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ABSTRACT

A phenomenoldgical theory for blast initiation of gaseous

detonations is deéeloped by introducing the ébncept of the detonation /

. T i
kernel in analogy to the concept of the flame\kLrnel used in the flame ¢

ignition theory. The‘critiqal size of the detonation kernel is obtained
S /
by equating the effects of the source energy and combu?tion energy on / °
v !
shock motion. It is shown that the detonation kernel theory gives )

-

good estimates for the minimum energy necessary for direct initiation
\

of gaseous detonations. The propagation and limit characteristics

' s

are also shown tg%be clogély related to th% initiation behaviour and to

be well predicted by the detonation kernel theory.

»

Experimen conducted with different explosive gas m;xtures \
rlveal a profound ipfluence of the confinement on the %?itiation process.
The explosion length (Ré) is found to be capable of identifying the
geometry of ;nitiation in the different expériments, i.e., for R, >

. Ed
the characteristic source dimension L the geometry of inj n is

is characterized by the geometry of the source. The ﬁxplosion length

for a given explosive gas mixture is also found to be equivalent in the

different geometries of initiation. \\ \‘
. .

'S T




| RESUME

1
' Le concept de centre (kernel) de détonation est utilisé §

en analogie avec le centre d'allumage de la théorie de 1l'ignition de

flamme pour développer une théorie phénoménologique sur l'initiation de l -

! ' ! .
: détonations & phase gazeuse par onde de choc. On obtiene la

.

dimension critique du centre de détchation en égalant l'énergie de

! - combustion 3 1l'énergie de la source qui entretiennent effectivement

c

le choc. La théorie du centre de détonation permet d'es;imer d'une
maniére satisfaisante l'éneque minimum nécessaire pour l'initiation :
‘ directe des détonations en phase gazeuse. Cette théorie prédit ‘ ;.'
adéquatement les paramééres charactérisant 1; propagation et les limites
ef‘démontre que ceé'derniers sont étroitement liés au comportement de

l'initiation.

Dés expériences réalisdes dans"divers mélanges explosifs

gazeux montrent une influence marquée du confinement sur le processus

de l'initiation. On démontre gque la longueur charactéristique -
d'explosion R, permet d'identifier la géométrie d'initiation dans

| différentes expériences, c'est-3-dire, si R, est plus grand, que la

dimension L charactéristique de la source, le confinement gouverne la

géométrie de l'initiation, alors que si R, < L, la géométrie de la source

N .
charactérise la géométrie de l'initiation. On trouve que, pour un

mélange explosif gazeux donné, les différgntes géométries d'initiation

ont des longueurs charactéristiques d'explosion équivalentes.
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N CHAPTER 1 -

: . \ . INTRODUCTION

) o ( s §

R | |

13
., / \

This thesis  reports an investiqation of the initiation of

. detonations in explosive gas mixtures. Thepggin aim of this N

research is twofold: to dev?iop a gimple analytical theory which T
can determine, a priori, the conditions under which a detonation is

likely -to occur in a éiven explogive gas mixture, and to devisé ) ’
suitable laboratory experiments for géherating meaningful quantitative

- :

C results on initiation of detonations. The motivation for such an

investigation stems primarily from a desire to further our understandkng

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

in the number of accidental explosions and the need to evolve safet;

criterion to minimize their occurrence also warrant such an endeavour. ‘
» A detonation is a shock wave sustained by exothermic

. R
chemicil reactions. The shock wave in passing through a gas, capable - 'ﬁg

e

~of reacting, heats it up to a level wherein spontaneous chemical rggctioﬁs
can occur and the energy liberated during the combustion process in turn

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

\

there are two ways by which a detonation can be formed from the energy
4 /

/
released by the ignition source. One mode involves the insgantaneous
or direct formation of the detonatioﬁ by the ignition source. In the

\ /
other mode of initiation, the ignition source merely serves to ignite
L] \ i p B

/ —
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‘the gas mixture. The gas dynamic pkXocesses associated with the

acceleration of thenflame aqd its inte action with the confinement

results in the transition to a detonatidn. In the literature, the

former mode of initiation is usually spoken of as direct or blast / '

initiation, whilst the latter is known as'indirect or transitional

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

of detonations.

3

v

A study of the blast initiation process should help us resolve

the other characteristic features of a detonation such as the propagation,
and limit behaviour. By propagation is meant 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 gFtonation are- intimately related and accrue out of the same basic
o J ‘

mechanism, viz., the coupling 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

ff\ [ s

X .
a detonation is through a serieg of local periodic initiations whilst the

.

inability to form such localized points of initiation is indicative of

the approach to the limits of detonability. The key to the undergtanding
|

of 'the propagation and limit characteristics therefore hinges on the

initiation mechanism itself. '(Hence a study of the initiation process

1

’ . i
should contribute to discern the propagation and limit behaviour as well.

; &' “ .

In fact, theories developed to eiblain these individual features separately

i /
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y 9 K
O : |
| i .l . such as the acoustic theory of Strehlow and Barthel (5-7) for the
‘ A
propagation behaviour, and the loss theory of Dove et al.(8), Tsuge (9)

and Williams (10) for limit behaviour, have met with very limited - !

N -
\ success. The present work aims at resolving the basic characteristics
of a detonation wave by a detailed study of its’ initiation behaviéﬂ%. e

The tlieoretical description of the initiation problem consist
-
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 the shock

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

»

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

front itself (the Jouguet, Taylor and Zel'dovich model (11,12) and the s *
i)

Reacting Blast Wave model (12,13)), or a complete decoupling’ of shock ¥

‘ ’

motion and heat release (the Finite Kinetic Ratelﬁbdel (14,15)); tfat

analytical solutigns have been shownvto b? possible. The perturbation

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

coupling between heat release and shock motion, are also inadequate to ™
describe the strong coupling involved in the initiat%pnigfbcess.
In view of the difficulties associated witH an anai?tiqg;‘

(¥

description, many researchers have attempted a nymerical aqalysis of

L the problem. Notable amongst these are Rajan (18), Kyong\(l9), Feay

4

and Bowen (20), and Levin and Markov (21). It is importaﬁt to realize

) that a detonation has a three-dimensional nénsteady characte& with

- o




|
|
|

-

v ’ Ll
finite amplitude trangverse waves moving laterallycin the combustion

t

zone, whereas it is only possible to describe a one~-dimensional non-

'

J\steady flow involving ‘chemical reactions numerically with any dagrea

ul
w ?

of success. " In addition, the detailed chemistry for most explosive
gases of interest are not known, and even wg\re known their application
to the highly non-equilibrium conditions beh?nd the shock is somewhat
dubio;s (22). Consequently, it does not appear worthwhile to pursue
a numerica; approach’and develop sophisticated computer codes which are
expensive to run and reveal numerical data of questionable validity
without prov;ding any further insight into the physics of the problem.
Over the last two dec§des, however, a significaht number of
experiments (15,23-29) have beéﬁ 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 numbeﬁ of fuel oxygen mifﬁg;es at
different initial thermodynamic states. Some detailed experiments
(30,31) on the mechanism of coupling beéween the shock front and the
combustion heat release have also been reported. On the basis oé
the experimentally 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 pheno%enological models is not new to the fiéid of

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

of the similarity in the behaviour of the chemical induction zone :

-

b d)
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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 works when an experimentally

BORD, o It g A

v , observed reaction zone thickness, viz., the so-called "hydrodynamic ’

23
1

thickness" of a detonation is used for the induction zone thickness.
/ More recently Edwards (33) proposed a criterion very similar to that of
|
Zel'dovich for the quantitative determination of the threshold energy
required for direct initiation using the hydrodynamic thickness derived

]

, on the basis 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 fn 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 order of magnitude

of the threshold energy was seen to be possible only by using the experi-

\

mentafiy observed reaction zone thickness or the hydrodynamic thickness

of a detonation. . ' :

Though the phenomenological models proposed so 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 hydrodynami¢ thickness is undoubtedly

1

very useful since it defines an equivalent one-dimensional reaction

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

™~

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

1

e
Ko nd

@
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surface) . Soloukhin (36) gives an order of magnitude estimation of

.

the hydrodynamic thickness as being about the characteristic cell gize

of a multiheaded detonation wave. Vasiliev et al. (34) determinei
* \ @ £y R
experimentally the upper bound for the hydrodynamip thickness for a

-

few gas mixtures at certain initial conditions. How§ver, the estima-"
tion of this length is extremely fuzzy in view of the arbitrariness
‘associated with defining a plane of completed reactions or an equivalent

Chapman-Jouguet surface for a multiheaded detonation wave.
. /".,—')‘
It is.desirable that a theory should not rely on a parameterx
/ ™~ N ¢

v
‘ot

—

which has to be>d§termined on the basis of experiments and which is ill-
defined both experimentally and theoretically. Hence an attempt has
been made in this thesis to develop a phewomenological theory which
describes the initiation in terms of the physical and chemical properties
of the ;xplosive gas mixture alone. A novel concept of a critical
detonation kernel is introduced to model the blast initiation of detona-
tions ifi analogy to the well-established 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 algo been carried out. The purpose of these experiments has been

xn '

0

(i) to assist in the development of the phenomenological kernel theory

o

% &

o

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

-

independent of the configuraéions and geometry of the initiation
experiment. The need for determining a set of generalizad experi-

mental results is particularly necessary since the results on initiation

¢

reported so far in the literature by different investigators for the

same explosive gas mixture at the same initial condition, differ

u

considerably. The present experiments are conducted in different

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

experiments desiged to help in the formulation of the theory are mainly

done with oxyhydrogen mixtures since their detailed chemical kinetics

2

and autoignition characteristics are somewhat well understood.

The subject mLtte& of this thesis is divided into si¥ chapters.
The second chapter is devoted to a critical survey of some recent experi-
“ments with a Qiew{to ascertain the role of ignition sources in blast
initiation. Based on these experimental findings the concept of the
detonation kernel is developed in Chapter 5 and using this concept a
phenomenological theory of.blast initiation is presented.) The chemistry
of the Lombuséion processes is considered using a simplified cheémical

kinetics model based on shock tube induction time measurements.
v The theoretical calculations of Chapter 3 yield results for

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

'

v

influence of confinementfon the initiation process. I practice, since

l

almost all laboratory experiments are berfcrmed on a small scale, the

’

effect of confinement on detonation initiation can be profound. The

[}

e P bt

e e




igniter sources are also of finite size and in no way conform to perfect
]

point, line or planaf energy sources. To achieve’ any meaningful

Al

comparison between f:he initiation experiments done under different

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

s

necessary to independently assess the geometx':‘of initiation and the

confinement effects. Chapter 4 deals with the results of exploratory

expériments conducted in this regard. / '
r ] *

In_Chapter 5 the suitabilitg} of the initiation theory to model
the propaga?:ion and limit behaviour is demonstrated.

.~ " v s \
of transverse wave spacing and limits of detonability are also exg\;ned

The phenomenon

3

in the light of some recent experimental results.

G\géter 6 discusses 'the limitations and validity of the theory

-

v

and summarizes the main conclusions and opinions.

*

o
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CHAPTER 2

ROLE OF THE IGNITER IN BLAST INITIATION

“ X
Sy

2.1 Introduction

1

In this chapter the results of some experiments on blast
initiation are reviewed in order to discern the basic function of the

ignition source in the initiation process. The majority gf the

'

experiments discussed herein have already been reported in the literature

\

by various invegtigators using different ignition®sources and different

explosive gas mixtures. The results'of some additional experiments
) |
performed during this investigation, so as to extend the existing results
!
| '
over a wider range of conditions, are also included. The description

of these experiménts.is given in Appendix I.

2.2 Minimum Energy and Power Requirement

. The early experiments of Laffitte (37) in 1923 showed that

spherical detonations could be initiated in mixtures of C82+3O2 and?
\ A

2H2+02\with powerful detonators containing 1 gm ofdmercury fulminate.

