discussions of section 4.~ it is noted 

that the configurations of the ignition source will influence the 
1 

detonation initiation proc~ss only if the explosion length R is less o 

than the cha~cteristic dimensions of the igniter. In other words, the 

,1 
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energy for blast initiation should be indepcndent of the configurations 1 
/ 

, Il 
of the energy source p,rovided Ro > L, 'i 19n1t on source. 1 

Sorne simple-minded experiments were conducted to test the 

above reasoning with concentrated line type of electrical discharges 

and diffused type of electrical discharges in a tube of diameter 1.25 cm 

for large values of Ro. ~e results, shown in Table l, indicate the 

insensitivity of the initiaEion energy to the configurations of the ignition ' 

source. The experiment~ of Matsui and Lee (27) with pointed, blunt 
~ 

~ 

and spherically capped electrodes also demo~strate the configuràtions 

of the source to have little influence on initiation energies when the 
-, 

explosion length ~ of the source is much larger than the /characteris t,ic 

dimensions of the igniter. 

4.6, 

JI 
/ 1 

Equivalence of R in Different Geometries in Blast Initiation 
~-~~~~~~~o ~~~~~~~~~~~~~~~~~~~~~ 

~ The dut y of the energy source in the blast initiatipn of, 

detonatiorys has been shown to involve the formation of a sufficiently 

strong shock at a certain distanceo~* from the ignition source. 
s 

Since 

the initial shock motion i5 dominated by the energy released from the 

ignition source, and since "self simiIar"biast waves are generated at 
, l 1 

identical scaled distances (distance scaled with re$pect,to R ), R o 0 

appears to be a pertinent parame ter by which we could also characterize 
, 

the initiation prQcess. As discuss~d in section 4.4 the diminished 
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" influence of the source energy in forming a shock wave of ~ certain 

strength at sorne fixed distance from the energy sour~e 19 also con-

tained in the parame ter R • o ,In the fOllowing, therefore, we shall 

We first note that from Eq. 8.3 of Chapter 3 we can express 

the explosion length R corresponding ta the c'ritical source energy for 
,0 " 

direct initiation as 
" 

~ 
\ 
\ 

[ ly k ,H" r/l +1 
\ 

1 
j 

/ 

R = • 4 (j+i+~fLl)_ d(M*) 6.1 
0 

_ { ~ [ :~]' }(l+~)~l 
s 

1 
-~, 

1 

/ 
1 

" The value of M; is typlcally around 4 for ~st explosive 
, 

gas mixtures. The 
! 

Chapman-Jouguet mach number McJ varies between 
/ 

a·to 5, depending on the particular fuel-air or f~el-oXYgen mixture 

used. Taking a mean value of y of 1.35, the value of R IdCM·) for a 
, 0 S 

1 

of 8, 7, 6 and 5 in the spherical,cylindrical and planar geometries 

ls ,given in the followlng table. 

/ 
1 

1 
( 

./ 
/~ 

/ 

/ 

;/ 

1 ., 

.. 
" , 

, \ 

! 

,/ : 

" ... 

, . , - .' 
" ,~ 
1" 

'." 
, 

/ 



o 
< .' , 

" ','" , 

99 

R IdeM*) 
MCJ 

o s 

) Spherical CVlindrical ~-=Pfanar 

8 23 22 19 
n , 

~ 

, 
7 26 24 ,. 21 

6 31 29 25 

1 5 40 38 32 , 

* From,this table we note that the value of R Id(M ) ia fairly' 
o· s 

constant in the different geometries for a given value of MCJ' We 
" . * . had a1so seen that at M ~M the shocK mo~ion. is quasi-steady and 

s s , 
that the flow gradients behind the shock can be neglected ~der the 

critical conditions of initiation (Ch.3, sec. 3.5.4). flence d(M*) 
s 

for a given "-explosive mixture at certain initial conditions of " 

temperature and pressure must be the same in the th~ee geometries. 

We can therefore hypothesize that the value of R corresponding to the 
o 

critical energy for direct ihitiation of a given explosive gas mixture 

must be the same in the planar, cylindrical·and spherica1 geometries. 

The value of R obtained from the experiments in è11indrical. 
o. ~ 

and spherical initiation (Fig. 24 and 30) when the confinement does , , 
, ,-J. 

not influence the initiation process'is shawn in the following table. 

The valfe of Ro ls seen to have almost the sarne value in the 

cylindrical and spherical geometry for each of,the explosive_~as 

mixtures used. 
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" R with 1\, with Gas mixture spherical initiation cylindrîcal initiation 

~ . cm 
100 torr 2C2H2+502 2.8 3 

200. torr 2C2H2+S02 1. 23 1.3 

300 torr 2C2H2+S02 0.83 .. 0 .. 82 
/:'~~ 

. 
\ 

aD torr 2C2H2+S02+6 Ar '7 7.4 
.' J, , 

380 torr 2H2+02 6.4+ 7.4 

800 torr 2H2+02 7.2 . 6.9 
, (Zel' dovich [29) ( ext;.rap<:?J.ated) 

/ 
The initiation enetgy for the spherical detonatibn of the 

380 torr stoichiometric hydrogen-oxygen mixture is inferred from the 

critical tube diameter necessary to re-establish detonations in the 

, 

, 

1 

detonation diffraction e~erim~nts.' It i9 a~s~med that the initiation 

energy in this case ~orrespo~ds te the compression work done by the 

unattenuated portion of tke detonation as it expands into the larger 
1 

t 

1 

l,n the pl anar geometry we obtain from the results of 

Zel'dovich (29) an Es/A of 0.8 J/cm2 for the 800 t~ 2H2+02 mixture • 

• This gi ves a R~ of 7.5 cm. ~s value of Ro agrees very well with 
1 

the value of 7.2 cm obtained in spherical symmetrY an~ a value of 6.9 cm 

in the ,cylindrical symmetry giV~ in the above table. 
1 \ 

For a 40 torr 

t 1 
Deduced on the basie of diffrac~ion experiment of Matsui (103). 
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2C2H2+50Z mixture, wc gat for plana;' initiation an Es/A of about 

o.0~·J(cm2 (Fig. 26) which gives Ro to be 7.5 cm. This compares 

with the value of R of 7.2 cm calcufated on the basis of cylind~ical 
o 

initiation (28) for which E Il is about 0.28 J/cm. 
s 

<,,; 

',\ 

Nicholls (24) and Collins (25) rep:\experiments on the 

initiation pf MÂPP-air mixtures in cylindrical nd spherical geometries 

respectively. ' Nicholls obtained an initiation energy of 3100 J/cm 

for the stoichiomctric M'App-air mixture in the c~lindrical gcometry 
~ 

which corresponds to an R of 175 cm. 
o 

Collins, from the bag tests, 
, 

obtained an initiation cnergy of 19 Kcals which corresponds to an R 
o 

of 92 cm. The difference in the value of R for these two geometries 
o 

is undcrstandablc since in Nicholls' expcrimcnts the geometry is not' 

purely cy lindrlcal.' He uses a sectored dise whose width i5 about 

5 cm and whosc height varias from 2.5 cm to about 28 Cm over a distance 

of 70 cm. The characteristic transverse wave spacing 'for this mixture 

i5 expected to be comparable with the width of the chamber so that the 
\ 

experimentally measured value of E Il is bound to be much larger due 
s 

to thè effect of.the confinement (section 4.2)./ COnsequently, the 
. 

higher value of R in Nicholls 1 experiments is to be anticipatèd. - ~ 
o d 

1 

With experimcnts conducted under proper conditions 50 as to yield results 

independent of the confinement and source energy characteristids, the 

valUe of R .will remain the same in the different geometries for a 
o 

,.given explosive gas mixture. 
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aIAPTER 5 

. 
PROPAGATION AND LIMIT BEHAVIOUR OF DETONATIONS 

1 
! 

5.1 Introduction 
$ 

/ 

The initiation, propagation and limit charaeteristics of a 

detonation are el~sely related. Experiments show that a detonat~on 
,. 

1 

wave, which appea~s to be globally steady and to propagate at a 

veloeity given by the classical one-dimensional Chapman-~ouguet theory, 

ia a~tuaily highly nonateady and three-dimensional. It seems that a 

detonation wave procee~s through a series of localized and periodic 

~elf-initiat~on processes. An inability of the explosive gas 

mixture ta generate the neeessary conditions for the formation of such 

localized points of initiation or driving is known to result in the 
\ 

incapability of the mixture to suppprt a detonatlon wave, and thereby 

leads to the existence of the limits of detonability. In view of the 

basic similarities of the initiation, propagation and limit behavio 

it appears worthwh.il~ ta evolve a unified st~y of these three basic 

features of a detonation". such'~~ 'àttempt is made in th~s chapter. 

Detailed mechanisms of the propagation and limit character!stics are 
1 

d!scussed and their theoretical modelling in terms of the initiation , 
problem ~s considered. \ Quantitative prediction of these character!s-' 

tics using the phenomenologie al theory of initiation based on the 

'detonàtion kernel concept is explored. 
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5.2 -Propagation Characteristics of a Detonation 

5.2.1 Modelling of the' Propagation in Terms of Local 

periodic Iriti~lons 
J 

Figure 32 shows a schematic 2-d representation of the system 

of interacting shock'waves in a detonation front. M, land T represent 

the Mach stem shock, the incident shock and the transverse (or reflected) 

shock respectively. The interaction pattern of these shock fronts 

, " correspo~ds to a Mach type of interaction or the tr1ple point inter-

action. The Maéh stem shock is much stronger than the incident and 

reflected shocks. The slipstream s, shown in the figure by the thin 

chain lines, separates the gases process'ed by the Mach shock from the 
',\ -

gas processed by the incident and transverse shocks. The path of 

the triple point, 0, is shawn by the broken lines. 

The triple points on the detonation front trace out,a typical 

,diamond-shaped pattern which is known as the T~aracteristic cell of a 

detonaÜon. ' This characteristic shape arises out of the lateral 

motion of the transverse shock waves in the wake of the incident and 

Mach stem shocks. The distance between the adjacent transversè shock 

waves of the sarne family (viz., those moving in the s~e direction, i.e. 

eithe~ upwards or downwa~s) is spoken of as the characteristic,transverse 

1. 
wave spacing. It ia denoted by S in Figure 32. IThis characteristic 

spacing has been shown to depend on the chemicalvand physical properties 

of the explosive gas mixture (104,105). 

.- ~. - , 
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\ 
é In gencru1, the charactbristi~ cells of a detonation are 

, 
not_identical to each other. Nu~erous experiments of Strehlow and 

his students with a variety bf reactive gas mixtures have revealed 

' .. 

that a regularly repeatable structure can ol'\1y be obtained for 'certain 

gas mixtures - hydrogen, acetylene or ethylene, when di~uted with argon 

or he1ium7 Nevertheless, cven when the cells in a detonation are not 

perfectly repeatable, there is a tendoncy for the majority of the. cella 

in a self-sustained detonation to favour sorne average cell size. 

In Figure 32 it was prcsumed that the system of interacting 
0-

shock fronts are two-dimensional. I-Iowever, in practice, the detonation 

front has a thrcu-dimcnsional charactcr and wc have transverse shock 

waves propagating in a direction perpendic,ular to the transverse waves 

shown and pe~pcndicular to the direction of propagation as a whole. 

For detona~~ons propagating in rectangular tubes, this second set of 
, 

transverse waves is usuëllly called "slappinljl" waves. Strehlow (6) 

has shawn that these two sèts of orthogonal transverse waves are decoupled 

and do not inter~ct with Jach other. (They "walk Il relative to each 

other) • The characteristic transve~se wave spacing and the strength of 

the transverse Wëlves have been observed to be the same. both witrr and 

without the presence of slapping waves in rectangular tube9' Hence 

a study of the two-dimensional wave structure ~hould suffice ta describe 
" 

If 1 

the basic propagation characteristic ~f a detonation,and in view of the ,., 
simpli~ity wc shall illustrute the basic threc-dimensional non-stcady L 

character of a detonation through the planar model. 
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~Theoshock front within a cell of deton~tion is cornmonly 

termed the lead shock wave. Detailed experimental studies of the 

propagation of the lead shock within the detonation call (106,14) 
o 

show the lead shock to be initially overdriven at the beginning of the 

~ MCJ) and to decay monotonically to a shock cell (Ms ~ 1.8 M
CJ 

to 1.2 

Mach number corresponding to about the autoignition limit towards the 
, 

end of the cell (Ms ~ 0.6 MCJ to 0.8 MCJ> . .,.., , 
The zone of chemical 

reactions behind the lead shock wave has also been shown ta decouple 

from the shock towards the end of the celle 
.If' 

The overall picture of a detonation that can be reconstituted 
, 

on the hasis of the above discussions is as fbllows: The detonation 

wave front consists of a nurnber of wavelets which individually behave 

like'decaying blast waves fol1owed by --progressively lagging reaction 
J 

,zones. These decaying wavelets are periodically "energized" to an 

overdrive~ state at the start of the detonation celle The points of 

",driving of the wavelets correspond to the intersection of the triple 

points and therefore to the intersection of the adjacent transverse 

waves. 

'~e orientation of these wavelets (i.e., the lead shock within 

'" the detonation cell) can be deterrnined, as dernonstrated by Strehlow (6), 

by sprinkling sand grains over a smoked foil and allowing a detonation 

to pass over i t. The interaction of the detonation w~velets with 
, 

the sand g,rain writes a "flaq" whose axis denotes the direction 

o 
• , -----

o 
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perpcndicular ~o the orientation of the shock at that point. 

Figure 33 shows the orientation of the lead shocks as obtained by such 
» 

a method by Lee et al.(107). The lead shock is observed to have a 

larger curvature near the intersection point where it is strongly over-

driven. The curvature decreases as it passes through the cell and 

the strength decays as qualitatively indicated at the bottom of Figure 33. 

Hence the wavelet within a detonation cell can be treated as a decaying 

cylindrical blast wave which is driven at the beginning of the cell 

during the interse4tion of the transverse waves. 

Experiments in a diverging geometry, in which the area of the 

detonation front continually increases with time, show that for a self-

sustained detonation an adequate number of ,the localized points of 

driving must be continuously generated 50 as to maintain their number 

density (number per unit area of the front). An inability to form 

these points of driving ~f the detonation wavelets invariably results in 

Figure 34 i5 an open-shutter 
If 

the failure of the detonation wave. 

pholograph of a cylindriaal detonation which illustrates the self-

sustenance of the detonation when there is a continuous regeneration 

of the points of driving and a fallure of a dètonation when the 

regeneration mechanism is absent. 

On the basis of the above,we can infer that thé propagation 

of a detonation is through a series of local periodic "energization". 
~ 

\ .',e-, , 
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Thè precise reason as to why the propagation is through such a L 

manner of periodic "energiz,ation" ia not understood at present. 