Theoretical considerations, however, led to considerable bickering, on
the very éxistence 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

A
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ignition sources were employed. The practice of characfexizing the

10

‘ 1
{
as hot wire, electrical sparks and detonators in th& spherical symmetry,
followed by the work of Zel'dovich (29) iﬂ\planar and spherical geometries,
conclusively established 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 instantaneous initiation of detohation was invariably obtained,

.

whilgt with smaller source energies a deflagrative type of combustion ’
«*

resulted. This threshold value of energy, known as the critical energy
a :

' '

for direct initiation, was seen to be a function 6f the explosive gas

mixture and iti initial conditions of temperature and pressure. Subsequent
studies of thelblast initiation of detonations have mostly been associated /
with determining this crxitical energy requirement for ; variety of gas . -

*mixtures usihg different ignition sources.

% :;g':

. . : Y

Bach, 'Lee and Knystautas (39) pointed out that the magnitude . }

N - S

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

°

initial composition varied by several orders of magnitude when different f}

blast initiatlon by a source energy alone was shown to be inadequate,

\ v {

Experimerts conducted with lager and electrical sparks with a detailed
monitorigg of ?he time history of the energy deposf&ion process showed
the critical energy-to increase in magnitude as the duration of the

i -
i

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

proposed that the average power density of the ignition source, i.e.,
gource energy/(deposition time x source volume),should be a more realistic

ty
. ¥
¥




parameter. ‘They demonstrated that fbr the particular case of,
stoichiometric acetylene-oxygen mixture at an ihitial pressure of
30'torr, for which the critical eneréy varied from 0.6 joules for the
rapid laser spark to 450 joules for a very slow electrical discharge,

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

Further experiments (39) at several pressures with the acetylene-oxygen
mixtures confirmed that the power density of the ignition source does

ind%Fd uniguely characterize the blast initiation process.

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

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

| to be meaningful since it admits the possibility of zero critical énergy .

in the limit of infinitesimally small energy deposition times or a
negligibly small source volume or both. A finite amount of energy is
required even to initiate chemical reactions between two molecules and

it is therefore impossible to expect a vanishingly small amount of energy .

to be capable of forming a chemical energy driven detonation wave.

v as
Rt

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

“‘;-

=4

enargy released from electrical sparks in the cylindrical geometry have

PRy 754

helped to resolve this quandary. Figure 1 shows the results obtained

by Knystatutas and Lee (26) for the variation of the critical Jinitiation

.l.

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

/

T Only a small portion of the total energy released by the electrical
©  spark contributes towards the formation of a detonation. Knystautas
and Lee (26) showed this fraction to correspond to the energy released
by the spark till the attainment of the peak averaged power. Details
- of evaluating the effective energy of an electrical discharge forming
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
100 torr. It is seen that the critical energy reaches a cogstant
minimum value for energy release times less th;n a microsecond.

J Experimeﬁts similar to the above were conducted for stoichia-
metric h;drogen-oxygen mixtures at an'initial pressure of half
atmosphere for which the critical energy is more than an order of
magnitude greater than for the 100 torr oxyacetylene mixture. The, .
results, also included in Figure 1, clearly coﬁfirm the observatiéns
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 experiments that no matter how rapid the energy deposition

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

Figure 2 shows the critical energy results of Figure 1

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

The dependence of the enefgy on the power and the existence of a limiting
value of initiation energy is evident. It is also seen that there is a
critical value of power below which initiation is not possible no matter

\

how large the initiation energy is. \ i )
The above experiments sugngt that both 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

to occur. The implications of the existence of a minimum limiting

power and a minimum energy requiremedé is examined in the next section.

e s e pot e was s =
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2.3 Implications of a Minimum Energy and Power Requirement
‘ 1

o

The strength of the shock wave generated by an ignition

pa

source depends on the rate at which ti\e source energy 1is 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 total

v Dy TR R

energy bdunded by the shock front and the origin.

kS '

PO

The existence of a minimum limiting power for the initiation

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

i
!
H
!

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

energy requirement, on the other hand, implies that the 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\iﬁ&of the results reported for the oxyacetylene and

oxyhydrogen mixtures in the previous section. The energy released

corresponding to the minimum power requirement is modelled in terms of )

the enexgy release from a constant velocity cylindrical piston. For

simplicity, the approximate analytical 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 IIXI. The minimum

shock Mach number as implied by the minimum power requirement is seen
to correspond t‘o about Mach 5 for both the mixtures. . This limiting

Mach n\umbér is slightly greater than the conventional autoignition limit
@ : ’

b for most fuel oxygen mixtures as obtained in the shock tube experiments.
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Since, in practice, the gas dynamic expansion associated with the

transient motion of the shock causes the temperature, pressure and

Gt NI
v
——

T oa

density of the shocked gases to be less than thoge corresponding to a

steady planar case, we can conjectureé the minimum power requirement to :

-
»

dndicate the necessity for the initiation source to generate a shock,
\
wave of a certain minimum strength of the order of the autoignition

- |
limit. Physically this makes sense becauge the spontaneocus chemical

i
%
!

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

exceed the autoignition limit.

e

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 basis of their experiments on ‘

A
F spherical detonations. Fol{owing reference (15), reactivé shocks are

S

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

® 0 7

[k T
)

critical and critical regimes according to whether the source energy is

N

o

LKA

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

P

the critical energy discussed in section 2.2,

P
YN N 3

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

a streak schlieren photograph illustrating the supercritical, subcritical
! / -
and.critical regimes from left to right respectively. In the §%pe%—

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

)

: occur adjacent to the plane of the shock front itself (Fig. 3a).

This overdriven detonation wave decays continuously to a multiheaded

about the Chapman~-Jouguet value. A typical sequence of spark

v

¢
té ' detonation front which propagates with a ve}ocity corresponding to
£ . .
b schlieren photographs, shown in Figure 4, illustrateg the strong
‘ D coupling between the shock and the reaction front.
For the subcritical regime, an overdriven detonation is
initially formed as in the supercritical mode. However, as the
wave moves away from the source, the zone of chemical reactions

|
progressively recedes from the shock front as evidenced 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 critical regime of initiation. The

% FS

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

sin}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 continually recedes from
the shock, the decoypling in this case stops when their separation is

: |
a few millimeters. Thereafter both the shock and the reaction front

propagate together as a quasi-steady complex for several microseconds

at a Mach number corresponding to about the autoignition limit. This

‘ @ A
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is followed by localized explosions which grow and sweep around the

shock front leading to the formation of a highly asymmetric multi-
b
headed detonation wave.

. The existence of a quasi-steady period of propagation
around the autoignition Mach number, followed by the localized explosions
J
[ )

which culminate in the formation of a multiheaded detonation front,

has also been observed in the zje-establishment proceés whén an over=-

t .

driven detonation in a tube is suddenly expanded (—detonation diffraction)
| ) | ,
(31,30). The formation 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 '

explasion'. ’

) ) ) The precise reasons for the occurrence of the localized

'
+

| explosions following a quasi-steady period of propagation is not under-

stood. lee et al. (43) pqint out that some instability generating

L

of the autocatalytic reactions, could lead to the formation of localized
reaction centres and hence to the localized explosions. This fac'?t of

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

N
\

this problem in this thesis other than realize that for the critical
case of blast initiation the ignition source must be capable of genherating

conditions conducive to the formation of these localized explosions.
|

\

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

B e 4 At




g e T ST PR

it

A e el e

17

\ v '

The necessity of forming a quasi-steady complex travelling at the _g
-
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 source.

!

2.5 Parameters Influencing the Initiation of Detonations et
I |\\ i

Having studied the role of the ignition source in the initiation

\

process, we briefly\examine some experimental results in order to !
!

determine the influebce of the common detonation properties on initiation.
-

Such a survey should reveal the parameters affecting the ignitioh source

requirements and would pave the way for the choice of pertinent para-

meters in the phenomenological theory.

v

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

~ ’

the 1imitf;g minimum value of energy, under conditions of rapid enegg%
release, is unique and can describe the blast initiatipn of the explosive
gas mixture. We shall therefore address the problem of blast
@Qitiation in this thesis inlterms of determining the minimum critical
energy. In the following, unless otherwise stated, the critical

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

-

of rapid energy deposition. y
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

N




P VISR cn ke

: -‘[} . the critical energy\increases sharply near the limits of detonability

and decreases with increasing pressure. The dependence of the

B

©3

induction zone thickness on composition and pressure is similar to that o5

e

of critical energy. The Chapman~Jouguet 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
;&k that of the critical energy for blast initiation.
Additional parameters like the ratio of specific heats vy, the
i l geometry of initiation j, and the overall activation energy for the

y 14

chemical reactions E, are also expected to affect the initiation process.

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

.1 postulated a functional relationship between these various parameters

)

and the initiation enexgy of the form ! ‘

.
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CHAPTER 3 .

A DETONATION KERNEL THEORY FOR INITIATION

3.1 Introduction ) , '
* . /
In the preceding chapter the role of the source energy in
the initiation of a detonation was discusgsed and some parameters
involved in the initiation process were noted on the basis of experiments.
/ ' cat s
Using this information, a phenomenological theory of initiation of a

‘detonation is developed in this chapter.

The b;sic aspects of the theory are similar to the one recently
reported by Lee and the author (44). The concept of a critical
detonation kernel is ianoduced in analoqy‘to the‘concept of a flame
kernel in the ignition theory. " An equation for the kernel size is
formulated in blast wave coordinates and a simplified method of solution
is demonstrated. The solution is in a generalized form wherein plan;r,
cylindrical and spherical waves are treated'simultaneously.

The following section of thig chapter recapitulates the notion

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

presentation of the concept of a detonation kernel.

3.2 'Flame Ignition and Flame Kernel ' .

The formation of a steady propagating flame is governed by

the Eransport processes of heat conduction and mass diffusion. The

-

o
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‘ ( ' ignition source, e.g., an electric spark, raises the temperature of 1

a certain volume of gas and cayses chemical reactions to occur within

v

\ this' volume, Some of the heat and reactive species are also trang- '

AR AP e

LK

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

thereby leading to conditions conducive to the occurrence of ¢hemical

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

v

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

ignition source.

o

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

.

j . '

chemically reacting gases into the adjacent regions of 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 effect of these losses {(due to transport) by generating 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 '

1

the chemical reactions, then the temperature and concentration of the
. ] .
active species decrease within the initial volume thereby inhibiting

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

.

Hence for a self-sustained flame to be formed (i.e., success-
ful ignition) it is necessary that the net rate of production of heat
and activated radicals by the chemical reactions overrides the losses. ' .
The obvious way of achieving the above is to generate an adequate volume
of burning gases. In other words, for flame ignition; the energy N
source must be éapable of forming a certain minimum volume of reacting

géses so as to lead to a situation wherein the generation of heat and




-

]

activated radicals is in excess of their dissipation. Schlieren
photographs of Olsen, as given in Strehlow's book (45) and repfoduced
in Figure. 9, clearly demonatrate the above reascning: \ whén the
magnitude of the source energy is less than the energy corresponding
to the ignition threshold (Fig:Qb f, an incipient volume of burning
gases is iqitially formed but soon collapses (around 100 ﬁ%) due‘to
losses. On the oﬁhe; hand, for the source energies gFeater ghan“the

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

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

established flame. _
Theoretical work on flame ignition has continually exploited
the necessity of forming an adequate volume of burning gases, viz., a

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

A
have 'been made assuming the minimum flame kernel size;to be about the:

© combustion wave thickness (e.g., Williams (48)). The flame kernel

criterion has also been applied to combustion under turbulent flow
conditions (DeSoete (49), Ballal and Lefebvre (50)). |
Yang (51) gives an elegant theory to determine the flame

kefnel size by explicitly invoking thé balance condition between the

production and dissipation of the heat and reactive species. He-
gtion,

h

g ~
expresses the minimum ’flame kernel size in terms of a critical mass flow

£

rate Gx, for which the net rate of production of heat and activé species

LS

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

his criterion reduces to

Jpc-g{-dr = 0 2.1
W (o]
. ’
. . ‘
\ 80 1]
and ) I o] ™ dr “ 0 . 2.2
o)

»

In deriving thé phenomenological theory fdr detonation, a

]
parallel approach has been adopted. A brief discussion of the

methodology involved in the derivation of Yang's theory is éiven in

Appendix IV,

v J
° . AN
. v

3.3 Concept of a Detonation Kernel

3

In contrast to flames, the chemical reactions in case of

detonations are brought about by the shock heating of the gas,particle§

J

r . Lo
inéfeaq,of by the transport processes of heat and mass. It has also

been sdq on the basis of experiments in Chapter 2, that for the blast

initiation of detonations -t is necessary to

a

'1l.  generate a shock wave above a minimum strength (say, M; )
T . corresponding to about the autoignition limit, and
2. maintain the shock strength above this minimum value over

Ny a certain distance of travel (say, R; ).

"

o ot

a
-
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% ' 1
“:;m“~_/ Since spontaneous chemical reactions take place above the

autoignition limit, the above statements suggest that an adequate

o y
1 7

volume of spontaneous chemical reactions (corresponding to R;) must

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

K

, The significance of an adequate volume of burning gas can be interpretéd

as follows.

During the early phase of shock travel, the mass of the
shocked particles i small so that the heat reieased from the chemical~

*"reactions of the shocked mass of gas will be insignificant as compared

. to the source energy. The shock motion will consequently be governed
©
principally the source energy, leading to the shock wave decaying as

an unreac e blast wave.. As the shock wave moves a from the

\

source, it embraces an increasing Kolumdﬁof thegas and if the shock is

caf'energy released from their

ey

J
sufficiently strong (M, 2 M)) thé chemd

combustion progressively be s swore influential in determining the

€ chemical energy released is gréater than the

(27

' 451“7 , shock motion. If

source energy; the decaying characteristics of a source dominated motion

«

} .
is arrésted and a shock wave sustained by chemical reactions (viz.,aa

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

energy release over the source energy is not posgible,‘say by{the shock
////' wave decaying below M; before the shock embraces a sufficiently large
mass of .gas, then the shock front will continue to decay more or less

k. A

like an unreactive blast wave, so that no self-sustained detonation can

. i

be formed. ‘This line of reasoning is in conformity with the theoretical

~

1
considerations of Nicholls et al. (52) aﬁa Korxobeinikov (16).°

o

| [
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Fry and Nicholls (23) used a mathematicallreg;%gsidn mo?el
to describe the initiation behaviour in terms of a strong blast decay
fqi\owed by a congtant velocity detonation. Specitécilaé, they
presumed tﬁé shock wave time‘histggy to have a seconduofder dependence
on the distance travelled for the eafiy time shock qotion and a linear
dependencé on ai;tance for \later times in their experiments in a
cylindrical geometry. They demonstgated that the value of R§§at which o
the charaéter of the wave changes from a ;frong blast decay to a égzitant
velocity detonation coincides with the rad;us'at which thquhemigal
energy released by the shocked gas is about the sake as the source
energy. Lee et al.. (53) also sho&ed, on the basis of the experimentally
o?served shock trajectorieg, that the shogk motion transits from a
source driv:; decaying blast mode to-a detonative mode whén th; chemical
I;nergy of the shocked gas and the soﬁrcéﬁenergy are aboué equal. The
transition was also demonstrated to be attended with the formation of
;Local‘l;.z,ed explosions és .‘evidenced by the experiments in the critical - h
;egime of iﬂitiation dinussed ingsection 2.4 of Chapter 2. These
oSServations substantiapg the assertions made in the previocus paragréph,
Vié.,that for the fo}mation of a ;etonation a certain volume of burning

gasses (R;) must be created, the chemical energy release from which can

dominate over the source energy.

s

The analogy between the initiation of,a flame and the initiation

©

{
of a detonation is now evident.’ In gsection 3.2, we saw that the role

of the ignition source in flame ignition was to form a sizeable volume of

] N *
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hot burning gases, i.e., a flame kernel so that the generation of
heat and active species within this volume could compensate for the
losses. In detonation initiation also, we find that the igniter:

Al
I

must be capablefgf forming an adequate volume (corresponding to R;)

. of strongly shocked gases so that the chemical energy release from
' ]

4
. this vo{ume can dominate over the decaying influence of the source
{
14

energy and maintain a detonation wave. We shall call this volume

the detonation, kernel in parallel to the flame kernel used in flame
|

ignition,

P
Fl

F g
L]

. It is important to realize the clear -distinction in the

BV

» /
manner in which the concept of the detonation kernel is derived in

relation to the flame kernel. Unlike the latter, the formation of
. . {
; an adequate volume of heat release in the case of a detonation

initiation (the detonation kernel of size R;) is to mitigate the ' -
decaying chagacteristic of a source-dominated shock motion and to

result in the formation of a strongly coupled shock-reaction complek
i \

(viz., a detonation wave). If the size of the detonation kernel is

by

too small, the energy released‘by the chemical reactions in the kernel

is nééliéibly small as compared to the enerqgy released by the source.
Y

' Hence the shock will decay further and the inflammed gas will grow as

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

o+
concept of the flame kernel. ‘ / L
y ' , |
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In the following section we shall formulate the above notion

.
\

of a detonation kernel in terms of a simple theory and determine the

3

critical size of a detonation kernel required fqor the blast initiation

Ffom the size of the kernel the threshold initiation

energy and other characteristics of a detonation wave will be derived.

i

of detonatiens.

-

p.4 Theoretical Formulation

~

In this section the concepts of section 3.3 are mathematically

It is assumed that spherical, cylindrical and planar

N
¢

The flow is taken to be one-dimensional.

described.

symmetries exist. Transport

|
losses of heat and mass are neglected. The chemical reactions behind

the shock front are modelled in terms of an induction delay fol}owed
by spontaneous exothermic reactions.

Consider the sourcé energy E_ to be rapidly deposit%d at a
point, a line or a plane so as to generate a strong spherical, cylindrical

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

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

Let d be the induction zone thickness so that the plane of
N

heat release is at (Rs(t)-d) as shown in sketch 1. The energy released

. =
by the source Es and the energy from the chemical reactionixgo to increasg

! '
the kinetic and internal energy of the gas bounded by the shock at Rs(t).

\

The conservation of the total energy enclosed by the moving boundarxy

(viz., the shock front) at some instant of time t is, therefore, given by

:
.

\
|

A ot




“ l *
“a L4
“HEAT RELEASE ZONE
\ ,

t

SKETCH 1} SCHEMATIC REPRESENTATION OF THE SHOCK, AND
THE CHEMICAL REACTION FRONT
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Rg (t)-d Rg (t)

0

]

!

. . 2 .
h) u J
k.r'dr = — + e k.r’dr -~
ij (2 ’)p)

Rg (t)

3
eopkjr dr 4.1

A

where kj = 4w, 27 and 1 for j = 2, 1 and 0 corresponding to the

spherical, cylindrical and planar geometries, respectively.

For convenience in analysis, we shall recast the above

energy conservation equation in blast wave parameters by replacing the

spatial coordipate r by & , where

and the variables p,.p

and

fgon = REEL
poRsz(t)

\

plr,t)

Po

Y&, n)

u({r,t)

Rs(t)

¢(g,m)

and uby £, y and ¢ where

4.2

4.3
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( )‘ - ‘ ' | dRs(t)

Here ﬁs(t) is the local shock velocity rry and

!

2
n = _%_. = :—S?—; . Substituting the values of p, o, u and ¢
' -] R t \
8 .

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

'

o h T IS

a 1-d/Rg (t) 1
E e - .
L .
M2 = o e ¢ 2 yelae + == | yelag
/ pocozijs(t) Co? Co
o] 0] ,
\
where l . :
1-d/R_(t) N
- £ )i R L
1 = (Y_1+2}£d5+ (Y-1+2 £-ag
1 . 0 l—d/Rggt)

}

A

Conserving the total mass enclosed by the shock at any

instant, we get

Rs(t)
. o k. .
3 _ 973 j+l
pkjr dr 341 Rs(t)
o \
)
l t
\

4.4

4.5

5
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{
/
In blast wave coordinates, Eq. 4.6 reduces to

‘ k
j+1 j. . Poy §+1
RR(E)T T oo | ETAE =~ RU(B)

‘0

giving

N -

"*.:V 4‘\\ l

velag = , * 4.7

Substituting Eq.} 4.7 in Eq. 4.4 leads to the global conservation of

energy of the fo

- ’ l-d/Rs(t)
E . e \
W= 1 ey g s —— 4.9
OOCOijRS(t) C()2 (j+1)C02
o -
A ~
AN ! ;
The above equation is an exact statement of the conservation
of energy. No assumptions, whatsoever, have been made in its )

derivation.

b 25 B SO =
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™~y

For small values of shock radius Rs(t), l.e., d/Rs(t)mo[lj,

the i%?egial term on the RHS of Eq. 4.8 and the initial internal

energy term are small compared to the source eneigy term. Hence
ES
2 = ' oy 4.9
M ) 371 for Rs(t) d
0oCo ijS (t) I

A\

{ . ~—
This denotes that the shock strength Mg T s dependent on

4 ~ \

E :
the specific energy € = = of the source. As the

j+l,,.
Pok R, (t) /(3+1)

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

j+1
Poijs(t)

: increases. If E = E (= constant), as in the ideal
j+l . 5 o

\

blast wave theory, then the specific energy decreases with increasing

shock ° radius and consequently the shock strength decays. From Eg. 4.9

_itl
‘4 . )
M v R (t) 2 so that R () ~ tz/(J 3) {(i.e., R {t) tN -(
w 8 8 ' =] s : N
— .
T The strength of a shock wave is usually expressed in terms of pressure
ratio across it. For a perfect gas, the pressure raéio is a linear

TS

function of the square of the shock Mach number, so that Mg is indicative .
of the strength of a shock wave. N

‘J
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X ' &
where N = 2/3, 1/2 and 2/5 for j = 0, 1, 2) as given by the similarity

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

Q

On the other hand, for large shock rad;us (Rs(t)»w) ths

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

LY

1" . .
\ ) 1 j o i ‘\'
W= o | 2p | vlag s —— S 40
3 v ! (j+1)cp? | - s
- 0 ! '
\
” ’ ’
Using Eq. 4.7 the above expression can be. rewritten as .
’ ¢
- 2 - oy 2. 1
M2 Moy ‘ . (Q +e) 4.11
(, (3+1) Co°1

This gmplies that the wave is essentially driven a& constant
velocity by the chemical energy at large %adius,i.e, the shockfwave
asymptotically approaches a Chapman-Jouguet detonation at large radius.
The above statement assumes that E;is finite as t tends to infinity
which is true, in general, in initiation probiems.

It i; instructive to note that the early time motion described

by Eq. 4.9 and the asymptotic or late: time motion given by Eq. 4.11, are:
" in good agreement with Fhe experiments (&icholls (52,23) and Lee (53))

Q

and with the phenomenological 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 competlt;on between two terms:

one is a decreasing function of time, or equivalently R (t}y, 1.e.,

5 ‘¢
t

.