" 

Stability analysis reveals a plane shock followed by exothermic 

chemical reactions to be inherently unstable and it is to be expected 

that the unsteady nature of the wave should arise as a consequence 

" 

of this instab,ility.· 

Though the basic mechanisms responsible for the propagation _~ 
\ 

behaviour are not known, it is clear that the propagation is through a 

periodic energization of the decaying wavelets of a detonation at the 
1 

This, suggests that the propaga-intersection of the transverse waves. 
'J 

tion behaviour can be modelled as one involving continuoue initiation, 

the energy release associated with the intersection of the transverse 

1 

waves (during~the re-energization of ~he wave) being considered as the \ 
,1 

initial release of the source energy E in the initiation process. This 
s 

ls because the decaying ~tion o~the lead shock confor~ to thEksouree 

dominated shock motion in the initiation process. The conditions 

existing at the end of the detonation cell wherein the localized energy 

release oceurs is a1so very mueh akin to the conditions existing at the 

formation of localized explosions just after the quasi-steady period of 

propagation"'dûning the re-establishment o( the detonation in the eritical 
Il 

energy regime discussed in Chapter 2. ït was seen that the formation 

of tnese,localized explosions in the critical energy regime correspqnds 

to the s.i.tuation when the chemical energy release just begins to 

dominate the shock motion (i.e, at the critical detonation kemel radius R*). 
5 
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Conscquently, we can postulate the events occurring within a cell of 

detonation to correspond to those taking ~lace till the formation of 

" a critical detonation kern~l R* in the initiat.ion process.1 

s 

It is instructIve to compare the energy released during the 

intersection of the transverse waves (triple points) with the critical 

value of the initiation lenergy. Th'e estimation of the e'nergy released 

in the interaction process is rather complicated in viewof th~ extended 

zones of chemical reactions in the tail of the transverse waves and the 

curvature of the Mach, incident and transverse shocks. In the following 

we shall assume the incident and transverse shocks to be straight lines 
f 

and to move in a direction perpendicular to each other. The path of 

the triple points adjacent the interaction is also taken "to be a straight ,. 
\ 

Hne. Figure 35 shows a sketch of the interaction-pattern of the 

triple points. The detonation cell exit àngle and the cell entrance 

angle are denoted by ~ and ~ respectively in th~ figure. The chemical 

reactions occur fairly fast behind the Mach stem shock and after an . 
induction distance X. d behind the relatively weaker incident shock. 

~n " 

We can crudely estimate the energy released in the,collison process by 

assuming i~ to be equal to the energy releas~d in the constant volume 
\ 

cQmbustion of the 'mass of gas contained in the induction zone behind 

the incident shock prior to the irytersection. 
, c 

Biller (lOB), and Strehlow and Siller (109) have shown that 
, 1 ;r the angles ~ and ~ arc relatively constant around 70° and 28° respectively 

provided we are not considerin9~he case of marginal detonation. We 
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had also said that the lead shock strengt~towards the end of the 

cell corresponds ta about the autaignition llmit. Since the 

induction tùne increases rather rapidly in this range there will be a 

sizeable volume a. Ulburnt gases at the end of the ceIl (shown shaded 

in Fig. 36). Considering a unit depth af the cell we' get the chemical 

energy released due ta the autoexplosian of this end volume of the gas 
'-

after being doubly ~rocessed by the transverse shocks before and after 

, 
joules/length 2.1 

For a stoichiometric oxyacetylene mixture at an initial 
.. 

pressure of 100 torr, we had seen in Çhapter 3 that M* :; 4.05 50 that . 
'- '( "" S \ 

in~uction distance X. d is about 1.3 mm. Taking a value of Q for 
1.n 

6 1 
the 100 torr mixture ta be 4.14 x 10 Joules/Kg and the density Po to 

'\ 3 
be 0.163 Kg!m , we qet ET to be 0.008 Joules/cm. 

In arder ta compare this value of enerqy with the critical 

energy required ta initiate a cylindrical detonation wave, we note that 

the former in essence drives a wave ,in a sector of angle 1/1 (Fig. 35), so 

that the equivalent energy associated with driving a complete cylindrical 

"" wavk will be 0.008 x 360/~ = .008 x 360/28 = 0.1 Joules/cm. This 

valu~ compares favourably'with the critical in~tiation energy of about 

16.12 Joules/cm obtalned from theory and ex~eriments. 
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5.2.2 ~Calculation of the Transverse Wave Spacing 
\ 

1 

We shall ,assume the lead shock wave, within the cell of 

detonation, to p'ropagate in a cylindrical symrnetry.' On the basis 

of the discussi?ns in the previous section, we shall consider the 

'. 
length of a detonation cell to correspond to the critical size of a 

detonation kernel R*. 
s 

Thé characteristic transverse wave spacings (s) can be 

related to the length of a detonation cell (L) through an average angle 

made by the triple point trajectory with the direction of propagation 

of the detonation wave (6) (if e be this average angie, then S = L tan e). 

Biller (108) .has experimentally determined the rat io SIL for the 

hydrogen-oxygen mixture with dilution by vari'ous levels of argon). T~e 

values of SiL obtained by him are shown in Table II. 

It i9 seen from Table II that the ratio o~ SiL varies rando~ly 

about an average value by about ten percent for each stoichiometry.' We 

shall' choose this average value to be 0.58 whic?fcorrespondS to an 

average w~iting angle e of the;triple;point trajectory of about 30°. 

This value of e has also been qdoted by Strehlow (6). The transverse 

* wave spacing is therefore related to the detonation kem~l radius R by 
s 

l' 0 

s = 0.58 R: 2.2 

1 1 
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\ 

From the critical size of the dctonation kernel- R* computed 
s 

in section 3 .• 9 of Chapter 3, the transverse wave spacing is obtained 

using Eq. 2.2. The resu1ts, over two orders of magnitude, are shown 

mixtures over a range of pressures. 

2.3 Discussion of Results 

In Figure 36 the experimental values of the spacing S 

determined by Strehlow (105) _ and /Jy Voitsekhovsky, Mitrofanov and 

Topchian (85), are a1so included. The calculated spacings show 
1 

good para1le1ism with the experime~tal resu~ts. The magni,.tude of 

the ca1çu1ated results are, however, always invariably greater than 

those obtained from experiments. The discrepancy in the magnitude 

ia the smallest for the oxyhydrogen mixture diluted with 85% argon and 

is much g~eatcr for the undi1uted mi~~~res (theoretica1 spacing fa 

about twice the experimenta1 values in the undi1uted mixtures). 

In the theory we had assumed the intersection of the triple 

1 

points, to produce an energy re1ease corresponding to a 1ine ~ource. 

Streh10w (6) has attempted to determine the' e'f fecti ve centre of the 

lea~ shock within the cell of detonation by modelling the propagation, 

of this wavelet as an unreactive strong blast wave. He finda the 

effective centre of the b1llst to be located much before the start of', 
. .,. 

a cell of detonation and a tendency for the distance between the 

effective centre add the start of the detonation cell ta i~crease with 

the decreasing dilution of the mixture. Lundstrom and Oppenheim (14) 
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also try ho fit an unreactive blast wave trajectory for the lead shock 
1 

decay in a cel1. They likewise-,flnd the effectiye centre of the blast 

wav~ to be upa~ream of the intersection point of the t~ansverse wavao. 

The geometry of propag~tion of the lead shock is also found by them to 

correspond to- an intermediate situation be'tween a cylin,drical and a 

pl anar geometry. 
, . 

The over-prediction by the theozy especially for the undiluted 

mixture probably arises because of the shift 1'n the effective centre due 

ta the non-ideal nature of the energy released during the interaction 

process, and due to th~ assumed cylindrical geometry. However, since 

strehlow and Lundstrom and Oppenheim tfeat the Iead shoc~ wave as an 

unreactive blast wave while in practice it i 9,a ~e~cting blast wave, it 

does nct appear worthwhile to introduce corrections in the transverse 

wave spaclng for the effective centre of a lead shock and for the geo-
1 

metrica! effects derived on the bàsis of a non-reactive trajectory. 

We shall, in the following, cOmPare our results with the existing 

theories on the transverse wave spacings, viz., 

l~ The acoustic theory of Barthel and Strehlow (5) 

2. Acoustic theory of Strehlow (6) 

3. Barthel' s theory based on formation of caustiC9 (7) 

4. Chiu and Lee's simplification of the above theory {llO) 

and 5. The fini te amplitude theory of Barthel (97) • 

.. 
Theories 1 to 4 deal with the convolution of an acoustical 

disturbance in the reactibn zone of a detonation. The acoustic 
1 
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theary of Barthel and Strehlow '(theory 1) assumes the transverse 

wave spacing to be ~iven by the dis~ance between the contact points 

formed on the shock front by the convolllting acoustic wave. In 

theory 2, viz., the a~oustic ltheory of Strehlow, - the spacing is 

determined by demanding a balance between the amplification of an 

acoustic wave due to chemical reactions and the decay in its amplitude 

during its traverse through a cell of detonation. Theories 3 and \ 

(Barthel' s acoustic theory and, Chi u and Lee 1 s simplitication thereof) 

censider the transverse wave spacing te be equal te twice the distance 

, between "hot spOts" generatéd from the intersection of caustics. The 

caus tics are formed from the convoluting acoustic ~aves trapped in the 

reactlon zone of a detonat:ion. AH the above four theories assume a 

ZDN model of a detonation. 

The flnlte amplitude theory of Barthel (theory S) gives the 

upper- bound for cell lengths by specifying that' the pressure pulse 
\ 

generated from the explosive chemical energy release behind the initial 

Mach stem shock should catch up with the lead shock while it is still a 

l 1 

Mach stem shock. This theory is mor~ realistic of the physics involved 

in the wave interaction process and does not asswne a one-dimensional 

idealized structure for a detonation. 1 
\ 

Figures 37 to 40 compare the results obtained on the basis 

of these five theo~,ies with the present calculations for the stoichio­

/ 
metric OxYhYdrogetr mixture with various leveis of dilution by argon 

(0\, !50\, 70\ and/85\ Ar in 2 HZ + 02. + XAr). The acollstic theory of 
l ' 

\ 
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'\ 

Barthel and Strehlow (thoory 1) le seen to considerably underestimate 

the transverse wave spaeing for all levels of 6ilution. Theory 2 

(strehlow's acoustic theory) la seen to give fair predictions for high 
/ 

dilutions with argon though the dependence on pressure is mueh steeper 

than the experiments. The spacing ca1culated on the basis of 

generation of .rot spots (theories 3 and 4) is seen to have good 

1 parallelism with the experimental results and to be abo~t -the sarne order 

of magni~Ude as the experimenta11y observed spacings for the 0\ dilution 
, 1 

and 70\ d,lution with argon. The results of this theory are not com-

pared for \the '50\ an~ 85\ argon dilutions sinee their spaeing values 
, ,. 

have not b~en reported l~g,~ these dilutions. The transverse wav~ 
/ 

spacing obtained from the finite amplitude theory of Barthel (taken from 

Biller (108» is seen to yield better predictions as the dilution with 

the argon gas is decreased. The present theory, on the other hand, 

yields good prediction witrl 85\ Ar dilution but results in increased 
1 

error with the 10wer levels of dilution • However, good paral1elism 
• - l ' 

w~th the experimentaf results is obtained in ail cases with the present 

theory. 

The errors ineurred with theories 1. and 2 are obviously 
1 

associated with the acoustic approximations and the assumption of a bne-

dimensional ZDN structure for a detonation. The transverse waves are 

r' 

qf finite strength (M ~ 1.25 for a normal detonation and 'about 1.5 for a , ,s, 

marginal detonation) so that in a,ll fairness it is nece,ssary to consider 

the convolution of finite amplitude waves. 1 The coupling betwee,n these 
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wavcs and the chemical reactions also ought to' be considered. This 

is suggested by the close predictions of theory 2 for the highly 

diluted mixture (85% Ar) for which the heat release is expected to b~ 

smalI. 
, 

NI 

The acoustic theory ~ Barthel (theory 3) has al~Jhree 
" 

limitations associated with bheories land 2 (i.e., assumption bf acou_tic 

waves, a ZDN structure and no coupling). /. "1 However", 1t seen\s to 9 ve 

good predictions for the wave spacings. Barthel showed that the pre-

dictions can he further improved hy arbitraril~ assigning certain degrees 
.{ 

of overdrive to the detohation wave. The ability of this theory to 

yield good predictions, in fact, led Chiu and Lee to re-examine the 

1 
model and to evolve a simplified version therebf.· They also obtained 

reasonable agreement with the experiments though their results were much 

below those of Barthel. In spite of the good predictive ability, the 

theory wronqly estima tes certain physical aspects of the propagation 
"" 

behaviour. For instance, th~ theory predicts an increased nurnher of 
,,,',, 

, 
hot spot formation due to the presence of the walls, thus implying that 

{ 

the influe~ce of the walls is to decrease the size of the transverse wave 

spacing. r This is contrary ta experimental findings. 

The finite amplit~de theory of Barthel (theory 5) is a 

ph~nomenoloqical theory since its formulation relies on the experimentally 
, 

observed physics of the wave interaction process. As in the,present 

th~ory, the unsteady characteristics of the wave front is taken into 

account. It is, however, difficult in Barthel's theory to estimate 

accurately the time taken for a pressure pulse emanating from the initial 
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Mach stem to catch up with the lead shock in view of the non-un~form 

flow properties behind it. Barthel assumes a uniform flow field 

behind the lead shock, an assumption which inhèrentl~,kills the 

unsteadiness of the detonation wavelet du ring the initial phase of 

travel. The theory is also not a true ceU theory and gives an upper 

limit to the size of the cell that can be formed. Nevertheless, the 

concepts of thi~ theory contain the essential gist of the coupling and 

wave interactionObehaviour and, as demonstrated in Chapter l, qualitatively 

explains the growth of a detonatlon cell due te the effect of the 

confinin9 walls. 

The present theory overpredicts the cell size by about the 
1 

sama amount for the 0\,50\ and 70\ dilution cases as Barthel's finfte 

~plitude theory underestimates the upper.bound for the cell size. 

~e results for the 85\ a~gon dilution are predi~ted 'muèh batter by 
1. 

the present theory. The errors in the present theory are a result 

of the n~n-ideality of the energy release associated with the interaction 

of the transverse waves as mentioned earller in this section. 

5.3 Limits of Detonability 

l't is not always posS±ble to generate and maintain a detonation 

in a given explosive gas, mixture. There are conditions of a minimum 

1 initial pressure, a maximum dilution with inert gases, and a range of 
of> 1 
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stoichlometrias beyand which a self-susta' cannot occur. 

These limit conditions in pressure, dilution chiometry are 

spoken of as the pressu~e, di'lution and concentration limita of 

detonability • 

• From experiments in tubes it is known that the approach to 

the limits of deton~~iity is normal~ evidenced by the loss of the 
1 

j 
.c 

transverse wave structure of the deton~tion front. Thus, for example, 

the mode numbar of a multiheaded detonation wave (viz., the number of 

transverse waves associated with a detonation front) decreases as the 
) 

explosive g,as mixtu~ becomes progressively weaker until 'near the 

limits a siqgle transverse wave moves laterally aeross the shoek (spin 

detdnation in circular tubes). Sometimes unsteady detonations with 
N 

periodic spurts in their velocity of propagation (the galloping detonation 

of Duff (111» and without Any transverse structure are also observed 

near the limits of detonability. In general, the inability to generate 

transverse waves seems to gOvern the detonability limits of the mixture. t 

We had seen earlier in this chapter that a ~tonation propagates 

through a series of local periodic initiations at the intersection of 

the transverse waves. The liJqits of 1 detonabiUty hherefore imply a 

situation 'wherein the me9hanism of such local periodic' initiation 'fails . 