-

B E
5

2 ' j+1
poCo ijs(t). ’

whilst the other is an\increasing function of time, or

Rs(t), l.8.,

l-d/Rs(t)

& | wdae :

*
We define the minimum size R.s for the detonation. kernel, as
discussed in section 3.3, by the condition of balance between the
energy diminishing and energy production terms analogous to Egs. 2.1

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

’

/

write for R (t) -+ rR*
s s

T L-aR M /R

E s ' , .
e c % | vl | 4.13
kjpocoza Cg2 Lo

° 3

(Z;:;;:vbeing the value of d when R (t) = Rg . R

“
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‘:} whé shock Mach number M, must at least be M; when Rs(t) + R;
' (section 3.3). Using this information along with Eq. 4.12 to replace
3 e the source enexgy term in Eq. 4.8, we get
: ) [
N . - a(rY) .
% ' RS
' \ e
ﬁ *9 1 2 J o
= - + i
. c Mg = T | 6T | W9 G+)C 2 4.13

0 ' T ‘
[

Equation 4.13 gives an expression for the minimum size of

* » .
~the detonation kernel RS in terms of M;, I, Q and the induction zone

*
thickness d. The evaluation of Rs from this expression, however, .

is not straightforward and section 3.5 deals with a simplified method
of explicitly determining Rg from Eq. 4.13

It should be pointed out that once R; is known, the source 5

A

;b energy can be determined from ﬁq.,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 in:order to determine

4 1-d(RS) /Rg
the mass integral ¢EJEE and the value of the energy integral I

o
AN
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in Equation 4.13. We also require a knowledge of the variation of

A »

the thermodynamic properties of pressure, temperature and density along
N h

a gas particle after it is processed by the shock.so as to figure out

the time taken for the induction reactions t{Q go to completion and thus

evaluate the induction distance d.
Y

f v R \\\ !
) The mathematical relations governing the flow field behind

the shock front are the basic conservation equations. " For a pexfect

gas, we can write these conservation equations, in the absence of 4

viscosity and heat conduction effects, as follows:

Conservation of mass:

3, 3% ,,3 . i _ i
2% + u ar +p 3T + - 0 5.1

! } . i !

- - —

Conservation of momentum: T g

P _ - L '
T 0 ” | » 5.2

D
—u +
Dt

© [

Conservation of energy:

l»-
lo
o
+
o
lo
1
1]

D :
Dt Q 503

~

s

] ,
Analytical solutions of the above equations for the flow

field are possible only for some particular cases such as a strong
blast wave, a conspaht velocity shock driven by a piston, or a constant

velocity detonation. The numerical solutions, though possible in

1
"

\ @




G

+ highly overdriven regimes.(57) are, in general, plagued with mathe-

v

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

(59)) in view of the nonlinear feedback between the hydrodynamic flow
[ .
structure and the chemical reactions. As already metioned in the

Introduction to this thesis, it is the purpose of this work to avoid
a detailed numerical description in view of the well-established three-

dimensionai character of a detonation and the uncertainty in the chemical

kinetic data. In this section, therefore, certain simplifying

S

assumptions'will be made in order to develop a straightfoxward solution
of Eq. 4.13. The simplified evaluation of the different terms in the

above equation is first giwen individually.

~——

- 73,5s1__Determination of Energy Integral I »*

”ﬂ_ﬂ;___égggming«a«éﬁﬁtinuous profile of density, velocity and pressure

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

'

1
£ 2 3 -
RN (Eey

written as

I =
R )
| -
N
and again re-written in the following form
: s ;
. A N (-é-—'i- e) ’kjr dr |-
o . I = --—-1 ° - A ) 5.5
\\\\~ j"’l —l-(i j+ uo ) »
' T _ i+l PoRy Rs ) ' . .
[} . 4\\‘ ’ ~
) ! i \~\\ \

ik i

N
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. 1:. ' The numerator in Eq. 5.5 denotes the kinetic and internal ) 1
7 o k , , -
+
energies of the shocked gases, whilst the-term E%I poRsJ 1 i: in ’

. !
the denominator represénts the kinetié energy if the entire mass of

J

Q\ shocked gases were to move at the shock velocity as“ For the shock

strengths of interest in detonation initiation (Ms 2 4), the square
> ' RPN

of the particle velocity (u?) and the internéi”EQergy (e) (Propoxtional
<

. to temperature) just behind the shock fﬁont, are directly proportional

-]
to the squar% of "the Mach number and hence to RSZ. The density ratio
. P
- . . S +1
x =
across the shock front for Ms 24 is fairly ?iqh[ Y = ;:E%E7E§— ;

fr Yy v 1.35 ] , so that most of the shocked mass will be concentrated in a

h

{

et

P

region very close to the sho front. A detailed distribution of

I3

préssufe, density and velocity should therefore not significaqtiy‘

L ﬂ . Al
influence the numerator %ﬁ expression 5.5 since thé major contribution

comes from the close neﬂéhbourhoo@'of the shock front wherein hosi.of

g I JI AR L TR Mﬁ’\'ﬁw'

the mass is located. Further, since for the shock strengths of
/ " interest,\the values of u? and e are proportional to ﬁsz, the value of
. pok. . : ‘
“the numerator will also be proportional to ;EI% stfl ﬁg o As the '

denominator of the expression in square brackets in Eq. 5.5 is given
daoTE N . -

precisely by the above expression, the value I shpuld therefore be a

'

relatively invérapnt parameter for a particular geometry. in fact,;
Rogers (60) and Dabora (6l1) find the value of I for the case of an

~ “ .
energy release of the form ES = EotB (Eo and B are constants) to remain

T

fairly constant for valuég of B between 1 and 5.
\ -
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It is possible to ae;ermiqe the value of I for a constant
velocity detbngﬁion for which the flow field can be exactly°de€ermined '
since a simiiarity solution exists foxr the governing differsntial

-
Equations 5.1 to5.3. It is also possible to calculate the value of
I in the asymptotic limit from Eq. 4.1l1. The value as determined by
the two methods are almbst identical. As an example, the value I
calculated for a 100 Eorf stoichiometric acetylene oxygen mixture in
case of cylindrical geometry (j=1) is 0.402 from the gimilarity solution
and is 0.410 from the asymptoticl;;thod. The 'close agreement résu;té
from the relative insensitivity of I to tﬁg details of the hydrodynamic
flow structure as expected on the basis of the arguments in the previous
paragraph. in our analysié, we shall take the value of I as\a
constant, and in order to achieve the appropriate limit of MS -+ MCJ
when Rg + ® , we shall use the asymptotic value of I‘Biven by Fq. 4.11.
Appendix V éives the details of evaluating 'l using the _

- . A
similarity solution for a constant velocity detonation.

1-d (R} /RS

3.5.2 Evaluation of Mass Integral \wajdﬁ !

fe] . |

In order to determine the mass integral we fequire a knowledge

of the denaity distribution behind the shock front. It has been

demonstrated earlier (13) that a density distribution given by a power'law

) |

!
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£ 2

adequately describes the shock motion so long as the global
conservation of mass gnd energy are satisfied. Following Lee (12),

we shall assume the density distribution to be given by

\” 3

pEM) =y g1 , 5.6

The exponent q(Ms) can be determined’ from the global zi’ ’
N . e

conservation of mass, viz., Eq. 4.7 giving

v

a

a(M) = (3+1) [¥(1,M)-1] CBT
i

! Tﬁf mass integral, therefore reduces to

yd

. 1-d(RY) /RS, . o ,
RS Rs [y . . q+j +1 /
( 1-a(R%) /RS )

vedag . . 5.8
341

(o]

In section 3.6, an alternate method of evaluating this mass
~ A
integral is presented, and the validity of the assumption of a power

law density profile is independently ascertained.
\ .

) / ’ | :

-
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3.5.3 Value of Heap Releasc Q

Q is the heat release of the combustion per unit ‘mass of
the mixture. It is to be expected that the value of Q should

i

depend on the amount of dissociation of the product gases and therefore
seemingly warran;s eéuilihrium composition computations for each
individual set of conditions.

Guirao (62) éomputed the heat release for several modes of
combustion such as a C.J. deéonation, a constant volume combustion,
a constant.opressu-re combustion, and a C.J. deflagration for a wide range
of explosive gas mixtures. She found that the\heat release does not
diffe{ markedly in the different combustion processes. The table
below shows the heat release obtained from the combustion of a
stoichiometric hydrogen-oxygen mixture at ;n initial pressure of half-

i

atmosphere in the different combustion processes.

& Combustion pgpcess 0 kcal/gm Q/Co?

C.J. Detonation 1.5002 21.54
Q N '
Constant volume combustion f 1.6176 ///237?3
Y / |

Constant pressure combustion 4//tf77§7/ ! 24.83
f ) ) // \ \ )
Cc.J. deflagration 1.8413 . 26.44

. : \

\

Based on the above, we shall take the value of Q to be a constant and

P
determine its value using the C.J. criterion, viz.
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= 2 2\

. Yo_{y1=Ya) (y3+1) Yo (Yi-1) - g

. k = V + \
. - 2 v$ (vo-1) % c

1.
~

giving

[ ]2 Yo (y3=¥p) (4YD)
\ ~oan Y{ (vo-1)

E%T - : 5.10

/ .
3.5.4 Determination of d(R*)

-\
In Eq. 4.13, d(R;) denotes the separation betweén the shock

l

3
t:.he evaluation of d(R;) requires a complete knowledge of the shock

' i ] - 4
hydrodynamic flow struc&ﬁfe for Ry < R;. This is because the fluid
’ &,
L] .
* v particle whikh burns when the shock travel is R; has actually crossed
- \

\

front and the reaction/fone when the shock is at Rg. Strictly speaking,

/
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the shock much earlier in time when ﬁs > Mg and has been subjected

o A e b e e R b A &

SRR

S

to the transient gas dynamic processes during its induction time

priox'hf explosion. However, the experiments of section 2.4 have

g B
e

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

'

reaction complex when its Mach number is ‘around M;’just prior to the

reR

i
i

-

»
formation of the local explosion centres and the sudden tT¥ansition to

s

a highly asymmetric multiheaded detonation front. The numerical
solutions of Kyong (19) and Feay and Bowen (20) also show a relatively
constant pressure and density,profiles adjacent the shock front in this .
region. Figures 10, 11 and 12 show the numerical results for
pressgre, 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. Ro denotes

\

the characteristic explosion length of the source energy which was

j+
/3 ;. A zone of, constant properties

; : 2
defined by him to be (Eo/kjpoco )
behind the shock front is clearly evident before the onset ol severe ;
instabilities associated with the strong fouplinq in the detonative

mode of combustion.

We shall therefore assume that near R; the fluid pjfticles,
under critical conditions of initiation, enter the shock when M, = M;
a?d since the shock is quasi-steady and the properties behind it are
4 f'felatively invariant, wé shall also assume the fluid particle states ‘ .
/' to remain constant during its induction Qrocesg. Thus we can writé

| s
d(M%) for d(R;) and evaluate the local induction distance based on the

local critical shock Mach number M;.
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(:} The induction time is calculated using the empirical shock

-

tube correlations of the form

\

In { (fuel)™ (oxygen)l-m T }=A+B/T. 5.11

r

The temperature T of the shocked gases is.determined by assumiﬁg the

s o s s e TR PV

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 induction
d\
time 1 using the condition of the quasi-steady propagation of shock

around MS j/ﬁg viz.,

. o
: 3 : . ..
M; C, T (m;) )
* L. S SR ,
f ‘ d(M*) | BT, ) ’ 5:12
o N ! v
o ‘ d
3.5.5 value of R
g

\

On the basis of the simplifications discussed in sections
- e

3.5.1 to 3.5.4 and using the perfect gas equation

P
N I e——— -
e 5 (Y1) ] 5.13
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L the critical size of the detonation kernel can be explicitly evaluated

N
to be

i

#3

d(M;)
2 I 1 5.14
. 2 q+j+l ¥ !
1_{::_1_90_[,4.21_____1___- '
Q s (3#1) v(y=1)
) \

hY

SRR O, N R RO ’%”‘W;m
by
L

.

3.6 an Alternate Determination of the Mass Integral in Eq. 4.13

o
. . ! . :
Consistent with the assumption of guasi-steady conditions near

R;, it is possible to estimate the burnt mass and hence the combustion

‘\
energy without the assumption of a power law density profile as was done ' "3

in section 3.5.2. \ |

Y. Sketch 2 shows the shock trajectory and the path of a fluid

© particle (shown by the dotted line) which burns off at E'w'hen the shock

o~

1\:adius is R;. This particle would have entered the shock at a time T

earlier (viz, at D) where 1T is the induction time corresponding to the

\
quasi-steady Mach nimber of the shock during this .period. The mass of
f

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

enclosed by the shock front when it is at poA’.nt D.