. ~ \ 

There appear to be a few exceptions to this generally observed 
trend. The experiments of Biller (108) in a reetangular tube (3.8 cm x 
8.3 cm) show a mixture of stoichiometric hydrogen and oxygen at low 

. levels of dilution with argon to bé incapable of sustaining less than 
\ three to five transverse waves. . In other words, the mode number of 

the multiheaded front is about 3 to 5 near the limit~ of detonability • 
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We shaH explo~c the relation bctwcen the irütiatlon characteristics 

and the limits of detonability in this'section and strive ta predict 

the limit behaviour pn the basis of the phenomenolo'Jlcal th.ory of 

1 

initiation. Bafore doing sa, however, we shall briefly pause to 

examine whether it is possible to define and de termine uniquely the 

limits of detonability of an explosive gas mixture. ' 

5.3.1 True Detonability Limits? 

De ton abi lit y limits are obtained from the experiments on the 
1 

initiation and propagation of detonations in tubular, cylindrical and 
JIe. 

The limits are ascertained from the spherical explosion chambers. 
1 

inability either ta initiate a detonation in the mixture o~ to propagate 
... 

a steady detonation wave in the mixture. 

The limits of detonability obtained in th~ tin~onfined geometrfes 
~.. ~ ..... ' ''', 

are usually much narrowe~ than ~those obtained in tubes (3S). \ Manson 
/ 

and Ferrie postu1ated that the narrower 

the steep hydrodynamic gradients behind 

limits are a consequen~~ of 
1 

the cylindrica1 and sPh'hija1 
,,:-

detonation waves as given by the Jouguet-Taylor-Ze1'dovich (JTZ) theory. 
\ 

It is now well-estab1ished that the detonation f~ont in cylindrical and 

spherica1 geometri~s comprises a transverse wave ~tructure with a 
1 

charaèteristic shock wave interaction system that i5 exactly similar 
1 

to that in planar geometry. Also, far from the ignition source the 

curvature of the ways front will be smal11resembling more 'or less a pla~ar 

detonation front. HencJ on the basis of w~ve structure and propagation 

1 behaviour one should not expect detonations in the unconfined mode to be 

,) 

1 

/ 

1\· "i\' 

, \ 



o 

119 

"1 

possible over a narrower range of compositions than for detonations 

in tubes. 

One major difference between the planar and diverging 

geometries is the role played by the confining walls. The confining 

walls can influencé the detonation wave in two ways. Fi rs tly, they 

provide a means for energy and momentum to be lost by transport 

processes from the zone of chemical reactions. Secondly, the confining 

walls play a stabilizing role by providing a surface for the reflection 

of the transverse waves. 
1 

Strehlow i< 3) has shown that the interactioé 
\ 

Qf a transverse wave wi th the wall ls exactly analogous to the intersection 

of the adjacent transverse waves on a detonation front. Therefore 

the stabilizing role of the wall in planar geometry cannot be expected 

to be greater than the effect produced by the interaction of adjacent 

transverse waves in the unconfined geometry. Consequently, there 

does ~ot appear to be any reason whereby the detonability limits should 
, 

be wider for detonation waves j..n tubes. on the contrary the "loss" 

effects due to the walls sh0uld cause them to be narrower. t 

A closer examination of the problem reveca ls that' the 
) 

experimen ts 

in cylindrical and spherical geometries have necessarily been conducted' • 

t 
Brè:>.J?~ard et a.l. (112) repol;"ted sorne experiments on the propagation 

of cylindriè1ü aetbnations in a propane-oxygen-nitrogen mixture for 
several widths of the cylindrical chamber. They observed a tenderrey 
for the dilution lfmits to increase with decreasing width of the chamber 
and attributed this effect to the stabilizing influence of the wall. lt 
ls difficult eb see how the wall cou Id poss ibly' energize the system. The 
results are prObahly due to the failure of the detonation at higher l'(IOde 
numbers with the smaller dilutions, as observed by Biller. ' 
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/ '. 

in Charnbcrthose dimensions are very much smaller than thql length 

of tubes use in planar experiments. This has'been due mainly t~ 
1 

th~ difficulty ~n handli~g large volumes of the explosive gas in the 

unconfined exper~nts and the associated hazards involved. 

Consequent1y, the results are derived en the basis of'being able to 

4'"""f"'" <' 
initiate detonations in spherical and cy1indrical containers of a 

certain limited size (few cm to a 'ew meters) using sorne available energy 

• sources (e.g., electrical sparks, exploding wires, detonators, etc.). 

As an examp1e, Figure 41 shows the variation in the critical energy 

for direct initiation with }he percentage of hydrogen i~ a hydrogen-

oxygen mixture at an 

spherical bomb (77). 

i;ltial pressure of one atmosphere in a 14 litre 

The ignition source cor:esponds (0 explodinq 

wires and electrical sparks and' the electrical energy stored 
, 

capacitor is\~eported fot the critical energy. A tendency 
, 

in th.e\. 

towards a 

large increase in the initiation energies is observed in the hydrogen-
1 

rich and hydrogen-lean regions of the mixture 50 that a characteristic 

U-shaped curve is obtained for the initiation energi~s. 

and rlch limits of detonability are established in such experim~nts 
.,. , 

through the two vertical assymptotes of the U-shaped curve of critical 

energ~obtained over ~ wide range of mixture composit~ons •. 

When the conditions of limits are discerned from experiments 

of the above nature, the results depend on the maximum energy levels 

of the igniter used and the scale on which the results are plotted. 

Larger chambers are also necessary in order to de termine whether a 
~. 
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self-sustainad detonation can be formed after a sufficient distance 

of travel.It ls relevant to note that Cassutt (113) dld some , 
experiments with 82-02 and H2-air mixtures i~ huge latex balloons of 

1.83 meters diameterJand about 2830 

with condensed explosive charges of 

\ 
liter capacity and 

} 

about 'tao grLns: 

ignited them 

He crudely 

estimated the limits of detonability on the basis of overpressure 

measurements at a certain distance from the b,lloon. His results 

show very clbse agreement with the detonability limits obtained in ' , 
tubes. Hence we are lead to believe that the narrCMer range of 

• 
detonability limits obtained by several1investigators in the unconfined 

mode is due to the limited size of the experimental apparatus and the 
tP,Jt 

limited ~nergy of the ignition device used. With sUfficiently large , 
experimental apparatus and powerful igniters, the .limits of detonability 

should be basically the same in the different ~metriSs. 

,In the ciassical works of Sokolik (114) and Zel'dovich (115), 

a clear distinction is made between the limits ~etermined from the 

" ability,to propagate a detonation in a tube from t~e ability to initiate , 
a detonation in a tube through the transition mode. The latter is 

.. 
spoken of as t~e limits of 

• - °t 
exp;osion in order tO'distinguish them from 

" the former which are called the limits of detonability. 
\ 

The following 
i 

table shCMs these limita for the hydrogen-oxygen, hydrogen-air and 

ac~tylene-air mixtures. The so-called' limits of explosion are always 

seen to lie within'the limits of detonability. 
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Mixture (1 atm. Explosion limit (\ fuel) Detonability limits (\ fuel) 
init~a~ pressure) lower upper \ lower upper 

, 
• fi' .... . 

H2-02 23 85 20 90 -
\ -

Hl-air 27 35.5 18.2 58.9 

C2H2-air ~.6 15.3 4.2 50 
l , , 

'" 

, '" 

There is no reason why the limits obtained from the initia~ion 
1 

and propagation experiments should be different. If a mixture can 

support a stable detonation then it should be possible to initiate a 
\ 

"" detonation in the mixture. The narràwer limits obtained from the 

initiation experiments are likely due to thé limited length of the tubes 
i 

employed (40 m-length of bent tube). 

On the basis of the above discussions wc are led to think that 

the limits determined ln the different geometries and by different 
", 

methods should be basically the same, provided appropriate experimental 

apparatus is used. This common value should correspond to the true 
l' 

limits of detonability. In tubes, however, an additional influence 

due to the boundary layer affects the detonabiliJ::.Y limÙs. The 
\ 

concentration llimits become narrower as the diameter of the tube is 
\ 

decreased. For example, with the hydrogen-air mixture the fuel-lean 
\ 

limit of d~tonability is inc~casc,d from-\'î5% H2 in a 30.5 cm diameter tube 

to 19.6\ HZ in a 2 cm diameter tube, whils t the fuc1-rich limit decreases 
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For the larger range.of diameters, 
; 

the influence of diameter on the .conce~trati~n limits df detonation ls 
. 

known to be insignificant and the concentration limlt8 can be 
1 

es~ablished independent of the confinement effects. 

" The pressure and dilution limits of detonability have not 

been extensively studied like the concentration limits. We shall, 

therefore', restrict our discussions on theoretical predictions mainly 

to concentration limita of ~etonability. 

5.3.2 Prediction of Limits by the Detonation Kernel Theory 

In the phenomenological theory of initia~ion discussed in 
, of 

Chapter 3 we saw that for blast initiation the chemical energy released 
1 

behind the shock front must be capable of overrid'ing the decaying 

characteristics of the source-dominated shock moti1n by the time the 

shock strength decayed to a value corresponding to the limit of 

* spontaneous ch~mical ener9Y release (M ). As the ex~losive gas mixture 
/' s 

i:, progressively weakened, such as by dilution with an excess jof fuel 

or oxidizer or ~ inert gas, the contribution of the chemical qnergy 

1 
in driving thé shock front progressively decreases due ta (i) a decrease 

1 in the chemical energy per unit mass of the mixture and (H) an increase 

in the chemical_induction zone ~hickness d. consequently, a much 

larger detonation ~ernel ia required in order that the chemical energy 
, r~ 

liberated by the shocked gases can arrest the decaying source-dominat~d 

shock motion and théreby form a self-sustained détonation. !fa 

= 

.~ 
f 

• 

<. , 



. " 

1 

) 

• 

124 

situation arises such that the chemical energy can never really 

dominate the shock motion, the conditions for the limits of detonability 

are reached. 

At large distances fro~ the ignition source (R -+ co) the shock s 

motio~ ls 'essentia11y governed by the chemicêil , energy releâsè as given 

1 

\ 

by Eq. 4.11 in Chapter 3, p'rovided the chemical reactions are coupled 

to the shock front. ~, 

1 
= (j+l) COz! (Q + eO) 

' ... 
l'} 

'+1 
TQis is because the source energy density,term E /k.R J C 2 becomes \ s J s 0 

negligiblY small for large values of R • 
s 

The shock Mach number 
1 

corresponds to the CJ value, i.e., th~ globally constant stable propagating 
1 

velocity of a detonation whe~ the chemical reactions are strongly coupled 

to the shock f~ont. When the heat release is not aIl that effective 

in.driving the shock, the Mach number of the shock front will be much 

less. The CJ value, as such, represents the upper bound of the shock 
, 

velocities which can be maint~ined by the heat rélease at large distances 

from the ignition source. 

\ 
1 

\ 

We had seen in Chapter 3 that a decoupling of the shock and 

chemical reactions will ooeur if the shock strength falls below the 

critical autoignition limit (M < M*). 
1 s s, 

Since MCJ represents t!te 
, 

theoretically calculated upper bound of velooity which can be maintained 

, 
',1 (' 
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by the chcmical hoat release on the assumption of a strong coupling 

* between heat release and,the shock motion, and since for M < M 
s s 

the heat release cannot effectively influence the shock motion, we 

can postulate that an adequate kernel of heat re1ease can effectively 

drive the shock front at large distances from th~ ignition source only 

when MCJ > M;. In other words, the limits of deton~ility sh~l~ 

d 't' h * correspon to a s1tua 10n w en MCJ = Ms' 

'. 
It was aiso seen in Chapter 3 that the critical shock strength 

(M*) corresponds to a rapid increase in the time taken for the induction 
s 

reactions to occur and that for the oxyhydrogen mixture the value of M* 
s 

can be explicitly stated in terms of the strong shock limit. This 

limit was aiso seenrto be brought about by the inh~iting influence of 

• t;.he chain termination reaction on the chain branching reactions., l-bre 

spècifically, M* was identified by the ~xtended second explosion limit s _ , 

for the 0fYhydrogen mixtures. Figure 42 shows a plot of M and M* CJ ' s 

over a range of compositions for the H2-02and H2-Air mixtures at an 

initial pressure of oné atmosphere. Since t:he ratio of specifie heats" 

YO-' is almç>st constant; around 1. 4 for the whole range of compositions, 

M; is a constant. ~~ limits of detonability determined from this 

figure using the criterion M
CJ 

~ M; are compared~~ith the experimental 

data of Zel'dovich in the following 'table. 

, . 
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, 

% of H2 in H2-0 Z and HZ-Air mixtures 

Mixture lower limit upper limit 
Theory Experiments* Theory Experiments * 

, , 

H2-02 17 20 92 90 

H2-Air 16 18.2 64 58.9 

* zel'dov*ch (115) 

The criterion MCJ ~ M: for the prediction of detonability ! 

limits is not new and has been postulated by Belles (116) for mixtures 

of hydrogen with oxygen and air. Belles derived the criterion on 

the basis tryat a planar shoçk must propagate at a Mach number exceeding 

a "critical Mach number for auto ignition at the wave front" in order 

that the chemical reactions can support a detonation wave. 
~ 

The critical 

Mach number for auto ignition at the wave front was taken to correspond 

to the classically determined second explosion limit. 
t~ 

It must be pointed o~t that in a later paper Belles and Ehle1s ' 
1 

(117) eriticized the1calèulation of limits using the classlcal explosion 

limit criterion and labelled the predictive ability of the theory as 

"fortuitous" • They argued that the classical.explosion limit criterion, 

as given by Lewis and von Elbe (46), assumes a steady state diffusion 

of the radicals to the walls and that reactïops such as the destruction 
1 

of H02 radicals at the walls are not likely to oceur under conditions 

of detonation. Patch (llB) also disagreed with ~e use of the second 

explosion limit criterion for determining d~tonability limits and 

demonstrated that an arbitrarily assigned constant value of temp'erature 

1 , 1 

\ 

! 
1 , 
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t 
! 
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behind the shock front (viz., a rotationally equilibrated and 

vibrationally unre1axed tempe rature of 1314° K) ls better capable 

1. / 
of predicting the detonability limit~ 

The more recent experiments (66,67) on the auto ignition 

characteristics behind the shock in H2-02 mixtures show that the 

conditions govérning the classical second explosion limit (chain 

branching reactions arrested by the chain termination reaction) a1so 

decide whether ignition will occur spontatuSlY in a "stron. ignition" 

mode or in a relatively "weak" mode without the generation of relatively 

strong gas dynamic ef'fects. The experiments of LlbQUton, Dormal and 

van Tigg1en (119) show that the addition of small traces of an inhibitor 
v 

such as CH3Cl, CH3Br! CF3Br or CF3Cl to a 00-02-H2 mixture leads to a 

signlficant inhibiting influence on the propagation of a detonation. 

The inhibitors do not markedly influence the heat release characteristics 

of the system but do severely restrict the formation of effective chain 

carriers (such as H atoms) in the chain branching steps through rea~tions 

of the type RX + H + R + XH 1 RX denoting the inhibiting compound. 

The key role of the chain branching and chain termination steps 

in the formation of a detonation is also beautifully illustrated in the 
/ C . . 

experiments of Gordon et al. (120) wherein an increase in the moisture 

content from 50 parts per million to about 500 parts per million was seen 

to result in the failure of a detonation wave in a 1ean H2-Air mixture. 
ç 

The third body effectiveness of the water molecuie in the chain 

\ 

\ 
1 
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termination step H+02+M + H02+M is about 30 times that of the other . 
t atoms and mo1ecules. 

/ 
Hence with water vapeur the chain termin~tion 

reaction is more rapid and competes more effectively with the main 

chain bralilching st,ep 02+H + OH+O. ,Away from the lean hydrogen limit, 
J 

where a sufficient concentration of the chain carrier H can be genera~ed, 

the inhibiting influence of th\ water vapour on the formation of a ,) 

detonation has~een shawn to be weak by Macek (121). Th~ influence of 

the small amounts of water vapour in the lean mixtures' also suggests 

that the reactions during the initial phase of the combustion essentially 

control the limits since considerable H20 molecules are generated in 
1 

the chemical reaction between hydrogen and oxygen. 

The above considerations indicate that the ability to generate 

chain carriers basically governs the detonability limits and therefore 

the choice of M* on the basis of the extended second explosion limit 
s 

should be reasonable. We do not explicitly invoke the data derived 

from the classica1 second explosion limit in a constant volume bomb 

experiment but only realize that the processes governing autoignition 

1 

behind shocks and hence the detonability limits arise from a competition 

between the chain branching and chain termination reactions. Hence the 

critioisms of Belles and Eh1ers and of Patch ar{ unjustified. 

t The relative effectiveness of the various atoms and inole~les in­
the reaction H+02+M + H02+M ûccording to the kinetic data of Gardiner 
i9 H2= l, 02= 1, H = 1, 0= l, OH = l, H02= l, Ar = l~and H20 '"' 30. 

(68) 

J 
f , 

1 
fI 



1 

t , 
1 

1 

/ 

() ~ 

( 

o 

l' 

,,129 

For mixtures!' whose àutoigi'lition characte:r:istiq$.. are not 
/ 

known it becomes somewhat difficu1t to determ}ne the ~eton~ility , 

limitt For certain mixtures like the CO-OZ-IlZ system whose chain 

branchinq and chain termination steps are very similar to the H2-DZ 

system, the detonability limits calculated from the extended second 
"'... ~ 1 J. 1 • 

\ 

explosion limit criterion also aqree well with the experiments (117). 

* For the acetylene oxygen mixture, if we take a val.ue of M to correspond 
s 

to about 4.05 (based on the value determined in Chapter 3)"we get the 
f. 

lean limit to be about 3\ acety1ene in the oxyacetylene mixture (Fig. 43). 

This compares weIl with ~e lean limit values of 3.5 - 3.6\ C2H2 quoted 

by Wagner (122). " 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS FOR F~URE STUDIES 

• 
6.1 Concludin2 Remarks 

A theoretical and experimental study of the blast'initiation 

-phenomenon i9 reported !n this thesis. The theoretica1 phase bf 

the investigation has been mainly concerned with the development of 

a simple phenomenological theory for the blast initiation of gaseous 
. 

detonations. , The experimental wor~ i9 devoted to the determ!nation 

of experimen~ data on initiation of a generaliz~d nature independent 

of the configurations of the apparatus used. Some of the important 

results of this investigation are summarized below. 

1. In analogy to the concept of a flame kerne1 used in the flame 

ignition theory, the concept of a detonation kernel is developed 

from phenomenolbgical considerations to describe,theoretically 

thè blast initiation of detonations. ' The critical size of a 

detonatlon kernél is speci!ied by the balance condition betweep . 

the source energy density and the chemiçal energy dènsity of the 

ga~'encloged,by the shock'wave generated by th~ initiation source. 

The size o('the detonation kernel Is insensitivè to the details 

of the shock hydrodyriamic flow structure and depends mainly on , 

the physical and chemical properties of the explosive gas mixture. 

1 130 
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The results are quite genoral and are not restricted to 

any particular type of igniter ~sed. 

The source energies predicted by the detonatlon kernel 

theory recover the e'xperimentally observed dependence on the 

various' parameters. Quantitative estimation of the critical 

~ner9Y in good agr~ement with tne experiments is also obtained 

in the lower ran~e of sub-atmospheric pressures for which shock 

tube induction time data exist. 

2. ~he propagation and limit behaviour of 

related to the initiation behaviour. 

a detonatio~,are'closely 

It ls ar9U~that the 

propagation of a detonation is through a series of periodic 
..,. 

initiations sa that the length of a cell of detonation corresponds . 
to the critical size of a detonation kerne1. Based on th is 

reas9ning good ag~eement ls obtained with the experimental values 
" 

of transverse-wave spacings determined in tubes, The predictions 

are, in general, much better than those obtained from the several 

existing theories on transverse wave spacings. The c10ser 

agreement obtained with experiments appears to confirm the 

mechanism of'propagation as one involving a sequence of continuous 

periodic initiations. , . , , ! 
#he limits of detonability of a reactive gas mixture correspond 

ta' a,situa~whe; the critica; size of the detonation kernel 

l 
j 
1 
f 
J 
! 

'~, 

'liT 

.' , 



( 

o 

c 

132 

appraachcs infinity. It is seen that this condition implies 

tha~ MCJ > M: for a gas mixture ta he detonable. This 

criterian predicts well the cancent~ation limits of detonability 

of those mixtu~es whose M* is known. 
s 

3. The magnitude of the explosion length (R) in relation ta the 
o " 

characteristic dimensions of the ignition source (L) can be used 

to discern the geometry of initiation in the different experiments. 

For 'R > L the geometry of initiation is characterized by the 
o 

confinement, whilst for R < L the initia~ian geametry is 
" • 0 

characterized by the geometry of energy source itself. 

4. For a given èxplosive gas mixture at certain initial conditions 

of tem~erature and pressure, the explosion length Ra is the sarne 

in each of the three geometries of initiation even though the 

initiation energies May differ by several orders.?f magnitude. 

The result is of immense' practical significance as it provide~ 
, 

a rnethod for estimating ~rce energies required to cause detonations 

in the unconfined geometry w~thout having to do actual experiments 

in the unconfinod geometry. It must be pointed out that experi-

ments in the un~onfined geametry are difficult to conduct in view 

of the relatively large quantities of gas involvedPand the 

relatively larger magnitudes of the source energies required as com­

pared with the experiments in thè planar and cylindrical geomet~ies. 

\ . 
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5. The confi&ement has a strong adverse inf1ue~ce on the initiation 

of detonations. In order to e1iminate the effect of the con-

fin~nt on the,initiation process and to characteri~e the 

initiation in ter.ms of the physical and chemical properties of 

the explosive gas mixture alone, the detonation front must contain 
..J: ! 

~minimum of about ten char~cter.istic cells of detonation across 

'it. This corresponds to the critical tube diameter neces9ary 

to re-establish detonations in the detonation diffraction experi-

ments and to the hydrodynamic 1hickne9s of a detonation. 

6.2 Suggestions for Improvements and Future Development 
il 

\ 

1. In the present theoretica1 model, the chemistry of the, 

- combustion processes has been depicted in terms of thermoneutral chain 

branching reactions (àn induction zone) fo11owed bylthe spontaneous 
; 

liberation of chemical energy. on the basis of ~e good àgreement 
,/ 

( obtained between the results of the theory and the experimedts l this 
, 

simple modelling of the combustion processes seems t9 be ~dequate over 

the range of conditions in which the experimental data exist. Normally 

the zone of' actual heat release, '1. e., the recombination zone, i9 about 

an order of magnitude smaller than the induction zone so that the 
1 

neglect of the recombination ~one thickness does nct influence the 

rcsults. The time ta~en for rt{combination reactions to occuJ;>-is 
j 

,-' 
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~ 
inversely proportional to the square af the initial pressure 

(TR'V l(po2) so that at extremely, low pressures the influence of the 

recombination reactians may be substantial. It will be instructive 

to incorporate the finite time taken for recombination reactions to 
, 'J 
J occur in the present theory.' In order to keep the analysis simple 

\a~~ tractable, gross modelling of the reco~ination reactions in terms 

of an overall inverse exponential rate of heat release such as used by 

Feay and Bowen (20), or in terms of é single overall parameter as ~ven 
, (' 

, 
by Get~inger and Schott 

t 

(123), coulp be employed. 
1 ,. 

2. ~he choice of the autoignition conditions in the detonation 
.. 

kernel theory sometimes poses considerable difficulties. For the 

hydrogen-oxygen-diluent mixtures the problem does not arise since their 

auto ignition characteristics have been widely studied. The method of 

estimating the ~toignition conditions on the basis of a large exponential 
~ 

inc~éase in induction times, su ch as was done for the 100 torr 

stoichiome tric oxy acety lene mixture, is not .n tire ly sa tü~dtory . 
is because a change in,the scale of plotting the induct~ times can 

This 

influence the results even thoùgh the range of the" autoignition conditions 

can be guèssed on thefbasis of a minimum power requirement for direct 

initiation,or on the basis of the quasisteady propagation conditions 

prior to the formation of a detonation. It is necessary to extend 

the studies on autoignition of gases behind shock wave~. diffe:ent 

explosive gas mixtures. The w~rk of Verme~r et
a 

al. l ,~) with hYdr-: } 

~----
carbon fuels such as isoctane and n-heptane represents step in this 

! 
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3. The behavlour of the chemical reactions during the induction 

period at the _~igher range of pressures also necessitates further , 
',-

investigation. Such an enquiry should help us to understand the 

increasing trend towards 1arger initiation energies ~ith inCr~Sing 

pressures at the higher range of suh-atmospheric pressure leveis. 

The conventional shock tube method of studying induction kinetics may 

pose a prob1em in view of the transverse wave' structure invariably 

associated with the reactive shocks at these higher pressures. Special 

methods, suc~ as the laminar detonation technique of White (125), should 

yield interesting results • 
.. 
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7. STATEMENT OF ORIGINALITY 
, 

AND CONTRIBUTION TO KNOWLEDGE 

-. 

The author believes that the detonation kernel theory 

introduced i~ this thesis i5 a distinct contribution to knowledge in 

the field of detonative combustion. This theory provides no~ on±y 

a simple method for determining the initiation behaviour of ga'~~~s 
detonations bût also links tog~ther the o'ther ~ects of a det~nation 

5uch as the transverse wave structure and the limits.of detonability. 

, \ 

The experiments reported in this thesis reveal the profouQd 
o '" \ 

influence of confinement on the initiation of gaseous detonation/. It 

is shown 'for the f~rst tifue how to determine meaningful experimental 

results on detonation initiat~on in terms of the physical and chemical 

,properties of the explosive gas mixture alone, independent of the' 

"'-characteristiès of the ignition source and confinement, The 

importance Qf. the explosion length parameter in the direct initiation 
.... , 

1 

of detonations is also demonstrated for the firet time. 
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APPENDIX l 

DETAILS ~F EXPERIMENTS 

1. Explo,sion Chamber 

1. 1 "\E1anar Case 

For pl anar initiation, circular tubes (pyrex glass and plexi-

glas~) having inner diameters ranging from 6 mm to 76 mm and lengths 
tt 

between 10 cm and 30 cm, were used. The ends of the tube were 

closed with delrin p1ugs through an '0' ring assembly. One of the 
1 

delrin plugs was provided with a nlpple for evacuating the tube and 
, 

filling it with the test gas. 'l'wo brass electrodes ('6 mm diameter) 

r were aiso radially screwed into the p1ug and glued with epoxy. Provision 

was a1so made for mountin~ a pressure transducer in the delrin plug fbr 

reflected 'shock measurements. FiguJe 44 shows a cross-section of 
l' 

the detonation tube with the end fittings. , 
In the case of the 76 mm diame:ter tube, the end plugs were 

directly g!uca to the pl~xiglass tube. 

structure, longer tubes were eiPlOyed. 

1.2 Çylindrical Case 

~or measuremen~ of the cell 

Two 60a mm diameter steel plate~ (25 mm thick) with spacer 
, 1 • , 

rings of ID 500 mm, 00 550 mm, and heights ranging from 2.5 cm to 10 cm, 

constituted the explosion chamber. 1 '0' ~ing seals were provided 
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betwecn the spacer ~ings and the steel plates to form a vacuum tight 

joint. The steel plates had cen~rally thr~aded holes 7.5 cm and' 

10 cm in diameter for~he locatio of the igniter. A number of i~' 

NF 20 size holes W9re tapped at sev circumferential 
... 

locations. as inlet whilst others 

corresponded to diff~rent locations for the pressure transducer. A 
\ 

plan and sectional view of the cylindrical chamber i8 shown in Figure 45. 

During the course of the experiments, it was found necessary 

to'work with chamber widths,less than 2.5 cm. Plexiglass plates, 6 mm 
1 

thick and about 500 mm in diameter, were inserted in the chamber to reduce 

its height. 

" 
A small hole was made at the centre of these'plates so 

~at the electrode could pass through th~s hole a~d be in flush with 

the surface of the plexigla~s plate. 

In sorne instances' a totally different configuration was adopted.' 

~ ~lindrical steel chamber 12 cm ID and 12 cm long was used for the 

explosion chamber. The ends ~ere closed with 2.5 cm thick plexiglass 

windows. '0' ring seals were provided between the windows and the 
\ . r 

bod~ of tne explosion chamber. ·At the top of the chamber a nipple was 

'" provided for the evacuation and filling of the gas mixture. A pressure 

1 

tr.ansducer was also housed at the centre of a plexiglass window. 

On the diametrically opposite ends of the chamber along the 
1 

central diameter, provision was made to house the igniter assembly; 
\ 

Flanged electrodes were used to give the required 9ylindrical symmetry. 

/ 

Il 

1 
} 

f 

1 

, F 
, ) 

, ,;,~ 

" 

, 
.' 

; 

" . . 

r 
,// ,a ,', 
lJ, 
'1~ 

~ ,~ 

'~ 
.'~~ 



l 
1 

o 

\ 
152 

Plexiglass P1ates:"i ~~ thick, were used for the nanges. ,The 

f1anges extended right across th~/length of the chamber and it was 
• 

possible to vary the distance between ehem fro~ l cm to 3i cm. 

1.3 Spherical Case 

The 12 cm diameter by 12 cm long steei chamber was also used 

~ 
to study spherica1 initiation'. The flanges,' which constrained the 

, wave to move in a cy1indrica1 f)aShion. were removed to provide an\ 

unconfined surrounding. 

• 1 

2. Ignition Methods 

2.1 Electrode Configurations 

\ 

In experiments wi~ spark discharge in circular tubes, hh~ 

.. 

e1ectrica1 spark was struck across two brass e1ejtrodes 6 mm in diameter. 

The electrodes were mounted radial1y near the e~d wall with thei~tips 

being almost in flush with the inner surface of the tube. In tpe case 

of the 39 mm and 76 mm diameter tubes, the e1ectrodes were mounted in 
.. 

the longitudinal direction jutting about 3 mm inside the tube and spaced 

• 
at a distance of 30 mm and 55 mm respectively. 