“

i~




hY

pd e IS RTINSO WARCAS A 0 ¢ ey . o —— . U, .- *
45 - -
\ \
\
, .
\ . ~

o *
t 6 = Rg (M)

/ *

. \
’
N
) Y
) /
) BLAST WAVE
*
8
7 X r
\
SKETCH 2: ESTIMATE OF BURNT MASS, my,
\ 1.
\ ! ‘ \ N
. ‘ .
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’ The burnt mass corresponding to R; tan therefore be written \
as - . ‘ ] ) g,
, .
Ay \ . S k . po . - ‘j+1 \ [
! * N
\ T j+1 Ry R« (MS)J . . 6.1
] /
3 \
I, : L
The chemical energy rele?&le corresponding to R; is me. .
° \ \ v
Substituting' this value in Eq. 4¥1~ and -simplifying, we get
]
T E R*t(M") J+l e
. M2 L s + Q 1 - S8 + o 6.2
. i+ . * Z .
s I Dok.R*J e.2  (ja1)c,2 Rs (3+1)Co
]ls 0 [ 0
v
giving : N )
AN
3“" \ .
. .
* *
R - MSCOT(MS) 6.3
- s | 1 .
j+1 . .
- 2 2 e .
+1 C * [e) . :
- & A2 Cg -
N 1 ? - | M1 (3+1) C2
r Y
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/

The value of R;' corresanding to several values of M;
. 3
based on the density profile method (Eq. 5.14) and the a)?ove method .
(Eq. 6.3) are calculated for a'l100 torr stoichiometric acetylene~

oxygen mixture. The results,"shown in Figure 13, are almost identical,

indicating the insensitivity of the results to the assumption of a

_dens ity profiie . {

3.7 Choice of M"
——

‘.

We have seen in sections 2.3 and 2.4 of Chapter 2 that' the
lower llimiting Mach number (M;) .coxrresponded to about the autoignition
limit, viz., the lj.mit for spontaneous chemical reactions to occur.
It is, however, difficult to quantitatively specify a ‘unique value for
the autoignition condition since it is very much "system and definition '
dependent" (63). Thus, e.g., the dimensions of the experimental
apparatus such as the shock tube diameter and its characteristijcs\can
influence its value. This is due to the fact that near the autoignition
limit, the induction time increases exponentially and the transport
effects become important.

The inductior; and autoignition characteristics of the o;cyhydrogen

mixtures have been studied rather extensively over the past several years,
-
and on the basis of these investigations it is possible to derive some

quantitative estimates for M;. The dominant chemical rpaction steps

A
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b ]

; ( : | during the induction pefiod for the Hy-0, dystem are knowﬁ, to be (64)
s £

{ \

‘/' .
) S Initiation step Hy, Oy —+0, H, 08 (A . .
{ © 2. Chain branching step H+021—51+-OH+0 (B) -
, _O+Hy X2, onan (©)
| ‘ OH+H5 Xa, HoO+H (D) N
| : .
and 3. Chain termination H0,+M —Xis HO+M (E) :

4

\

v

The chain branching reactions C and D are much faster than ™

the reagtion B so that the oxygen atom and hydroyl radicals are
[,

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

1)

is therefore the hydrogen atom. . From the classical explosion limit

studies (és) it is also known that the HO, produged in the three-body

- & recombination reaction ﬁiffuses to the walls whére it is inactivated
, | | RN
HO, _wall, destruction R gF)

.

v

Thus, the rate at which the chain carriers can be generated

depends on the compeﬁition between th% chain branching step B and the
! ’ ‘ & .
chain termination step E, a conseguence of which is the existence of

.

] a
the well-known classical second explosion limit (viz., at which %%ﬂl:o

so that the second explosion gimit criterii?f;;éomesg2kl = k4(M]): \ .

\
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In the case of detonations, é’condition of steady diffusion

[

of H02 radicals to the walls followed by t?eir destruction th;ough !
surface reactions is unacceptable. The Hoz‘radicals will be expected
" to react in the gaé phase and produce further free radicals. . on the
basis of matching the experimentally observed behaviour of induction
times with the theoretical computations, Hirsch and Ryaspn (65) have
sh;wn the chain termination step to be unimportant in shock tube studies
when the temperature of the Fhocked gases is in the range of 1200~1B800°K.
At lower teméeratures typically of the order of 900-1100°K, however,
Voevodsky and Soloukhin (66) demonstrate the profouné influence of the
chain termination reaction (E) in considerably increasing the induction
times obtained from shock tube experiments. The large increase of i
» induction time, in the above temperature range, also brought about a -
change in ;he character of the ignition of the shocked particles of the

2

gas, viz,, from a Ystrong" spontaneous ignition mode to a weak "multispot"”

¢

ignition mode. The temperatures calculated on\the basis of the,

second explosion limit criterion (2k1 = Kk

4 seen to predict the ‘

\ ~ .

experimentally observed temperatures at which the nature of ignitiodk‘
a ~ I

o
changed from a strong detonative character to the weak multispot character.

T

Meyer and Oppenheim (67) condu¢ted more refined experiments on

the autoignition characteristics of Hy-0j) mixtures behind reflected

@

~shocks., They showed that the change in| ignition ‘tcharacter from the

AN

4 s,
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described by a constant value in the gradient of the induction time

. Twith temperature. For a shock tube of size 3.1 cm x 4.4 cm they

e

determine the grad;ent :'r to be - 2 f: . .

T

The shock Mach nd;SEr\Ms\, corresponding to the extended

S

"
-

second explosion limit (viz., [M] = 2ki/k4) using the recent chemical ~

-

kinetic data of Gardiner (68)+ is shown in Figure 14 as a function of !

,r

the initial pressure of the gas for a stoichiometer hydrogeneoxjgen

)

mixture. In the same figuré is also shown the Mach number obtained

-
3

using Oppenheim's criterion for the strong ignition limit (viz.,
ot us . . :
sa'p == 2 % ). The agreement is fairly good. The value of Ms is

- (3]

. . o
also about the same as the minimum Mach numbers observed towards the

\

end of the' characteristic detonation cell wherein conditions are aléo

' known to correspond to about the autoignition limit (39). We shall -
choose the value of M; for hydrogen-oxygen mixtures to be given by the

criterion of the extended second explosion limit and the critical value

of the gradient of induction time as given by Oppenheim.

\\ For other explosive gas mixtures, whose detailed kinetics are

. s \

not known, it is‘more difficult to independently estimate the value of

4

gM;.f In view of the rapid increase of the inducti§h time near the -
5 » i N

autoignition limit, we shall define M; for these mixtures to be based

+ o 17 o—=-907 16.62 m3 /
k, = 1.22 x 1017 1 exp ( o ) ml vy
‘ )
6 ] r
- [ 0. 87
} kf g 10° exp-( ) molzsec
- kcal o ° -
- R is in ol ok and T is in °k, .

.
- A}
- . ¢ ’ ' ta
, < A (o :
- ~, -
f .
.
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on the standard procedure for defining relaxation time in an
exponential growtﬁ or decay procéss (i.e., 1/e of the' limiting value).

-= I
Figure 1% illustrates this procedure for a 100 torr stoichiometric {
e )

oxyacet;I;ne mixture. )
The estimate of M; on tge basis of tge 13rge increase in

induction times and the consequent exponential cug;off'procedure can
1 :

be just':ified by the’iatlowing reasoning. rA particle terggrﬂing a sheck

burns after its indﬁckion reactions have taken plagé. ‘ The pressure

pulse generated during the burning of the particle goes to reinforce

-the strength of ‘the shock wave. This sequence of,events is illustrated
in sketch 3. o -
(M?represents/a dedaying shock trajectory. ‘A particlé enters

‘

the shock at A and after an induction time T explodesn(wiz., at B).
!

. - .t +
The pressure pulse sent out during this explosion travels along a C

N N t 4
characteristic to catch dp and strengthen the shock at D after a time £, .

It is seen that the_particle entering the shock at A is able to reinforce

»
‘

' \ . . ’ 3
the shock after a time THE, during which the shock front has travelled
’ ~ {
a distance X. For the chemical energy to be effective in driying the
¥
shock, it is necessary that X and .T+t+ should not be excessively long

|

L] - . N
so that'the. shock wave does not considerably decay before the preﬁsure

qulse can strengthen "it. It is also possible that witH\LQEge travel

(BD) the pressure pulse will get significantly attenuated before reaching

the shock. Hen'e ‘a large increase in induction time is likely to bring

" about a ¥ecoupling of the shock and chemical reactions so that/ an expo-

»

nential cut-off procedure based on an exorbitant increase of induction %

time is reasonable.

%
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SKETCH 3:
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! ; It is pertinent £® note that the autoignition conditions
v/ 1 -
' H
( Ve established from experiments in rapid compression machines are much

ld&er than thosc obtained on the basis of the shock tube experime ts.’?

Tthis is partly due to the dgminant role played by the walls in th

former. Sincde the jnfluence ofi walls on a detonation is fairly insig-~

- nificant, it is nedessary to derive the data on autoignition on the

bﬁfis of the shqck tube experiments.
{

—_—

[N

% ‘ 3.8 Estimation of Initiation'Ene:gy

With the value of M; known,'the induction distance d is .

°

L ‘
readily determined from Eq. 5.12 of section 3.5.4 and the crit@cal

detonation kernel R; is obtained from.Eq. 5.14. Using the value of -

’ * * e
1-d(R ) /Ry - ) /

N * \

Qg;z ' ngdg from Eq. 4:i2 in Eq.4.13 a@d simplifying, the critical \
st ' . . a ¥
L "o

’

. .
source energy required for direcé‘initiation is determined to be ) 4

| )

k.p,C 2R*J”‘. - .
E = _.J__O_.g.__s.__.— M*ZI - _._.__J'___._. 8 1
s 2 . s (3+1)y(y-1) )

{ AY
. . |
. . Since RS ig proportional to the induction.distance 4 (Eq.5.14)
’ |
we note that'the critical energy for blast initiatieﬁ/fg proportional

to @’ ! (e.g., for 'spherical E_ % ady. This result is in agreement
with the experimentally observed trend first demonstrated by'Zel%dovich

(29),




\

e qu most explosive gases of interest, the initial internal ~

energy e will be very small compared to the exothermicity of the gas
N

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

~
~

“
""b‘ij-.,-h.; oo
e

2 xij+l *2
po= P00 B Ml 8.1(d)
1 s 2 ‘ 1 s
\
R d(u}) , ‘ ’
R = T 5.14(a)
[ | ) - (A 2 2 . yar3+l ; .
\ N 2 0 s q N
\
. ~
| N
.r R ' anfl 1 = F"m%%—z— 4.1]:(3)
. ¥ . )
° -3
. \
\ : N

Substituting the value of R; and I from Egqs. 5.14(a) and

4.11(a) in Eq. 8.1(a), and simpliffing, ve get N
. 4 .
o
i ,’x
. . \
R ' kjpoco2 * J+1 _ x2 A
SR 2G+n G M cogum"'2 L
Es = 1 41 \ 8.2
) 1 (MS }2 q+j+l /
SR T R
- y
\ t
'\\ | ‘H -
A ll -
- - Al
. .
Y
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s
% AY
(wj Further, thé value of Q/Co2 from Eq. 5.10 can be written as
W, \
¢,Z T 265D : ' s-10(a)
ooy,
C w ' \
1 \

by assuming Yo=Y =Y and oz << L,

a
g
%
?