With the .large cy1indrical ch~mber brass and staiv1ess steel 
~ 

e1éctrodes (3 mm diaméter) were centrally located in plexiglass and 

delrin plugs (7.5' cm and 10 cm in diameter). The tip of the electrQde 
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was kept in flush with the surface of the p1ug or with the surface 

of a p1exiglass plate when such plates were incorporated to reduce the 

• height of the cylindrical chamber. For explodinq wLte Lqnition, 

however. a somewhat different arrangement as shown in Figure 46 was 

used. A copper bridge ~as firmly screwed in the steel bushing and 
1 

the exploding wire was connected between'this bridge and the brass 
1 

e1ectrode housed ccntra11y in the plexiglass plug as seen in F~gure 46. 
o • 

The reight of the,coppcr bridge was about cqual to 'the height of the 

cylindrical chamber. 
19 

, 
Secondary discharges between the\e1ectrodes and the body of 

\ 1 # 
the steel chamber presented a p~oblem with the 12 cm x 12 cm cylindrical 

chamber. It was found necessary to )insulate the electrodes. 

Insulation was provided lDy 1/16" thick glass tubing surrounding the 3 nun 
• 1 

, \ 1\ 
brass electrodes. A typical configuration for the insulated electr~s 

1 
with such an insulationi it war found possible! is shown in Figure 47. 

to vary the gap betwecn the electrodes from~l cm to 4 cm without any 
7-

secondary discharges whatsoever. 

2.2 Electrical Discharge System 

A schema~ic diagram of the electrical circuit i8 shown in 
"", 

Figure 48. A high ~oltage OC power supply (0-66 KVDC, Hipotronix) 

\ 
.was used to charge the co~dcnser bank to a voltage between 8 and 55 k~: 

1 

The condenser bùnk consis~~d of low inductance capacitors connccted in 

1 1 " 
parall~l ~n a compact coaxial geometry (Ma~ell, ECM and Deutschmann). 

f 

• 

r 
( 



.. 

o 

,. 

o 

r 

l,' 

154 

The range of the capacitances employed was between 0.005 ~F and B ~F. 

The choice of the operating voltage and the capacitance of the condenser 

bank was dictated by the energy requiremént for direct initiation. 

The electrical energy stored inl the condenser bank was' 

discharged across the electrqdes of a detonation chamber by triggered 

spark gap switch~s. 1 , A high voltage 30 KV pulse from an EG and G Trigger 
1 

module (TM Il-A) was used to fire these swirches .. The electrical 

connections were made with 1" wide copper strips (gauge 2.1) in order to 

mini~~i~ the inductance of the electrical circuit. 

During the early phase of the work with stoichiometric H2-02 

mixtures, commercially ç'btainable tr iggered spark gap switches, viz.,' 

EG and G mode~ GP 12 B and GP 41 B, were emplo~ed. Cohsiderable 
, , 

~luctuatdons in the 'results were observed and the inconsistency was 
\ 

initially blamed to the bad mixing of the gases. 

ta improve the mixing by a cêntrifuging effect and 

~temPts were mad~ 
also py invokinq 

/1 • 
convective mixing by heating the bottom of the bottle conta~ning the .. 
gas mixture with copper coils conv~ing hot water. 

the incpnsistency,in the results 'persisted. Vi$ual observations 
" 

of the discharge in ~2 cmlx 12 cm cylindrical charnber later revealed 

that the voltage pulse from the trigger module often caused a feeble 
\ 

dis charge across the electrodes before the main dischar~e from the 

condenser bank and this tendency was seen to be a9gra~ated at higher 

~ operating pressures. 
1 

t 

Apparently the feeb'e dischar~e across 

'" 

, 
\ 
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the electrodes had brought about the preignifion of the combustible 
1 ~ 

~" 
gases resultlng in the formation of a deflagration wàv~ before a shock 

~------
wave was formed~y the rapid discharge of the energy store~thg--L 

condenser bank. The subsequent intera~tion of the shock and 
l 

deflagration could have resulted/in a detonation, but then the mode 

of initiation doés not conform to one of blast initiation with which 

we are concerned. 
J 

To eliminate this prob~em of a feeble dis charge forerunning 

-------

the main discharge, a "horne-made;' switch which haa a provision to vary 
1 

the distance between the electrodes and a}~ vary the pressure of the ga~ 

in the switch, was employed. Thé electrodes, in the switch, were of 

polished stainless steel 2 cm in diameter with a fIat face. One of 
, 

the electrodes had a central hole to accommodate the triggering pin for 

firing the switch. 

in the switcQ from 

~ was possible 

10w~-atmosPheric 

to maintair ~he pressure of gas 

levels to around five atmospheres 

by hooking it to a vacuum pump and to a cylinder of pressurized 

nitrogen gas. 

For every experiment the distance between the electrodes in 
\ 

the switch ~i.e., the switching gap) and the pressure of the nitrogen 

s~tdh were- so adjusted that a small reducti'on in either the 

,gap or the pressure would result in a spontaneous discharge of the 

gas in the 

condenser bank even in the absence of the high voltage pulse from the 

triggering source. with the switch operating under these threshold 

/ 

--------------

1 
l 
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conditions, it was possible to eliminate the initial weak dis charge 

across the electrodes of the detonation chàmber. 

At operating voltages in excess of ~5 kv' corona discharges 

posed a.serious problem. The body of the switch would accumulate 

sufficient static charge whièh often resulted in an inherènt spontaneous 

breakdown àcros~ the electrodes of the detonation chamber. This 

prob~ was eli:inated by grounding the boày of the switch through a 
\ - --

resistance of 10 Mn and thus bleeding off the surface electrostatlc 
( 

charge. 

In sorne experiments which required.longer dis charge times '0 

(i.e., sma11er discharge frequency) the inductance of the discharge 

circuit w~s increased by connecting indu~tioQ coils in series. These 

induction coils typically consisted of 5 to 30 turns of insulatëd 

copper wire (gage 16) wound on a 4 cm diameter plexig1ass tube. 

j. Diagnostic Techniques 

3.1 E~er2Y from the Electrical Discharge 
1 

" 

- , 

The energy dissipated by an electric spark i9 given'by 

T 

E = J. i(,t) v(t) dt 
9 

• 
A.1.1 

ri(t)' R(~).~ = 
o . 

~ 

A:1.2 
, 
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.. 
where t is the t~tal -discharge'period and v(t), 'i(t) and R(t) denote 

the resistive voltage drop across the spark, the dis charge current 

and the resistance of the ~ark respectively. The quantities i, v 

and Rare expected ta be fbnctions of time with the damped oscilla tory 

dis charges. 

The Ume history of the spark discharge current (i ft) ) was 

monttored with calibrated wide band current transformers (model 1025, 

0.025 volts/amp; and model 301, 0.01 volts/amp., Pearson Electronics). 
: 

The current signal was displayed on the screen, of a high frequency 

dual beam oscilloscope (Types 555 and ~6 Tektronix) through a high-gain, , 
fast-rise calibrated preamplifier (Types H and lAI plug in unit, Tektronix) 

and was recorded on a polaroid film (Types 47 and 410) • 

The determination of the 

spar~ [v(t)1 {s rather Cumh~OMe. 
f~ 

resistive voltage drop across the 

This is because tae high ~requencies 

of dis charge encountered in the present experiments (~ 0 [.5 MHz) cause 

the inductive voltage drop across the spark to be of the same order of 
, 

magnitude as the resistive voltage drop. Though it- ls possible to 

eliminate the inductive component by Use of two identical voltage probes 

with a compensating coil and a differential amplifier as demonstrated 

by Moses and Kerneff (128), the relative ease 

of the electric 'park makes the determination 

of evaluat~hg the resistance 
• t 1 

of enerqy u~ing Eq. A.l.2 , 
(viz., the current and resistanèe histories) more attractive. In this 

1 

investiga~ion ~o attempt has bee~ made at measuring voltages and aIl 

energy determinations are made ,on the basls of current measurements and 
't 

resistance evaluation. 
~-- .-

App~nafx II:. 

The method of finding resistances is given in 

~J. 

1 
1 

c 

1 ~ 
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3.2 Detonation Wave Parameters 

3.2.1 Preasurè Measurements 

( . 
Two different types of pressure transducers were usedt a 

'hand-made barium titanate pressure transducer'and.a miniature quartz 

pressure transducer (model 113A; PCB, Piezotron~cs). 

The barium titanate pressure transducer was a version 
• 

of 'that designed by Khystautas (30). The positive end of a' 6 mm 

Idiameter by a 6 mm 1ength 'barium titanate piezoelectric crystal was 

• 
joined ta a 4 cm long zinc rod of the sarna diameter with si1ver epoxy. 

The barium titanate-zinc rod combination was encased in a brass housing 

but insulated from the brass body with epoxy gl~e. The négative face 

1 

of the barium titanate crystal was earthed by soldering bare" copper wi,re 
,/ 

(20 gage) between thé crystal face and the brass hQusing., ~ sketch' 

of the transducer ls shawn in Figure 49. The output from the transducer 

wa~ directly fed to the plug-i~ preamplifier o~ the oscilloscope without 
( 

any.emitter follower circuit~ 

The barium titanate pressure transducers were used for ,the 
',' 

determination ofth~ time of arrivaI of the detonation wave and for 

~e 1 . 0 qualitati ~ appraisal of the pressure. For quantitat1ve meas~ements 

of pressure and detailed pressure profilest behln(1 the detonation front 

~a high frequency, 1 ~s response PCB quartz pressu~e transd~c~r was ' 

employed.- The ~ransducer had a built-in amplifier and was powered 

b~ a battery power unitl lmode1 480' A PCB). 
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3.2.2 Determination of Cell Structure 
~ 

structure. 

The smokedo~ilm'technique was used to de termine the cell 

Thin mylar film~ (~';25 l~ thick) we~e c~ated wïth' a th in 
, ' 

layer of soot from a kerosine ail lamp and placéd on the walls of' the 

cylindrical bomb or along the walls of ,the tube. There was a 

tendency for the mylar film ta warp when pla?ed in the cylindrical 

bomb and this tendency was correcteB by employing thicker mylar sheets 

bortded ~rmly ta the wall by scotch tape. 

The imprint of the detonat~on wave on the sooted my.lar films 
1.,. 

~ 

was fixed with clear lacquer. 

4. Identification of Di~ct Initiation 1 
1 

Following Li~hfie~, Hay and Forshey (~7), the direct 

initiation of a detonation was inferred from'the time of arrivaI of 

the pressure wave and th'e magnitude and profile of the pressure trace'. 

The principle behind the method 16 given below. 

When the ir'lit~,ation energy ia much below the threshold value 

for direct initiation, a relatively small and smooth pressure rise 

associated with a deflagration is o~served. Weak shock waves sometimes 

precede the deflagration wave. The mean velocity of the pressure wave 

ia very much less than. the CJ velocity, • Figure 50(a) shows such a , 

• pressure trace. For critical value of source energy needed for direct ' 

initiation, there is a ~istinct jump in the magnitude of the peak pres8~e. 

f 
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The mean velacity of the wave aisa suddenly increases ta about the CJ 

value", (Fig. 50 (bl 1 • For the source energies Jarger than this value 

the pressure profile,does not significantly change and the mean 
....... 

velocity increases only slightly. This is made clear in Figure 51 

where the velocity calculated from the time of arrivaI is plotted against 

the operating voltage (the energy deposited by a given electrical spark 

i5 approximately proportional ta the square of the voltage, the 

capacitance and the inductance pf ~he current remaining the same) 
\1. 

of t~e experiments. 

denotes thé critical 

Apparent~ :~e source energy correspënding ta V~ 

energy for lPirect initiation. 

,In certain cases, especially ~ith planar and cylindrical 

\ ' P 
geometries, the pres~ur~ trac~,had the sharp profile of, a detonation 

\ 

~ut the time of arrivaI disprovéd the likelihaod of direct initiatioh. 
<l 

Obviously the transitional mode of 'initiation has'~a~en place. For 

mixtures near the limits of 'detonab il ity ,. wherein large magnitudes of 

the source energy were required, it became difficult to employ the mean 
• 1 • 

velocity criteriOn to identify a detonation. This situation was 

~articularl~,conspicuous in mixtures for which the sound speed was bigh 

(e.og., high diluti:on with helium and stoichiometric hydrogen-oxygen 
'l> 

mixtures) and for the spherical geo~etry for which ~~e blast waVe dejay 

with dis~ance is less than for the planar and cyl~ndrical geometries. 
o 

Larger explosion chambers are '~hen necessary to clearly determine if 

direct initiation of detonation has occurred. } ~ 
'L.; 
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.. 1 

5. Experimental Procedure , 

• 
5.1 Pre~aration of Gas Mixture 

Iv 
The gases used were of commercial pùrity (Matheson grade) • 

The gàs mixture was prepared in 100 'litre capacity high pressure steel 

tanks by the method of partial pressures. ,Mixing of the gases was 
, , 

achieved by allowing~thê gases to diffuse for 24 hours before use. 

With mixtur~s coritaining very light gases such as helium or 
1 . 

hydrogen,. the lighter -ga's tends to rise to the top of ,the steel té!:nk 

so that ~i~ing by diffusion becomescrather difficult. In such cases 
" ) " 

bhe stee~ tanks were placed on the ground alo~g their length rather 

than on their base to prevent the strat4fication of the lig~ter and 

denser gases. 
, 1 

Some experiments'were alsp conducted with s~ch lighter 
t;~ 

~es~ viz: I H2+i~in ~hich mixing was promoted ~Y a ce~trifu~ a~tion 

and also by natural convèctiort (heating the steel tank with copper coi,ls 
( 1 

. containi~g hot water) às mentioned'l in section 2.2 of this appendix. 
r'" '. . 

The consisten~y of the results obtained with~iffusional mixing and with 
.. ' )1 ~ 

.. 
t~e above two metho~s confi~d that adequat~ mixing.is ~chieved by 

~ 

allowing the gases to di~f~e for about a day before use. 

f 
~.2 Test Procedure 

\ The explosiol'l chamber and the var~ous fines connecting the
o
' ' • 

/. 

explosion chamoer with the m~ture tank we~e firs~ evacuated~to a pressure, 

around~O.Ol~mm of mercury. 

.. , D 

/ 

. " \,., 

. The evàcuated ~stem was then flushed with 
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\ 
the test gas and evacuated again. The ~as mtxture ~as then filled 

to a pressure about lOg torr greater thanYthe desired initial pressure 
\ . ~ 

.' and ehen slowly evacuated tili the necessary pressure level was 

achieved. Thjfeafter the line\ co~necting the explosion chamber and 

tne'mixture tank were evacuated again to gua~d against Any likelihood 

of a detonation feedback • 

The pressure and the distance between the electrodes" in the 

swJ.tch were adjusted to be' just above the ~hr~ va;:~s' for the l'; 

, 1 
spontàneous breakdown acrosp the electrodes of the detonation ch~~erl 

Jo 
corresponding to the desired ope~ating vol~age of the experiment. The 

,Ill 

condenser banks~were ~arged to this operating voltage and the breakdown 

achieved'by the fanual triggering of the trigger module. F:6r 
1 

exper imen ts a t lower pressures, wherei~ th~ elect'r i~al discharge across 

the eÎectrodes in a detonJtion chamber posed no' problem, the brea~down 
~ "" " , 

was achieved by rapid suction of the nitrogen gas .in the switch. 
i ) 

The op~ating voltage and/or the capacitances were progressively 
• 

changed in ~e stibs~quent exp~riments until the condition for direct 
. 

initiation was obtained as evidenced by the'pressure trace. , A few , 

experiments were conducted~ith energies somewhatabOVe and below the 

• critical value to make sure of the results. 
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APPENDIX II 

. REStSTANCE OF T1IJ;;. SPARK AND THE 
f 

EFFECTIVE ENERGY OF OISCHARGE 

1. Resi$tance of the Electrica1 Spark 

The method of evaluating theresistance of the apark discussed 
, 

in this section follows from the work of Rose and Priede (129). 

J " The dis charge circuit, as discussed in section 2.2 of Appendix l, 
l 

consists af 'a capaci~ance C, an induct,ce L, and a resistance R. 'The 

r 
basic differential equation governing the discharge current is given by 

d2i R di i . 
A.2.l L dtZ + +- a 

4 dt C ; 
6 

, .lio 

jnall the experiments conducted, the parameters C, L and R 

~ were such' that we get a damped osci,latory discharge. The solution 

ta.. Eq. A. 2.1 for the case of a daIhped oacillalory discharge la 

.' l 'l 
i (t) 1 e 

-at 
sin (wt + B) , A.2.2 = 

• 0 .. 
where 

• .',\ 

f , 

aie constants of 0 1 and e Integration, 
0 

is the damping factor 
. R -= a :;-

"'1 2L 
" f ." 

and !il ia th~ angulàr frequency ". Il R
2 
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0 

1 
~ 

p~actice, -w' Ù.h 
, 

In the range of capacitances used (0.005 lJF 
'\ 

1 R2 -
in 

\ 
te '8 lJF) and the associat~d small values res1stance, Lë » 4Lz 

~,., .. l '" ~ ~ 'so that w :::: ILe . ,Further 1 from -the experimental discharge current 

trace, it i~ seen that the relation 
( 

Ut) l 
--at 

sin wt = e 
a A.2.3. 

,1> 

adequately models the time 
1. 
h1~tory of the current. j 

1 ~ 

The magnitude of the peak values in current (i~ i9 given 

~ 

A.2.4 

t p denoting the time oi occurrence of the peak values in the current • 

• 
Takil)g raturaI logarithm of 9Pth sides oe Eq.A.2.4 and simplifying (/ . . . 

we get , " 
\ll....f 

\ t= 

wh_r_ i ~d i 
<'-Pl P2 

t - t 
P2.. Pl 

~ ~ 
~ ..... -.... 

A.i.5 

den ote the values of peak currents at times 

t . 
Pl 

and,t respectlvely. 
... P2 . 1 

It is therefore possible to determine the 

damping factor a from a semilogarithmiq plot of peak current~ with time • 

. . 
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The angu1ar frequency of the discharge can be readily monitored 

1 • 

from the experimenta,J: current trace (w = 21f/T, T' being the period'ic time). 

Assuming the capacitance of the leads, connections, and spark gap ta be 

negligibly smaI1 in comparison to the capacitance of the condenser bank, 
) l, ' 

the circuit inductance can be rea9ily detérmined from the value of 
\ 

w(L = l/w2c). Kith a getermined from the semilogarithmic plot of i 
p 

versus t ,and L known from the angular frequency of discharge 1 the 
p ..... 

r'esistance of the di5charge circuit ia found from the relation R = 2aL. 

This ·value.of iesistànce is the total resistance of the 

discharge circuit. In order to determine the rèsistance of the spark 

gap a1pne (R ) it becomes necessarr to determine the resistance of the 
5g .. """..IL .. 1 

remaining circuit, viz. , the l'esihance of tl1'e leads, connections, 
0 

1 '.. J e ectrodes 1 sw 1. te and the internaI resistance of the capaci to.rs,. 'This , 

" ~ 19 done by shorting the gap ~etween the electrodes with an extr~mely 
"' 

" 

wellïconducting material and obtaining an oscillatory current dis charge 
, f, "'" 

with the capacitors 'charged to the~ame voltage ~ before. From~this 

di.scharge ourrent trace the resistance of the rrmaining circuit Re i't' 
. " 

determi~ed in the same manner as with the main dis charge across the 

\ electrodes of the detonption eha~er. 

given by 

~.2.6 

1 
• 

• 
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lt i9 important t~ realize that the act of shorting the 
f 

electrodes to deterrnine the resistance of the remaining circuit must 

~all exper~ments the not fhange the inductance<of the c~rcuit. 

electrodes were shorted 'w'!ili a brass dr copper ~od 6 mm in diameter. 

Figure 52 shows a typical plot of the natural logarithm of 

the peak currents versus time for the experimental discharge current 

,trace. Curve A refers to the peak currents with discharge across the 

electrodes of the detonation chamber, whilst the Curve B pertains to 

th~e peak currents obtained with the gap bet;een the electrode~ shorted. 

~t is se en that the plot is remarkedly linearjover the first few cycles 
- .. 

of the discharge indicating that the decay factor a (and therefore the 
J 

" ' ,** resistance) is constant over this period • Towards the taU of the .. 
l\ 

discharge, however, the value of a is seen to increase indicating an 

increase in the resistance,of the spark. This growth in the value of 
. , 

\ ". -resistance is to be exp~cted since towards the end of the d1scharge the \ r 1 

, 
spark channel expands ~nd cools in the process resulting in a decrease 

'il 

in the density of el~ctrons a~d therefore of elec}rical conductivity •. 

1 ... 
We shalLsee in the next section that the 'eff61ctive portion of 

the 'dis charge 'that ac'tuallY ~tributes to forro a detonation corresponds 

• 
to the energy released in lIss than the first.half cycle of disèhârge. 

~ 

** This 'ls in agreement with the results of ROISe and Priede who 
also observed ~he valu~s of ta and R to be constant over a considerable 
portion of the discharge with darnped oscillatory dischar~es obtained 
from condensers in the micro-~lcrofarad range. ~ 

, 
f , 

• 
~~-"'.~j.,".h~,~1 ,"','"!!t.,~ .• EI!"."' .• :a,!ftu; .... :!O!_!!:"œ!l!!''''''._:;;;"", ... a _______________________ ...... ___ .., ...... ". __ .. , ......... "'n.:r.':'-'::""',-, ..-~-~ 

" 



() 
l' 

. , 
~'~·~.<,~_h 

" 

167 

On the :bas'is of the resistance remaining constant over the first few 
1 

G:ycles of discharge, we shall assume, in our calculations, the sparJc 

resistance to be il constant and to be given by the constant value 
, 

".,determined from the first few Cycl,es of the dis charge • 

Toepler and Binder (130) have give~ an empirical l~w for ·the, 

~sistance of an electrical spa~k in terms of the length of the spark l, 

tHe pressure of the gas P, the capacitance of the discharging condenser 

C, and the charging v~ltage of the condensers V • 
o 

,given by 

R ". 
Kip 

9g CV 
1

0 

lIA 
The resista:nces evaluated"-on the basis of 

Their relation is 

• A. 2. 7 

1 

the dis charge current 

records by det~rmining the decay coeffici~nts, as given in tnis section, 

exhibited the direct depend~nce on length and press,ure and the inverse 
-\ 1 .. 1 

d~endences on capacit~nce and charging voltages as postulated ~Toepler i ' ,\ .. 
and Binder for charging voltages up to about 35 kv, For charging .. 

, 
voltages exceeding,35 kv, however, the value of the spark resistance 

tended to'he relat~ely unaffected by a change in the charging voltage V • 
o 
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Effective Energy of a Spark Discharge in Direct Initiation 

1 
In the first exploratory studies on,the initiation of 

det.onations, the critical energy for direct initiation was based on 

the total electrical energy stored in the capacitors. 
". 

The stored 

energy can approximate the energy deposited in the gases only if the 

\, 

resista~ce of the discharge ci~cuit is dominated by the resistance of 
1 

the spark gap. In practice, however, the resistance of the switch and 
& • 

the circuit leads is of the same order of magnitude as the resistance qf. 
, ,) '? 

the spa~ 50 that ohmic dissipation in the switches and the connectin~ . 

1eads mu~ aiso be considered. Hence the energy deposited by a spark 
. 

di~charge in thë detonating gas must be evaluated on the ba'Sis of 

lD '0 t i (t) v ( t,' dt or J i 2 (t)R(t)dt' where 
o 

~D is the total duration of the 

~ , 

discharge and l,v and R denote the current, the resistive voltage drop 
, a .. ' 

across the spark and the resistance of the spark respectively. 

initiation process reveals that 
" 

not 

A closer'èxamination of t~ 

all of the ~ove energy deposited in the gase!:! need to contribute 

to the initiation of detonation. u/ing a "crowbar" techx:ique to 

truncate the electrical dis charge at different times, and working with 

djfferent frequenciel of discharge, Knystautas and Lèe (26) recently 
-1' 

demanstrated that tJÎ;i<'effective energy for direct initiation with 
" \. 

electrical sparks corresponds to the energy qelivered up to a ~ime 

corr~sponding to the attainment of average pow,er. 
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( \ . 
Dcnoting the t!me for the attainment of the peak averaged 

power as T and the resistance of the spark ~o he R , the effective 
p '.. 5g 

energy release for initiation of detol'lation with damped 05cillatory 
1 

e1ect~ica1 dis charge (i(t) = Io~-atsin wt) can be evaluated to be 

• (= 

~ 

The value of l here i5 determined from the intercept on the ln 1 i 1 o p, 

\ axis in the , .. ;f?lot of ln 1 ipl versus t p 

/ 

(Fig. 52) • 

• 
" 

3. Theoretical Cl;>n.siderations for the Choice of t,he Effective Energy 
1 , 

That the'effective energy for direct initiation does indeed 
0 

conform fto the energy releàsed up to the time of the peak avéraged 

power ca'n be seen from the following theoretical model. ,The early 

time behavfour of the shock driven by the energy released from the 

electrical spark is con5idered. Since the shock wave is'fairly stron~ 

and the cote of the gases, heated by the energy release ~rom the sparf1 

·is extremely hot, most of t~e s~o~ked ma~ concentrated i~ the near 

•• 

A.2.8 

',r 

/ 

• 
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vicinity of the shock front. Consequently, the 'SnoWplow' approxi-

II' 

matio~,fof Laumbacn ~d Probst.ein (131) and Chernyi. (132,) is u~ed to 

model lhe ~ock motion. ' 

3. 1 Fbrmu1ation of,othe 'Snowplow" Model t 

1 
The basic equations for continuity, momentum and energy in 

, Lagral)gian coordinates are 

A.2.9 
' , 

1 j 
Pk.rjdr Continuity: POkjR dR = 

J 

""'~ 

Momentum: 
a2r(R,t) + (E)j ,..!..!E. 0 :atT ' R Po aR 

A.2.l0 
, 1 

P (R) 
, <) 

EO~,t) s 
Energy: os p1(R) - P T(R,t) . 

s 

/./' 
Here Rand r denote the Lagrangian and Eulerian coordinatés respe~tively, 

Y' 

while j = 0, l ',and 2 denote the planar, cy1indrical and spherical 
, 

geqmetries respectively. The energy Eq.A.2.ll assumes isotropie , . 
• expansion of the gases after beillg shocked •• In other words, the 

energy addition due to the chemical reaction i5 neg!ected. 
1 

The justil.. .. 
fication for such an ass~ption stems from "the fact that the chernical 

• 
energy rele~sed during the initial p~ase of shock motion i5 negligible. 

o. 

t The author' is thankful to Dr. K.W. Chiu for helping iri the formulation 
of this theory - in particular, with the mathematical sinip1.ification' of the 1 

internal energy term gi~en by Eq. A.2.24. ' . :', r 
, . \ 

1 

• 

_ • J, 
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• 
The jump conditions ~t the shock are given by the Rankine 

l '" 
. laugoniot 

and 
\ 

/ 

et 
From the snowplow approx~mation, viz. , that the gas 

follow the shock. front c~o~ely, we may write 

.. 

o / 

~ 

r = ·R - E: (R -R) 
s S '" 

\. Ir 

where e: ts a small quant:i,ty. 

~ifferentiating-Eq. A.2.l4-with 
• ,r'I , 

'shock front 
, 

" 

. .. arl = e;, 
aR ~ 

Further, from Eq. A.2.9 we have 

, ' 

so that . , 

.. 

respect to R., we get 

~ . ' 
at the shock front 

. 

./ 

J 

A.2.l2 

A.2.13 

particles 

, 

.'A. 2.1.4 J.: 

at the 

\ , 

~ 

1 

1 

( 

f 

1. ' 

\ , 

'4" 

)-

0 

" , 
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giving' r = R 
5 

-.r:l ~+l CRs -R) 
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A.2.16 

The energy' deposi,ted by the electfical spark in the gases 
r, 

goes to increase the kinetic and ·internal energies of the 'gas. 1 If 

1 the sho'ck ai:. time t i5
1 

at a ~istarice R frdm the source, the global 
s fi!' f 

. \ 
conservation of energy y1elds 

R 

1\ 

+ l ::1 
o 

A.2.~ ~ 

• 
.. 

\ 

A.2.l9 
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";: 1 

The eva1uation df the in~al energy. term in ~q. A.2.17 

is ~lightly ~re complicated. 

Eq. A.2.l0 to obtain 

.. 

.~ 
~. 

Using thé' above in 
. , 

The value 

by - '" 

~= - Po 
Rj 

aR 

Eq. 

r j 

A.2.1B, we 

2 00 

= - .".-- R y+1 s 

of p (R) near 

~ 

, ~ 2 00 

p(R,t) - Ps 

so th'at"· 

p(R,t) 
~, 

= 
y+l 

, " 

• 1 

" , 

R s 

Tb de~errnine p (R) we use the momentum 

~ 

i 

~2r(R,t) 
at"T 

get 

the shock front i9 therefort 
; 

.. 
R hi "l 

R \j 
s. Rs 

" ~ 

" 

dit 
j 

(lL 
,R 

s 

" 1 / \ '. 

'f, 

• 

',. . 

given 

, 

A.2.21 

\ 
A. 2. 22 

[ ,-

/1 , 
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Il 
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'1\ 
(1" Jh. 

The abeve equation can aIse be written as " 
Ifl...~ 

p.!.R, t) "= 
2 O 2 -p R 

y+l 0 s 

\. 

where thé decay co~fficient a ls given by 

e • = 

00 
R R 

s s 
o 

, R 2-
s, 

• 

( 

A.2.22a 

<1 '\ 
.;. 

.' 

~ (i 

l' 

• A. 2.23 

The internaI energy term can ~ re-w!.4tten 'Using Eq. A.2.9 as 

1,,1 

. 
,; 

~ # -

R 

l 
;<Q-ri,t)t. jd 

- l ,..r r y- ] 

Ole' 
" . 