\ N = y
- _ ]
: ) dorit 8
. Also noting from Eq. 5.7 that gq+j+1 = (j+1)¥; , we get Es to be - '
. \ - . !
— 2 !
_%4P0%%" 2 ity 3L
; 4(3+1) (y“-1) s s
E = + v 8.3
s —t 54l
N M* 2 (j+l)\h -
. 1 - ;]__ 8
2 MCJ ‘ »
¢ n‘ ' \ )
got -
’ b

In the above expression we note that y; is typically of the

order ofv6 (Y, = %;%-; yvl.35 ) and M; < MCJ so that the value of #he

denominator increases as MCJ'increases. Hence the equation predicts

a débreasing trend in Es with increasing MCJ' This behaviour is also

in agreement with the experimentally observed inverse dependence between

» the critical energy and CJ velocity discussed in Chapter 2.
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3.9 Results and Discussion

%

Having recovered the experimentally observed trends by the

theory, we proceed to make additional checks on the theory. The °

t
second check involves experiments conducted with an 80 térr stoichio~- 4
metric oxyacetylene mixture in a cylindrical geometry in which an
argon dilution of 46% was replaced by an equivalent helium dilution

The\detonation properties computed for these mixtures are shown in

the following table. .

«

Mixture

2C5H2+505+5.95 Ar
80 torr
[Y

2CoH2+502+5.95 He
80 torr

Initial density Po
Injtial sdund speed ¢,
C.Jd. velociEy

Meg

PCJ/Po

TCJ

Yo
Y2
/Q/Co 2 . -
\

Heat release/mabs of mixture

Volumetric heat release

+10.149 Kg/m3
319 m/sec

1943 m/sec

]

6.091
25.113
3492°K

1,43
1.36
21.26

2.16 x 105 J/kg

3.22 x 105 g/m3

0.0784 Kg/m3

441 m/sec
2683 m/gec
‘6.084

25.116

3492°K

1.43

3

1.36
A S

21.25

4.13 x 10%49/kg

3.24 x 10° g/m3

L3S
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The mixture diluted with ﬁelium has a higher detonation
.
velocity than thL argon diluted mixture because qf the higher sound

pR—

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

across a detonation, the temperature of the CJ plane, the volumetric
[4

heat release rate, and the value of Q/C02 are almost identical for the

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

' time behaviour and the autoignition characteristics will also remain

e M W e 50 T e

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

: Hence the ratio of critical energies with argon and helium dilution

Y i

L using Eq. 8.3 is
: s
Taw \\\ H
) E 2 o I+l '
Sar ait. _ ( P0%" 0 ) ar ail.
. E = " 371 9.1
' C Speair. b Po%2 €77 he ain. \
. A M
3 . R N '
- o
which, for the cylindrical geometry (j=1), yields
.
! E
SAr dil ‘ .
| S0 = 0,52 9.2
®He dil. /
. . )
. ’ - "

A

Exgeriments 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 E is about 0.33.
Ny Ar dil/ ®He ail.
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vThAs value is lower than that predicdgd theoretically as given by .

Eq‘f 9.2. With the higher sound velocity and the higher thermal N

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 ratic of source energies obtained experi-

— - i 4 \

' mentally for the argon and helium diluted mixture is gpparently in
A}

» 3

the right direction.
// ¢

The third check on the theory is shown in Figure l6. Here

e ot o = o AR R A e
v
:

a comparison is made with the experiments in the lower range of sub-
- atmospheric pressures (30 torr to 300 torr) in the cylindrical and

spherical geometries for stoichiometric oxyacetylene and oxyhydrogen

mixtures. The experimental data for the oxxscetylene mixture in the

' spherical geometry is taken from the works of Bach et al. (39) with a
A\ 5

fas

.laser spark as the energy source. The results in the cylindrical
geometry for the oxyacetylene mixture are those obtained by Lee and

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

~h \
™ stoichiometric oxyhydrogen mixtur;\were generated with electrical
2

sparks during the course of this investigation.

\g The shock tube induction time data of Strehlow and Cohen (69)
;nd White (70) was used to compute the induction distance d(M;L in

5 - Eé. 5.14 for the oxyhydrogen and oxyacetylene mixtures respectively.

These induction time relations are given by the foll&wing:

§
‘@? . 3
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“ N
C? . 16328
F - log)p {7 105} }' o= i ]'.0.162 + 7587 9.3
3 .
1/3 2/3 17300

, \ logyp { [02] < [CaHj) T} = - 10.81 + m 9.4

b ,

¢
' The above induEEion time data have been obtained in highly

)

diluted mixtures at low initial pressures for shocked gas temperatures

-

in excess of 1200°K. There is some concern whether such data cap be

o o e o A, T ELTITY

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 Hy+0; mixture in a shock tube

.5 cmx 5 cm in the %ower range of temperatures for an initial pressure

L

' ~b
of approximately 200 and 300 torr. Thelr.data ( T=3.4x10 exp.

(lllgqg )) agrees well with those given by Eq. 9.3 at the extended

e

N second explosion limit conditions for initial pressures less the half-
I

o

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

good agreement is obtainable with the experiments on detonation initiation

v

behind accelerating shock waves through the use of the high temperature

induction time data such as Egqg. 9.3. lee, Soloukhin and Oppenheim (1)

also show that tﬁé induction times calculated behind shocks near the

auégignition conditighs in the experiments involving the fransitional
ﬁode of initiation give very good agreement with the induction time

v data of Strehlow and Cohen (Egq. 9.3). Figure 17, reproduced from the
work of Lee, Soloukhin and Oppenheim, démonstrates the bétﬁe; reéults

obtained with Strehlow and Cohen's induction time data.

»
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Unlike the case of the H,-0, mixtures, it is not possible

3

to ascertain the validity of the high temperature, low pressure

i

induction time data for the conditions involved in the deéonation
experiments for the acetylene oxygen mixéures.r We shall assume the
induction data given by Eqs. 9.3 and 9.4 to be valid and compute the
critical energy using Eqs. 5.14 and 8.1.

Fairly close agreement is observed between the theoretical
predictions and experimental results for both the 2 Hy+0, and
2 CoHp+50, miﬁtgfes over the given range of pressure (Fig. 16). From
the results of the oxyhydrogen/éE;;:}u< it is seen that the criterion

of the extended second explosion limit for calculating M; yields better

agreement than the criterign (%%-p = -2 %% g Ege departure, in the
case of the latter, is probably due €5 the fact that the cFitical value
. b,“w

of - 2 us/°k has been obtained in a pqrticular shock tube of dimensions

-

3.1 cm x 4.4 cm and the autoignition linfit is peculiar to this particular
shock tube. We shall henceforth base our estimates of M; for the Hy-0,
mixtures on the basis of the extended second gxplosion limit.

In the theoretical model, the chemistry of the combustion
process was modelled in terms of an ip?uction zone followed by a
spontaneous liberation of\ chemical energy Q. The variation in the
induction time 1 witg pressure corresponding to the CJ Mach number and
several other Mach numbers is shown:in Figure 18 for the stoichiometric

s

oxyacetylene mixture. The close similarity in the behaviour of the

e ’

N
e A
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experimentally determined critical energy curve and the induction time
curve,along with the close agreement of the theory with the experiments,
seemingly confirm the validity of modelling the chemical reactions in

terms of an induction zone followed by a spontaneous chemical’ erergy
[

-

release. »

\ [ ’

3.10  peviation in Initiation Behaviour at the o

Higher Range of Pressure e

The source energy required to initiate a.cylindrical
detonation in stoichiometric oxyhydrogen mixtures begins to flatten

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

5
1

This tendency towards levelling off of the initiation energy with

pressure is shown in Figure 19.71 Knystautas (74) "has also observed

o

€ ) . '

¢

It must be\pointed out that the results reported with exploding
wires in Fig. 19 do not conform to the true source energ%ps necessary
for direct initiation, This\is because the value of the stored
energies in the capacitors has beéen used in this case. The large
chafiges in the resistance of the exploding wire during the electrical
discharge (73) makes the determination of the effective portion of the
stored energy causing a detonation rather difficult to estimate. o
However, since the circuit elements and the length and diameter of the
wire remain the same in all the experiments, the gualitative trend .
obtained with stored 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 enexgy deposition characteristics of the electrical
spark are not responsible for the observed presShre dependence.

¥
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1

the energy-necessary to‘initiate a spherical detonation in a -
propylene oxide-oxygen-nitrogen mixture (90% (2 C3HgO + 507) + 10% Nz)

to have a minimum at an iﬁitial,pressure around(0.66 atmosphere,
I ‘

Again, the experiments in planar geometry with 2 Hp+O; mixture reveal

Y

. that the critical energy begins to increase with pressure for the

}arger values of initial pressure of the mixtuge.

The theoretical model predicts a continually decieasing trend

I

in the value of\ihe critical energy with pressure. OQur immediate

htY

. . ] . .

reaction is therefore to doubt the validity of the theoretical model
- . -

for the higher range of pressures. However, a closer scrutiny of

»

the parametfrs involved in the theory show that the induction time
° El ~

behaviour as given by the conventional shock tube data of the form

\

such as Equation 5.11 gives a contiﬁually decfgasing value of the

>

induction time with pressure ( ™1l/py) so that a‘monotonic decrease of
the critical source energy with pressure is predicted. - .

~
Restricting our discussion to hydrogen-oxygen mixtures, we

D _

réalize 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 during the induction period

(65). °~ At the higher range of pressures, 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
o * 7 " -,
will occur during the- build-up of chain' carriers during the induction

process itself, .

4

"ok

i
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shows the induction times, derived from Oppenheim's least square fit, . ) o

plotted as a function of pressyre for shock Mach numbers of 5, 4.5 and 4.

H+0; +M — HOp2 + M
H+H+M — Hy+M

H+OH+M = H0+ M

These recombination reactions w%}l éompete with the\chain
initiation and chain branching reactions so that a longer period of
time will be necessarf to generate an adequate number of chain ¢ rriers

for an éxplosive reaction to occur. The higher the,initial préssure,

]
i

the greater is the likelihood tZat thes&recombination reactions occur
r ‘

earlier in the process so that the induction time can be expected/ to
I \
increase at the higher range of pressures.
?

Oppenheim's data (67) on induction time derived in s:%ck tubes

<

with the pressure of the sqocked gases up to 1.96 atmospheres qualitatively
: I
” q
illustrates the tendency for the induction times to level off and also to N

increase with pressure near the limits of autoignitioq. Figure 20

4

v

Though an increasing trend with pressure is observed, no quantitative

estimates for energy are possible using these induction timeS. This
. \s . a’ '
is dueﬂto the large variations in induction times for relatively small

N

changes in pressure due to the double exponential nature of the curve . °
. | .
fit employed. The absence of any.reliable induction(time data at

these higher range of pressures makes a theoretical prediction of

o

initiation .energies in the high pressure region extremely difficult, J '

Iy

§ N @
: ~
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Comparison of the Present Theory with the

N Theories of.Zel'doeich and Lee and Bach
[4 .

o

The present phenomenological model, the Zel'dovich model (29)
and the model of Lee and Bach (383) are all primarily derived b} con-"
gerving the total energy encloged by the shock front.

0 \ —
the basic similarities and differences in these different theories are

. In the following

3

S

[ briefly indicated. 1 N ~ <

%
PN !

.

In the Zel'dovich theory, the energy cghservation relation

r oy

is derived by neglecting the density changes behind tbe §h0ck front.

The total energy eégydgéd by the shock (viz., sum of the source and - ”

°

v ' *

chemical energies) is given by

¢ * ¢ ’ Y ’ +1 ’
/ QPgk. (R “gy 371 -
E = E_+—342 :
. s i+l °
S . -

. o I

From’boﬁbiderag%pns that tﬁf pressure behind the shock is

- 3
]

proportional to tﬁe energy densfty of the ghocked volume of gas, the
: ' Y ’
* pressure in the wake of a detonation is written as
© (\ A3
: , . ;
’ h 41 - )
\ ~ (R - J 14 '
\E + onkj( [ d). N P .
~ . S ! j'l'l . R - 0
= nr" — S . l0.2 .
’ . K.R J# ‘ . &
’ b} - * ! 2] . | +
3+1 » j}
' S . ) 'S .

. Nhere A is.a proportionaldty constant.
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By expressifig the pressure,

in the following dimensionless

5

ik

iz} [4 4

and r
¢

]

Eq.10.2 can be written

Fd
P

A plot of the

/ AN

. .values of the source energy parameter B is shown in Figure 21 for a

. - spherical geometry (j=2). It is observed that o passes through a ' ¢
mifimum value and asymptotically approaches unity for r + = ., .For .
smaller values of the source energy parameter B, a lesser minimuﬂ , 4/

-préssure 'is. obtained.

* pressure for small values of B can guench a detonation.

that for the direct iQitiation of a §etppation the decay rate must be such

65 ' o

source energy and shock radius
f7rm' . ’

. |

e At ol mesini b

JAQOO' 10.3
ES o 9 ‘(
= “ 10.4 .
k. , F
3 j+1
331 Q09 ’
' d .
[} |
° F4
;‘ . .
in the form . "o .
{ .o
_ 13+ B
(1--%) T 106
. ,
non-dimensional pfeiﬁyre o versus r for several .

Zel'doilch‘gg;tulated that the rapid drxop in

e

4

He hypothesized T
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(ﬂ that the pressure behind thé shock front should not decay to a level

below the Chapmaﬁ-Jouguet pfessure'before the shock fronttravels a

distance of the order of the reaction zone thickness d.

~/

This

statement is equiyalent to saying that the time taken for the shock

- A\
- » \
wave generated by the ignition source to decay to the CJ Mac?}number

must exceed the time taken for chemical reactions to occur.

Sichel (75) recently used the Zel'dovich criterion at the
N ' &
radius where the source qa.;qx and chemical energy are equal. His

Q\

criterion reads

* 1 ?\~_;
d(R%)
-—}?‘— < k 10..7
1 s '

”

where k is a parameter less than unity and depends on the particular

.

' gas mixture used. e #The equality in Eq. 10.7 holds good at the critical

conditignﬁ of initiation. The determination of parameter k is rasﬁer
*

3

* - .
~ d&f\(cult in Sichel's theory. Sichel neatly avoided the eValuaté:n
of k by normalizing the initiation energy in terms of the initiation ~
energy of a stoichiogetric mixture. The inflyenée of fiﬁite time

taken for chemical reactions to occur was Mt considered while determining

R; in this theory. . The shock behaviour at R; was also approximated to
, be given by the ideal blast wave thfory. i 5o
. R o

* *

/
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In the present phenomenological model, we also derived the

\ ’
» expression for shock strength (Eq. 4.8) by conserving the total
.
. energy enclosed by the shock front. The variation of flow properties

4

behind the shock was considered unlike that of Zel'dovich. By non-

dimeﬁsionalizing the induction zone thickness d and the shock travel

l/jﬂ) ’ vr{z- ’

o «
R, in ternF of the explosion length R (R.o = (ES/PO{

y = d/Rb

e /R
R5/0

o
[}

\

v

Eq. 4.8 can be written in thes form

' - -

{
; ‘
/

o \
2 a A, (+L)y .
= - = 1 .
M_ 3+ + b (1 R ) +C 10.9
R ) *
\" v\\ 1
‘vhere a, b and Q/Efe given by . ] o ‘
o ' w
2 . A
a ’%3 v . ' 19.10
N *J a i
[ 2
i) @ .
@ - . ‘

P maeE | P
o T - T

- ’ e
- o . - ' N -
and €= (j+1)cozgv o 10.12

» ‘. .
0 “
L
' N
N .
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.( e \ A plot of Ms versus R for several values of A.is shown in

\ l

N AN
Figure 22. The parameter A corresponds to the reciprocal of the
~N

energy parameter/B in"the Zel'dovich theory. The curtves exhibit

the terndency |to pass through a minimum value in Mach number amd to
asymptotical%l approach MCJ ag R + o, The initiation criterion is

derived from considerations that the mimumum value of® shock strength

must not fall below the autoignition limit (M;).

N (X3
} The model of Lee and Bach (35) likewise basically hingéé on

M

the conservation relation for the total energy enclosed by the shock.

! ¥

The effect,of finite time taken for the chemical reactions to occur

is modelled.in terms of an equivalent heat release (Qe) at the shock
s _"l

front, viz.,

. .

\ . RS RS -d
j

oerkjr dr =1 10.13

o o]

~N »
- ) The flow distfibution behind the shock front is presumed
to be given‘by the reactive blast wave model with infinite chemica}

reaction rates.

‘ d of the form’ : s

¥
where § = ‘constant

i
jH

chenfic ‘;energy %nclosed by the blast wave

blast#fnergy . h ’ o

o
3
5

-
>
»*

Yy

An arbitrary function for the reaction’ zone thickness
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+ 1is chosen.

2

A " -
A lower limit for the shock . strength, i.e., an auto-@

igﬁ!%ion limit M; is assumed below which the chemical energy is
* @
supposgg?to.decouple from the shock motion (a cut~off condition, viz.»
. .
0 if M_ < M%)
s 8

.

e =

Using the functional dependence (10.14) and an equivalent

heaé release Qe' thg eqﬁifion expressing the conservation of energy is
- yinteqfated numerically ﬁﬂ%'specified values of G/Ro to obtain the

shock trajectory. Figure 23 shows thelvariatipn in Mach number with
radius for a 100 torr,stoichiometric CoHy + 2.5 O, mixture in the
spherical geometry. The existence of steady state éﬁb cJ veiocities
(COEfgggondinq to 6/152.0 of 0.004 i?d 0.02 in Fig.23 ) is indicated
unlike the acceleration to an asym;totic CJ state in the 2Zel'dovich
TOdel and the present theory. Mathematical instabilities are also
obs?rved to qccgi for certain valhes‘of G/Rov

The initiation energy in tpe Lée and Bach's theory ié

02 ained by determining the value of G/Ro which yig%?s a shock traggé}0ry

l ‘{1

N which does not decay below M;. The value of 8 is chosen on the basis.

4

of the experimental measurements of reaction zone thickness ihydro-
. ’ ' . N

dynamic thickness) in a CJ detonation. #

- ¢ S

. Iﬁfthe present theory no functjonal form for the induction

» {
zone thickness is assumed, nor is an experimentally measured reaction
~N . o
zone thickness used. The induction distance .is calculated on the
1
N  J
basis of the experimentally observed quasi-steady propagation at Mach

£

.,
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numbers around Ms before a violent transition to a detonation.

- +
. u

PN L gimplified method is used to solve the energy conservation equation

ki

s

and the initiation energy is determined in terms of the chemical and

’
i

physical propertiés of the explosive gas mixture itself.
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CHAPTER 4 '

4/ '
CHOIdE OF EXPERIMENTAL PARAMETERS
» ] v -

.
f 14
.\ .

4.1 Introduction \

The theoretical madel yields critical energies for direct
j‘ initiation in planar, cylindrical and spherical geometries. In
order to compare the results of the tlieory with experiments, it is

necessary to generate reproducible results pertaining to these

geometries. A considerable number of experiments have been conducted

over the last two decades using a variety of igq&tion sources (viz.,
¥ * . /
electrical sparks, exploding wires, solid explosive detonators, planar

~

detonation fﬁkm a tube, etc.) in spherical, cylindrical and tubular
L ]
égametries. " The magnitude of the initiation energies obtained by
o
the different investigators for the same explosive gas mi*&ure at the

same initial éonditions of temperatu¥® and pressure differ by orders
N ' ¢
of magnitude. '\ It is therefore not possible, on the basis of these
. v ! l |
experiments, to jevolve unique values for the magnitude of the critical

L] {

enerqgy.

The wide disq;epancies in the experimental results can be

attributed mainly to the fact that thé mechanisms involved in the «¢

N \
N
a -

x formation of a detonation have not been taken into account by these

-

researchers. The qptivation for the investigations of critical
P~ . -
‘ 4 ' '

ty o
. | s

~ &

et et
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(i; energies for direct initiation evolved primarily .from a desire to

—3

. develop safety criterion in order to prevent accidental explosions in

' tines. There was no theoretical model to guide the experimental

.

,¢%§earch and the a%sence of any systematic mode of investigation

oy

, 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
(32,76-79) using electrical sparks and exploding wires report the

g ‘electrical energy stored in the capacitors (1/2 Cv2) to represent the

@
o

L}
ci}tical energy for direct initiation. It is to be expected that

the stored energy is not a valild measure of the energy deBosited igﬂ
S / “}
. the gas by the spark or exploding wire discharge, since a substgntial
~ {

LN amount of ohmic losses is bound to occur in the circuit element%.
. . i

Again, not all of the ene‘gy deposited in the gases is meaningfui for

direct inisiétion because a detonation may be formed fairly early in

./ P

the process of energy deposition(gnd once formed the detonation is
sustained by chemical reactions. Consequently, only a fraction of
the stored energy in the capacitors is meaningful for blast initiation
and this fraction can be sensitive to the configurations of the
electrical discharge circuit.’ Since most of the reported exéerim nts
*do not give détails of the discharge, no quantitative information on

. . o _
M critical energies can be deduced from” these expé!imqpts.

| ﬂ\‘& s

-

3
3
N
A
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It ig also diffigult to discérn the geometry of initiation \
s {

1 .
w in many of the experiments;reported in the literature. This is
because we dd&got have, in practice, ideal point, line or planar
v ° -

energy sources which produce perfectly spherical cylindrical or planar
4+

e ST g ——

s W

blast waves. The following example best illustrates this aspect of N

the problﬁm. Collins (25), in his experimentson direct initiatioh
with MAPP* mixtures, employs the disc type of condensed explosive

ignitérs {(diameters ranging from 2.5:cm to 25 cm) at the‘centre of a

o container whose dimensions are 1.2 m x 1.2 m x 6 m. It is expetted
? that the initial shock wave formed from such an igniter (especiglly I
! with the larger diameters of the igniter) will be more planar than
S .
E spherical. -In the far field, however, the shock front will approach

3 a spherical geometry due to the unconfined nature of the surroundings.
The problem that now arises is how do we classify the geometry of
injtiation in these experiments. Apparently, if the mechanisms involved

in the initiation process are operative very near the source itself, the
* |

g

¢

- , i?itiation could be planar; if not, the geometry of initiation! could as
3 -,
E ' well be spherical. Collins arbitrarily presumes the initiatiop to be
] .

spherical. '

The problem of identifying the geometry of initiation is not ‘

- o

limited to the larger igniter sizes associated with condensed explosives.

o pep e 1 4

4 e
3 Detailed observations (22,80) of the shock waves formed during the very

-

Ve
A %

MAPP consists of a mixture of methyl acetylene, propane and
propadjene.

.f.

o

-
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early stages of energy release from a laser spark of submillimeter

°
-

size (v 100 p diameter) in a spherical container show it to be higﬁly
elliptical (almost approaching a cylindrical geometry), with a large

curvature in the direction of the focussing beam. It is, therefore,

possible that even with the almost point source laser experiments the

k]

initiation could correspond to a cylindricgl éeometry rather than a

spherical one. Similar problems also arise with electrical discﬁarges.
' t '

Thus it becimes difficult to recognize the geometry of initiation in

the existing experiments.

1

o

We can therefore infer. that the neglect of the nature of

energy deposition by the ignition source and the subsequent shock

e
.
»

dynamic phenomenon raise consider@ble ambiguities on the usefulness

of the previous experimentql investigations. For detonations in

cylindrical diverging geometry .and planar geometry, another factor,
viz., the confining walls, could influence the critical energy for
direct initiation. No efforts have thus far been made to recognise

the role of the confining walls on the initiation process in these

geometries, The common practice- has been to choose the dimensions *
: .

of the explosion vessel (diameter of the tube or the width of the
1

cylindrical chambe£3 to be greater than the characteristic size éf the
’ #
' 4 v
detonation structure (cell size) with the hope that the wall influences

But the experiments of Brossard
|
and Niollet (8l), and Matsui and Lee (27) spow the influence of walls
. . y . \
' + *
N4

on initiation would then be small.