.,; 

A.2.24 

" 
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•• 
and using ,the valUé of p from' Eq. A. 2. 22a we, qet 

'" R Rg ., Ra 
f . ·'--2·P j\'Ok . J :l+ldR _2_ p l'(I+'!") ~ l rJdr 

.l:.- ] __ Os J 
+ y-l. kj r. dr - ,h+l) 2 (j+l) R "ft lOs J + l Y-l, 

~, s 
0 ' 0 0 

giving . 
.... 

" .. . ' 

(r '. 2 k. p Ft 2R j+l 

[1 .: p j J 0 s s· 
'y-l kjr. dr,= ()H) (y+l) (y-l) 

~> 0 ~ 
t 

.,.. 

~ ... 
~ 

! 
SubstitutinfJ Eq. A.2.19 and A. 2.25 'in 

t \. , 
we ge,t j • 

." 

" 

. 
, \ " . , . 

,.,... 

.., 

" 

eJ 
• 

+ 
y+2j+3 

A.2 -... 
(j+l) (yi+1) (j+2) 

~ 
~;1 ; 

, 1 

" 
Eq. A. ~.17 and simplifying 

1 

~. 

(y+2j+3) 
Jj+1) (y+l) (j+2) e 

• l ' 

C' 

0 

, . 

"'1:Isin9 the v~l~~ of e from J:;q. A. 2 .,23 ~n~ l:e":'arr~nging' the ·tern\$ we 

qet the 
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where 

and 

A = 

R2 
9,0 S 
h + 1\---

9 R .9 

2y(j+l) (j+2) 
\ y+2j+3 

B 
'+2 R J 

5 
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= 0 , < 

<:lE (t) (j+l)2(j+2)(Y~1)2(y-l) 
\ ~9 __ ~ __ ~~~~ ________ ___ 

B = (y+2j+3) 2~ Po 
J 

A.2.27 

A.2.28 

.' IA.2.29 

This ardinary differ~ntial eqJatio~'can be readily integtated 

for Any energy time history E (t) by the Runge-Kutta mèthod on,èe the s ~ 

initial candi,tians are known. It is interesting to note l that/~he 
. 

solution obtain~d with this model agrees vary weIl with the strong. blast 

similarity solution when the ,time depandent energy source is replaced 

by the ideal energy source, viz., 

as follow~: 

With E (t) = E = constant élfld X 5 0 

d [XR~ ] 'c B dR 
s 

wherc c = 21\. 

) 

o 

= 

RI; 

E = E = a constant. 
s 0 

This ,is seen 

R 2/2 , Eq. -A.2.27 reduces to 
5 

\ 

c-j-2 
A.2.30 

" 

r 

f, 

1 
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" . 
Integrating Eq. A.2.30 and setting,the constant of i,ntegration 

equal to zero to recover the point blast solution, we get. 
~ 

R s 
-.!lf~) 

On integrating Eq. A.2.21 we ge~ the shock trajectory ta be 
, 1 " 0 • 

. \ 

RB • l (:: r+J (j;'j 2/l ~ 3 

{ (~;7~~1=~\~n~~: (y: 1) 

o , 

2/j+3 
t 

\ A.2.21 

• A. 2. 22 

Based on the ~elf sim1a.r so1ut~on for an ideal blast wave the shack 

trajectory ls obtained to be (107) 

1/j+3 
1: 2/j+3 ~ A.2.23 

" 

Using the values of l given by Bach and Lee (133) and 

by Rogers (60), the shock trajeètory using Eq:A.2.~2 and ~:2.23 i~compared 

. ! 

\ 
\. 

, ' 

'. 

.,3 
1'1 

' .. _j 
t ; _ .?ln_ -:-7" 1 ,.1 
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J. r 
.1 () \ 

be10w for Y of 1.'4 or 1. 2 respective1y. 

l ' 

Geometry Eq. A.2.22 
"' 

r :0 1. 4- 1 
\ > t 

P1anar 1.1S1 CE
o
/p

o
,l/3 t 2/ 3 

Cylindrical 0.959 (E / ",1/4 t 1/2 
o Po 

J 

-

. Spherica1 
0.99) ~~o/Po' 

1/5 t 2/ 5 

\ 

• Y == 1.2 

Planar . 0.93 t (E / ,1/3 t 2/ 3 
o Po , 

,-

r-
Cylindrical 0.820 (E /p ) 1/4 't1/ 2 

o 0 
, 

. (E /p ) fiS t
2lS spherical 0.879 

- o .0 

. 
J 

. ,',' \ 
r. ' 

.\ 

\ 

1 

, 
" 

. 

. 

d 

Eq. A. 2.23 

Ir~ 1.229. (E/Po,l/,3 t2/3 

( 

l.008 CE Ip ,1/4 t l/2 
o 0 t 

1.067 (E /p ,1/5 t 2/ 9 
o 0 

\ 

-
O.9q3 (E ,/p ) 1/3 t 2/ 3 

o 0 

0.838 <Eo/PO) 1/4' ~1/2 

-
, 0',804 . (EoIP 0) 1/5 t2/S 

( -

\ 
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3.2 Discussion of Results 

Two different types of initial conditions were used to 
1 

integrate Eq. A.2.27. 
.", . . 

One assumed an acoustic wave to be'generated 

at the init\al spark kernel radius immediately on striking the discharge 
o 

[l~e., R .. C and Rs" R at t .. 0, 
s a So 

R denoting the initial 
8,0 

... 
spark r!l.?iûs). The other initial condition was that the early energy 

release caused a pressure wave to originate from the source, the 
, 

magnitude of the pressure being given by a constane volume energy 

addition, viz., P" (y-l)E(to)/vo (v~ den otes the initial volume, viz.,· 
'-

k R j+l 
~ 
jtl and R = R 

s So 
at 

\ 
Figure 53 'shows the results obtained in the cylindrical 

. -[. \, 
geometry (j .. 1) for spark discharge parameters given by the followingl 

-. 

Spark gap resistance R "1 &.10 
9g 

Total circuit ~esistance R .. 0.180 

capacitance C ... 0 .. 049 jJF 

.. 8360 Amp 

Dis charge frequency f .. 0.905 MHz 

Charging voltage" 30 kv' 

• l, 

The dotted line and solid 1ine show the variation o~ Mach 
\ . 

number of Ithe shock with time for the acoustic starting condition and 



t> 

"0 

• 
"1 

;d 

" 

e, 

, . 

o 

t 

. . 
léo 

, . 
.... , -

a constant volume starting condition respectively." The results 

are shown for an initial spark kernel radius ~·R of l mm and 2 mm. l ' 
, 8 0 . ,t~ 

It is Séen tnat the nat~re of the,~tartin9 condition (viz., an acoustic 

start or a COnstant volume star' does not 'in'fl.~enCe the shock trajectory •. 

~e value of' the initial radius R' " however, ta sean té) significantly 
so' , " c, 

influènce the magnitude ~f ~~\ c'Sh~~~'~~n~er. In Figure 53 is 

~ • '\ {{, ",.. - 9 
also shown the variation of the en~r9Y relea~eq, by'the spark and the 

o \ _l.-, \ o." \ < 

avérage power of the ené~gy rele~?e 
1 

as ~ func~ion of ~ime. 

The initial radius of 'the spark kerr~l with a Hne source of 
\ 

'fit 
~ t v \' 1 

1/,2 'mm to about', 2 enérgy can at the utmost vary petween mm. FJ.,gures 
1 

l ' ' 
54 and 55 show the Màch number of, thé shodk obtained by successively 

\ \ ,/, ,. \ ' . t ,:J 
truncating the, energy release at r varÛm,stime's with an initial radius 

L, \ 1 
of spark kerne1 of 1/2 :mm and ~ \~. \? The cHcled figu;es on the 

,y. ",' 

curves denote t;l{~ number of cycles è)~ \1seharge 'aftar w~iCh the energy 

',," Il 
release is termlnated. , ' , totinstance,r 0.1, 1/4, l, PAP etc. denote 

that the enef'gy relea!!/e Ifrom the spark is stopped after the first l/lOth . 
~, • 1 " 

cycle of discharge'/: a~ter a. v l / 4 . cyèle ot' ;cdiach arge , after one completEl, ' , . , \ 

Cycle of discharge, 'f' l, l f or a t'er the, atta nment 0 
~ -:. ~ l \ 0 

tHe peak average power. 

It ia s~en from the figu~e that/t~uncatirig,'the dis charge at times 

" , 
earlier than the time corresponding to thé attainment of the peak ave~age , , 

power (tpap) produces a significa~ decrease fn the,peak values'of the, 
\ " 

shock Mach number generat;ed ,by the sourçe. , '~ut -~the 
, ,.' \ \" \, 

discharge at timesO;reater than' t dOéS 'nq,t 'prodUèe 
I pap Il: 

\ " \ ",1 \. ) 

change in t~e raglan around the peak Ma,~~ ,humber 'an'd 
'\\' l, ~ , 

\ 

\, , 

trunc~tion ~f the 
\ \ \ . \ "\. 

ahy ~oticeabl~ 
\ ' ,'1 

'\ \, 

only;reinforce$ 
\, \\\ 
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, " , 
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the shotk l'Itrenqth much later in the' process. 

of-detonations, the detonation ia formed fairly early in the process 
1 

so that thé strenqt~ock at l~tcr periods when a ,1 
detonation la a~rêâdy formed cannot affect the phenomenon. 

"' ' 

)Since the 

capacity to form a st~ong shock bseen to be 'impaired if the energy 
~ 

release is atopped before t and ia re1atively unaffected if the pap 

discharqe ia terminated after t ,it is not surprising that the pap 
~ " , 

effective energy for direct initiation with a spark discharqe corresponds , ' 

to the ener9Y released up to the attainment of the peak average power. 
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APPENDIX III 

" \' 
ESTIMATION OF A MINIMUM SIIOCK MACH NUMBER 

i FROMCTHE MINIMUM POWER REQUIREMENT 

'i /. 
of the Mach nù~er oorrespohâ!ng to the 

1 
An estimate 

,#' r 
experimentally observed minimum power requirement in the initiation 

of a det~atio~ ts made 
, -----
',~ -

, inq to ~he minimum power requirement is modélled in terms of a constant 

in this appendix. The energy release pertain-

, velocit.y piston driV!119 a shock wave. rrhe simplified 
fi \ ). 

analY1;ical < 

i 1"- -- . " 
methd<3 of---Guirao~ Lee .and Bach (4'1) for a plston-driven . r .~ ,.... -~, . ~, . 
for(this purpose. Their analytical'solution is firet 

shock ·is ûsed 

reviewed in this 
J 0 

ap.bend,ix and then aplhi~d for the cal~u'lation of the shock strength 
, - . 

\\' ,'1 
1 l' 

veloClitY· 
, 1 -
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\ 
. \ • 

f ' Haro j '" 0 1 1 and 2 denoto the planar 1 cylind~ ical and spher'ical 

geometries respective1y. 

ln the bla.t wave coo,rdinatas the aboya con •• r:v.tLon 

equations become 
.P ) 

.. 

= 

A.3.4 

/ •• 3.5 

'" 
" .. 

00 0 2 
where e is the decay coefficient given by R R IR. 4'. s S s 

While derivin~ the ~ove equations an equation,of âtate 

" 
of the following ~orm (e' ~~) is assumed. 

p (y-l) 

For a constant velopity shock front driven by a piston\ 
o 

A.3.6 

~ (R m constant) the decay coefficient e '" o. s Further, the flow bounded 

between the piston andthe shock front i9 isentropio. 
o ~ 

Introducing the local sound speed as a depandent variable,viz., 

1 • 

1 
1 
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~' 

"' (_-~) lê. + B .!t ... ill 
,aE: at *f-

• 
a 2! + U-t) .li 0 • a.t iH; 

, , 

\ 
\ 

\ 

\ , .. o , , 
1 , 
" 1 

\ 

\ , 
" 

!t aB . , Solving for at and ar from Eq. A.3.B and A.3.9 we qet 

'F 

l 

as ( 1.:l ) a1;' ,= - 2 

A.3.B 

1 

1 
1 

A.3.10 

A.3.11 

,. 
The ~1J!1dary conditions .,t the #hock ,front (t • 1) are given 

, ) 
the Rankine-Huqoniot r'elations. 

) 

~(Il) 
2 . . 1 

'.' .. - (l-n) , 
y+l A.3.1~ 

r>, [21. (1-1-1 n> 1-1+2n 

>r 
~ (1) = y+l 2y . )0+1 

, 
A.'3.13 

" . " 
,. , 

Once a desired shock Mach, nwnber ia specified ~(1) and a (1) , 
are,known so th,at it ia possil;>.le to integrate Eq. A.3.10 and-A.3.U 1\ " 

-' " 
\\'\ \ 

numericaloly to determine the hydrodynamic fl~ structure between the 
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Guiruo, Lee and Bach (41) obsèr~ed that for moderate1y 

strong shock waves (e.g.', M ~ 2) the solut!ol1 'for the velocity, is' 
, s 

remarkab1y linear ol th. form 
1 

4 . 

" ,(~, .. A + B~ 

l, 

. , 
) . ./'" .... 

1 

, 
/ , A.3.14 

where A anp B !ire constant~ for a given geomet'ry ~, shock ,Itrength n 
/ 

and specifie heat ratio y. By formally assuming the Je10city 

1 
profile to be Hnear and to be ,cjiven by' Eq,. A.3.l4, they/solved 

Eq. A.3.10 and A.3.11 and obtained 

.. 

'" li. 
B (~) { a' Ul + cl ~' 8-1 (A + B;,1' t) E; ] = 2 B A +--

f 
2 

Using the boundary conditions at the shock front (t • 

A.J.lS 

J 

1), viz., 

Eq. A. 3.12 and A. 3. 13\, the equations A. 3. 14 a"nd A.l. 15 CM be sol ved 

to ,give values o~ constants A and B as below. 

" 
, 

"-

A- 2 r (y+l) 2.) y(2j+l) + l-n (y(j+l) + I-j.)] A.3.l6 

2j 
[ n (.1-1) 2y J / \ 

B .. 
(y+l) 2;' / A.3.l7 

, 1 

1 ;) 

1 
• r 

e , 

, 

( 

, , 

, . 

'p 
" . 

" 

.' l' 

~, .'\ 
,-' 

' .. ,t ,-
,J 
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lAt, the piston surface 4>(~p) = ~p' 

=~ 
1-8 ' 

i/li 

1'" 

From ~ ,A. 3.14 

A.3.1B 

,nd substituting the values of A and 8 from ~q. A.3;16 and A.3.17~in 

~. A;~.18 we g~t 

= 2 [X(2j+l) + l - n(y(j+l) + '1 - j) ] ~ 
(y+1)2 + 2j (2y - n <y-1)) 

\ 

A.3.19 

\ With A and 8 known from Eq.A.3.16 and A.J.17, and the position of 
~ 

the p~ston determin'ed from the above, the partiale ve,locity (~) and 

sound speed (6) variation bétween the shock front and the piston surface 

~re readily determined from Eq. ,A.3.l4 and A.3.15. 

In order to get the pressure .an~ density var~ation between 

the éhock and piston surface we invoke the fact that the flow ia ' 
~ (!I 1 ' , 

isentropic in this region. 

which 9i .... es 

. . 

Hence, for ~ < t < 1 we can' write 
P 

peRs) .. --
P (R t) Y 
.' s 

\ , 
'. . 

\ \' 

/ 

A. 3. 20 

A. 3.21 
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Using the definition of f3 from Eq. A. 3.8, vlz., 

we Iget . 

, 
and 

, 
1 

f( ~) 

= 

..1r. 
= S (~) y-l 

Y 

2 

a (~) y-l 1 ~ 
yf(l) 

l 

]

Y-l 

A.3.22 

A. 3. 23 

A.3.24 

The values of 1/1(1) and 'f(l) are the den~ity ratio and t!he 
. \ 

non-dimensional pressure at the shock front ~ ::1 1. These are given 
, 

by the Rankine-Hugoniot relations, viz., 

.. 
1jI( 1) = ):+1 A.~).25 

y-l + 2n 

, 
2 [, (y-1) ~ J A.3.26 f( 1) = - 1-

y+l 2y , 

Thue, fram Eq. A.3.14, 15, 23 ,and 24 the velocity, pressure 

and deRstty distribution can be analytically determined. 

} 
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The cnergy supplied by the constant velocJi~_expandl~g 

piston to the surro~dil'l9 gas is via the compression work. This 

can be writ~en as 

E = 1\ clv 
A.3.27 

-0 

where p ls the pressure at the pistbn surface and V i9 the 
p p 

volume swept by the piston. 

Eq. A.3.27\ca~ be written as 

o 
For a constant veloc1ty piston R = 1t t 

P P 

, , --

la the duration of travel of the 1 constant velocity piston~ Renee the 

energy de li vered tl the adjoinihg gas by the constant velocity piston 

becomes 

Expressing pp in tenna of the dimensionless pressure and 

q -
simpl ifying we get 

1 • 

:' , 

.. 

\' 

, 

: 

) " 

f 
'1 
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/ 

k, f 
'+3 M J (e t~ ) j+l 

E J 
Y Po P s o P A.3.30 

(j+ll 

In the above equation, ~p and fp are determined fro~ 

. \ 

Eq. A.3.23, A.3.14, and A.3.19 once the shock Mach number M i~ sp~cified. 
s 

A plot of 'the energyjreleased by a constant velocity 

cylindrical piston (j = 1) driving a shock wave of M between 3 and 7 
s 

is shown for various durations of the piston motion in Figures 56' and 57. 
1 

1 
In Figure 56 the properties of the gas mixture correspond to a 100 torr 

stoichiometric oxyacetylene mixture whilst in Figure 57 the properties 

correspond to a 380 torr stoichiometric oxyhydrogen mixture. By 

assuming, the minimum power requirement for the initiation of a cylindrl-

,cal detonatian ta corres~nd to the energy released by a constant 

velocity cylindrical piston delivering the initiation ene~y over the 
i, , (' 

effective duration of energy release, the shock Mach number M pertaining 
s 

to thè expeiimentally measured minimum power requirement is read off 
E 

from the figures (Power = tS)' These are, ~hown by the triangular 

points in Figures 56 and 57 for the oxyacetylene and oxyhydrogen mixtures. 

The value of M is seen to be about 5 in either case. 
s 

1 

1 

\ 

~ . 
l 
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, APPE~DI X IV 

YANG'S ANALYSIS OF THE FLAME IGNITION PROBLEM 

Yang (51) considers the ~gnition of agas by a plane, line 

and point energy source. He considers the enèrgy source to be 

located at the origin of the,particular coordinate system: He 

formula tes the ignition problem in a frame of reference wlth the flame 
........ ' 

c 

front stationary. The unbu~nt gases are assume4.to flow towards the 

ignition,s~?rce at sorne ~ate G and the burnt gases are a~umed to be 

exhaustéd by r mass sink locate? at the sou~ce. eonsidering an 
\. 

el~mental volume of thickness, qr, at a spatial coord~te r from the 

origin, the basic differential equations governing energy and 

diffusion are wiitten as 

K ~2T i~ J Ge aT + R (a,T) - L(a,T) = 
aT 

ai:'2 + r ar. - k.rr ar pc;., at 
J 

A.4.l 

,-

and 
, 

Of. P [ a2
• + i a~ ] _ G aa R(aIT) aa _.- .. = P ~r2 r ar k.rJ 3r Q at 

J 
\ A.4.2 

.". 

/ 

1. 

.b 
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where K is the thermal conquctivity 

a is ,the fûel concentration 

C is the.specifie heat 

~ is the volumetrie heat generatiQn rate 

L ls the volumetrie hèa~ loIs rate 

Q is the gravimetrie heat gene rat ion' rate 

Of is the diffusiQ~ coefficient 

and kj = l, ,2~ and 4~ for j = 0, l and 2 cdrresponding to the . 
planar, 'cyYllndrical and spherical geometries. 

, " 

Equations J A.4.1 and A.4.2 can be integrated for any instant 

of time. (sayat t = t l ) between the energy source (r = 0) and the 

undistl,lrbed medium (r -+ co) to" y ield 

- CG (T -T ) + 
ID u 

, ' 

dr - lOOk. - ) 
, 0 

, 

.. , 

rj 
L(a,t) dr • !"pc<R\=t/r 

o 

A.'4.3 

...:. G 'I(a -1) l fkj 
r

j 
R (a ,T) dr ... r p <:~) dr A.4.4 

0 -Q 
, 0 o ~ "t"'tl 
" 

Here ao ' Tm and, Tu denote the fuel concentration at the origin, 

the temperature at the origin and the temperat~re at r + 00 respeètively. 
\ 

\ t 

( 

" 
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The right hand sides of Eq. A.4.3 and A.4.4 denote the net 
! 1 

rate of increasè of heat release and fuel concentration respectively 

at Ume t = t 1• For ignition to be successful, the net heat release 

rate within the system ~ust be positi~e at aU times '(heat generation 

rate >i rate' of heat lossl 1 •. e." fpc (t;) J > 0) a~~ the reaction 
o t=tl 

shouid aiso pro?ress with time (l.e., fuel should be consumed ~r 
~ 

The eritieal conditions are therefore seen , 

to be 

~ 
" . 

CIO 
\ 

f. 
aT \ 

pC (at) dr = 0 
t=tl 

A'. 4. 5 

CIO .7. 
"ll 

( 

1. 
(;~) dl P r;;: 0 ~ 

t=tl 
A.4.6 

1 -

\ 0 

On the bflSis of the above, Yang asserts that the steady 

state portion of the governing differential equations A.4.l and A.4.2 . ;. 
'f 

will adequately represe~t the energy and diffusion 'equations undèr the 

criticai c~nditions of ignition sinee the generati0!l and dissipation, 

terms then balance eaeh other. * If G represents the mass flow ra~e G , 
under these cond~tions, the governing differential equations for,the 

eritica~ ighitiôn behaviou~ become 

.. ' 

r 
1 

" 
'; 
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! 

~«(l ,T) ,.; 0 A.4.1a 

" 

[
a2a+ 1 é)a] G* ila R(a,T) 

Of arz, r ar ,- k . rJ ar - Q = 0 
J , 

'K. 4. 2a 

. } 

In one of the earlier'papers (134), Yang demqnstrates a méthod 

of.solution for the Eq. A.4.la and A.4.2a in order to determine G* and 
------~ 

the a and T distributions. K'nowing G*, it 

the net heat ge~eration rate corresponding to the critical conditions 

from Eq. A.4.4 

A. 4. 7 

For succes~ful ignition, therefore, the energy release from , \ 

the igniter must be capable of causing c~emical reactions in an 
.. . 

adeqhate volume (corresponding to a critical mase flow rate G*) so as 

to lead to a heat generation rate greater than or equa1 to the value 

specified by Eq. A.4.7. On this basis the source energy is determined 
1 

in Yang's a~lysis of the lignition problem. 
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detonation wave in order to de termine the en~rgy integra1 1 and the 

pressure profile. For a steady CJ detQnation, the âecay coefficient 

'", e = Ô and the flow behind the wave ia isentropic. The b~sic equations 

/ 

governing 1;h9' flow are the same as those derived/for a 'constant r- , 

velocity piston-driven shoc~ (Eq. A.3.l0 and A.3.l1 of Append~x III) 

/ 

lt j!B2 1 
/ A.S.l - • (~-1;)2-at , a~ f; 1 ., / 

Il 
~ 

l:>< 

and ~ ... - y-1 Ha (~-~1 A.S.2 
a~ q 2 1; [(~-f;)'2-a2] 

/ 

The boundary pon~itions, however, are,different and correspond 
( , ' JI" 

to the non-dimension~l values of velocity, pressure and density 
1 

/ 

/ 
* 'The subject/matter of this appendix is the classica1 Jouguet-Taylor­
Zel'dovich theqry and i9 essentially a summary of the treatment discussed 
by Lee, Knyst~ûtas and Bach (107) and by Lee (12). 
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\imm~Qiately bchind the detonation front. f For a CJ detonatlon 

J these values are 

cHl) 
Yo-y1n 

= 
,1 Yo(YI+l) 

y + n 
f(l) 0 = Yo (Yl+l) 

1 

\ 
l' _ 
III r ,', 

, 1 
~;--....,~.(. ... 

A.5.3 

A.5.4 

;,)1 

1 1 
1,1'11 

1 \ 

y (n+l) , 1"'" • 

and 1/1 (1) 
0 = YI (y 0 +n) 

A.5.5 

e 15 given by ~~f • y and YI refer ta the specifie heat ratios o 

of the ga5es before and ~fter being pracessed by the detonation wave. 

According ta the Chapman-Jouguet cQndition, the flow relative 

to the detonatian wave is so~ic, i.e., 
.' 

= A.5.6 

or ~ + a = 1 

so tha'ê 1 A.5.7 

III 

denaminator of Eq. A.5.i and A~.2 becomes zero ...... 

at t = 1, and eva1uation of the flaw field poses a pro~1em unlike th~ 
case of a constant velocity shock driven by a piston. 

For the planar çase (j = 0), the numerator is zero as welle 

Hence two solutions are possible. !1 aa One 15 3r = 0 and ar = 0, implying' 
.. " '1 

" , 

'_! t 
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uniform propertiea behind the detonation front. The other solution 

la that (~i~)2 - 62 ia zero throughout giving finite values li. of a~ and 
a~ 

This lat~ solution a si'mple rare faction wave behind - . represents al; 
detonatio\,,:t ~I jI$ , a CJ 

/ 

2 
~ .. r+l (~-l) + ~(l) 

and " 1.:1 a .. rH (E;-l) t ~(l) A.5.9 

1 
/ 

The value of ~ in· Eq. A. 5. B becomes zero at 1;0 .. l,_Y!l • (1) • 

,The flow> field therefore consists of an expans ion region froll'l the 
- ~ 

0 

" ~ detonation f~t (E; d 1) to 1;0 followed by a zone of constant propertie~ 

for 0 < F; < ~ • 
o 

The former solution obtained with li == li = 0 (viz;', constant cH'; \ aE; , " 

ptop~rties behind, the detonation front) pertains'to a piston driven 

detonatfon whilst the latter solutio~ represents a self-propagating 
~ 

tletonation. 
\ 

In the case of cylindrical 

the numerator is not equal to zero so 

and spherical geometries (j ; 0) 

li as that Cl E; and if tend to infinity. 

as 1; + 1. ~his singularity poses a problem in starting a numerical 
\ 

integration of Eq. A.5.1 and A.5.2. 1 t becomes necessary to séek a 
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solution near the CJ front~ Thia ls ... done by assuming a 

series of the fr~m 

and solving for the pO,nstants a , al' b , bl' ~ and y. o 0 

near the CJ detonatlon front (l-t).,< <1 is obtained to be 

f. 2jCP(1)j3(1). (l-t) Ji 'fi ( f;) = cp (l) ± ± _ y+l' , 

,. ~ 

:t:!.-[.2 j! (1) j3 (1) Ji ± .... and a (f;) = a Cl) ± (l-() 
2 y+l 

I" 
f 

1 

1 

1 
pert urbatlrb,n 

f 

1 

1 
A\.JO 

1 

1 

A.5.11 

'The solution 

" 

A.5.12 
1 

1 

A.5.l3 

" 

" 

The above equations suggest two ppssible solutions co~respondirg 

to the positive or negative signa. The plus sign indicates a compression 
r • 

~olution (piston driven detonation) whilst the negattve sign denotes a 

free expansion solution. We are interested in the free expansion 

solution. 
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In order to determine~thc ;low (ield for'the cylindrical 

and spherical detonations, we nqmerically ~ntegrate the Eq. A.S.l and 

A.S.2 by the fourth order Runge-Kutta method with'the startinq values 
• ,1 ~ 

r 

qiven by Eq. A.5.12 and A. 5.13. We start the integration at 
1 

~ = 0.999 and choose a step siz~ of 0.0~1. The velocity ~ drops to' 

zero at a certain distance (1 - ~ ) behind the front after which th~e 
, 0 

SI 

;i,s 'a zone of constant properties as in tl}~ plal1~r case. The values of 
.~ 

us~ng the pressur~ f(~) and density ~(~) a~e determined from e(~) 

condition of is~ntropic flow behind the detonation front (similar to 

Eq. A.3.23 and A.3.24 of Appendix III). 

'Knowing; the distribution of ~, ~ and f, the value of energy 

. integral i8 readily determined ~rom the expr,ession 

1 

1 
( 2..... + ~ ), ~j d~ 

y-l 2 
o 

A.5.14 

,t 

1- ,,.1, -
"'Y·-

'\ 

1/ 

f 

1 
i , 



:~ \
" 

/ 

0, 

. \ 
200 

- , 
TABLE 1. INJ:'LUENCE OF 'IGNITER CONFIGURAŒ'ION ON THE INI.TIATION ENERGY 

Gl\S MIXTURE 1 

\ . 

\ 

'2 C
2

H
2 

+ 5 O
2 

AT 40 TORR 

+ 

SKETCH OF THE IGNITER CONFIGURATION 
(d~mens ions are in cm) 

'l .,. 
1.2 1.25 

~[lt:' !Zzz:z:;~. j 

.. " 

, . 

0.40 

\ 

1" 
0.45 

0.49 

0.52 

.048 

.051 

, 

1 , , 
~ 
1 

t 
1 
i 

l , 

\ 

, ,-

.. 
1 
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TABLE II. S/L RATIOS FOR H
2
-0

2
-Ar ~'iSTEM OBTAINED BY BILLER (108) 

.< 

v 
SIL 

, 
c 

,Ar 
dilution j2S= 0.4 ~= 1.0 j2S= 2.5 

1 

1 0 0.528 0.474 0.575 

20 0.555 0.5Bl 0.516 
<J . 

40 0.575 0.533 r 0.612 

50 0.560 0.497 0.642 

60 0.587 0.546 0.577 

70 ' 0.582 0 .. 6?7 0.617 

.-
75 NO data No data 0.657 

71.5 No data 0.591 No data 
0 \ 1 

80 0.~19 No data 0.560 Il , 
, , 

85 , 
. 

0.642 0.596 No data 

Case 
0.595 0.553 0.595 Average 

1 

(!2S denotes the stoichiometry on 'fuel/oKYgen baais) 

.' 
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