¢
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(\ S . on the initiation energy in the cylindrical geometry to be considerable. )
. N - . |
* - .

’ .~ An analysis of the early experimental results of Zel'dovich (29) in '

o - ; (‘.
AN tubes also demonstrates the wall influence to be considerable.

’

1
{
H
1
3

- N f
I%‘ the choice of the dimensions of the explosion chamber were

© N

&
to be arbitrary, then the experiments in the different explosion
|

. »
chambers could lead to varying results depending on the degree of
. o

- 4 : . » ]
influence of the confinement, thus making thp,”:m].tiatlon experiment

4 unique for a particular cenfiguration. Researchers, in general, have &

o

not met with adequate success’ in solving the confinement effects on a
* stea&y,propagating detonation. Consequently, it cannot be predicted

4 .
off-hand how the walls of the explosion chamber could influence the

process of blast initiation. | ' *
. t

3 7 %
- This chapter deals essentially with the results of expériments

conducted to determine the influence of the igniter and explos}dn
@ -~ - ’ i
T chamber characteristics on the initiation process so as tp help evolve

S
i v

experimental conditions which would yield meaningful quant iv .

] results of a generalized nature for the~direct -initiation of detonations.
N} In view of the flexibility of control and the relative ease of monitoring .

the energy deposited in the gaseous mixture, the electrical spark was
chosen for the. igniter. Experiments were mainly conducted in cylins

©

drical and spherical geometries and direct- initiation”of detgnation was

- " inferred from velocity and pressure measurements. Details ofgthe
o * ’ . .
L \xperig\ents and methods emplayed"to sdetermine the critical energies are ;
3 -%'\ !
discussed in Appendices I and 1I. . F ¥ N

2 .

! ) ;

- ' ! Y
, : , ] & .




.{J‘\ ’ N /[

v * 4.2 Minimum Explosion Area h \wj

The area of the detonation front in planar and cylindrical

R T -

': detonations depends on the dimensions of-the detonation pré and the*\a

width of the cylindrical chémber respecfively. If the source ene@gy

P

'necessafy for direct initiation were to be a unique property of the

5

R

N

4

car

explosive gas mixture ‘alone without being influenced by the confining
walls, then the sourae enexgy per unit width of the cylindrical,

o [ M - °
chamber in the cylindribal geometry and the energy per unit area of

the tube in the planar géometry must be a constant for a particular

< .

: - gas mixture regardless of the width of the cylindrical chamber or the

ot ‘ difameter of the tube. ' . '

ey

~ o

To simulate the influence of confinement a series of experi-
ments were performed in the cflindrical geometry with the height of -

b . s B ]
the‘cylindriéal chamber varying between 172 cm to 5 cm. ~Different
.. N .
- gas mixtures ranging from thg highly detonable acetylene oxygen mixtufe
. N ’

to the relaiively less detonable Hp-0p; mixture at substmospheric
L a

A -
v
N

1 N pressures were employed.

¢ ’”

Figure 24 shows a\plot of the energy per unit height of the

3

cylindrical chamber (jo;les/cm) versus the he%ght'bf the chafber (1)

ﬁor the differeﬁt e;plos?ye gas mixtu;es. Thg characterfistic tr?nsverse
« wave spaciﬁg (s) for éhese particilar mixtures i;'also shown in the
¢ ‘ . figure. It is obvious that the value of Es/l is considerably
Vi . influenced by the widthuof the chamber, the influence becoming aggravated
as the wcell size of detohation, S, ihcreases. A tendency for, Es/l to \

- | ,
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" approach a constant value is seen when the height of the chafber
containg-about 7 to 14 detonation cells. - ' .

J
. T . ) , IR
: That the walls can exercise such a controlling influence
on the initiation process is rather surprising. zf The quencﬁing
s N o .
thickness for a detoration is known to be extremely small (10), (less
o . g -

°

In fact it is wé}l docunented that
stleady de"con"étions can be maintained in sub-millimeter size tubés (82)
and in a cylindrica].—“divefging’geo'metrf(‘“with an extremely small height
of the cylindricaln ch‘amber (13). "Consequently some doubt is likely
to arise as to whgith;r the observed deper)dgr:cea on gap J’.‘ength\’ ig'a

reflection of the characteristics of the spark dis‘éharge itBelf.
- o N

5 ‘

°

In order to verify that the trend in the results is not due
' | -
to the ene)rgy transfer characteristics.of the spark dischargg itself,

N

the overpressure of an unreactive blast waver at fixed distances frdm
« bl I
R T4 R
the spark was measured by monitoring the reflected shock pressure for

different heights of the chamber.
- . 5 R o
pressures at a fixed value of E/1 for the different widths, 1, were

' , L Loy T &

about’ the same (Fig. 24a). It can therefore be inferred that the ‘
- %

' )

a

eherg\y depositigﬁ acharacteristics are not responsible for ‘the obgerved
) (

{ ‘ ‘ .o N\ ’
trend in the results, . ' d

¢

L { "
Begides, the experiment of Brossard and Niollet (8l) also

L
AN

confirms the observed influence of confinement, 3;fnitiation. Brossard

]

- and Niollet conducted an investigation of the transfer of energy from

2

an éxpleding wire to a detonating gas iry circular - sectored discs of

N N .

p— .

It.was Qbserved that the measured *

;
i
{
.
i
i
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* 2
height 2, 6, 14 and 25 mm, ° Theb"'gas mixture used was stoichiometric
. R ]

ok e e
’

L) propane oxygen at a pressure of one atmosphere. They‘{:eported the

= ’

=Y

: . energy for direct initiation in terms of the stored energy in the oy

3 IR

capacitor for the different heights of the sectored disc. As .

me'ntionqd in' the introduction te this chapter, the stored energy f&"
e ¢ « ¢ !

c ) ‘not a meaningful quantitative parameter because it fails to take into-
g g v L] ‘~ i *

- @
w} " account the losses in the 'switch and circuit connections and also ignores \

[y

. s |
the fraction of the tal energy geposited in the explosive gad that
. : N ~ ’
T
. actually-contribut to the formation of a detonation. Nevertheless, -4

<
- a
» 1

’ the stored energy meagsuré‘meﬁts of Brossard and Niollet can be expected
N ’ , '
to indicate the trénd in the criticallenergy for the different heights

.

of the chamber., T'heir results ara replptteau;i.n Figure 25'in terms of.

A - . 7’ R N " 7
, stored enexrqgy per unit chamlger heiBht. The tendency -for E/1 to be
LY ~ : » 4 Y
a constant is observed for A greater than about 7 mm. - e 7 -
. . j ' )

&

v ‘ - i . .

‘!The tz'ansvgrse wave spacing for the one atmosphere stoichio-

met}:ic propane oxygen smixture has been _deduced to be about 1/2 mm. by
. 1] i

’ PR ° % t L4
S - s E;dwgrds (33) on the basis of spin frequency measyrements. K.We- ,
VR K &30 -, s
o AL
N fhegﬂ:efore ‘'see that even in Brossard’ d-Niollet's expaériments E/1 .
\ \ j" . ) . ¢ , -
S o "y reaghes a constant value when the chamber width contains about 14 cells -
| . ; . e - - , . , o o .
of de/tonation. .o - a
L) - ~ N ® *
' * - . N . o ' 4 ‘- A - v N T . .
. S The Table, given below, compares the height of the chamber ' ‘
- . ST s rooN '
= at which E/lp tends to be ‘a constant ‘(we shall gcall this l}). with the ° ;
i P . gr- \ "’ . - ¢ \ N
< N B . \ ‘ v - . “ " va ) ¥
~ e T ‘ ﬁransyers‘e wave spacing,' S, for the different gas mixturle. . , {
- B T ‘ . . T e T L2 | Y

. ‘ ° v LN ' . ‘,r .
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. 1+

. o Ghs mixture 1* (cm) S (cm) n= - . )
’ v 300 torr 2 CyHy + 5 Op 1. 07 ., 14
3 - (a)
N 100 torr 2 CyHy + 5 Oy 1.5 .23 7

80 torr 2 CyHpy + 5 0, + 6 Ar 2.5 * .45 6

$

' &

80 torr 2 CaHy + 50y + 6 He 3.5 ! 7 5

380 torr 2 “@ + Oy - 3 .25 12

1 atm C3Hg ?%O; .7 .05 14

< ,

(a) Result of Matsui and Lee

Result from Brossard and Niollet

Lol S o

A few experiments conducted in the planar geometry in.

circular tubes also reveal that the source energy per unit cross-

sectional areca (ES/A) tends to .a constant value when the diameter of

the tube contains about ten characteristic cells of detonations.

Figure 26 shows the values of ES/A plotted as a function,of the tube

{
diameter ¢ for a 100 torr 2 Hy + 02 and a 40 torr 2 CpHy; + 5 Oy mixture.

e e ST FTYIE

For the 40 torr oxyacetylene mixture, ES/A reaches a constant value for

! a tube diameter around 6 cm. The transverse wave\spacing S is about
0.55 cm for this mixture so that the rapio of this limiting tube -
diameter to the transverse wave spacing is about 11l. For the 100 torr

AN

oxyhydrogen mixturc, whose transverse wave spacing is about 1 cm, ES/A

tends to reach a constant value when the tube diameter is about 8 cm.

A

X /}
'




¥

P i i

.

oo

80

These experiments in cylindrical and planar geometries

) .

indicate that E/1 and E/A reach unique values independent of the
dimensions of the explosion chamber when an adequate explosion a;ea
containing about 7 to 14 characteristic cells of detonatiop across it
is formed. If the dimensions of the explosion chamber allow the
formation of a smaller explosion‘front. the confinement bﬁg}ng to
influence the initiation process and larger magnitudes of source ‘energy
are required.

!

Op the basis of the detonation kernel theory a qualitatiQe
analysis reveals that the source energy must be able tg.form an adeqﬁate
explosion area containing about 10 cells of.detonation even in the
spher&cal unconfined geometry. This is seen as follows: It has been

shown that the ignition source in blast initiation must be capable of

forming a kernel of size R;. It is also known that the prepagation
Y

of a detonation is through a series of periodic initiations at the
intersection of the transverse waves so that the length of the ?etonation
cell must approximately correspond to R; (section 5.2.1). The
characteristic cell size of a detonation, S, is about 0.6 times the cell

lenqth (6). Hence the number of cells of detonation associated with the

detonation kernel is

2nR*
s

N
=

!
i
H
1
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4.3 PRole of a Minimum Explosion Area

It
4.3.1 Pregssure and Detonation Cell Measurements

It is instructive to determind why a minimum explosion ared'

o i ve s
containing about 10 cells of detonation across it is necessary in

e

order to overcome the adverse effects 'of the confinement on the initiation

process. In order to gain-some undefstanding of the process. it
seemed appropriate to examine the influence of different expldsion
areas ob the characteristics of a detonation. Hence pressure‘profiles
behind a detonation front and the characteristic detorlation cell sizes
were monitored for various heights of the cylindrical chamber. The
energy released by the spark was adjusted‘tz be equal 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 walls of the chamber,
was placed at a digtance of 17.5 cm. from the fznition source., _

Figure 27 shows the pfessure préfiles obtained for a
stoichiometric h;drogen-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 smaller! chamber width there ié

'

kY

observed to be a considerable overshoot in pressure in excess of the

2

CJ pressure aé the detonation front. The classical Jouguet, Taylor, -
Zel'dovich (JTZ) theory is seen to predict the pressure profiles

fairly well though there is a clear terdency for the pressure downstream

=]

»

i
i
i

1
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of the detonation front to be lower with smaller heights of the *\ -

o

N . '
Edwards (83), on the basis of éxperiments in tubes of

=

chamber.+
diameters 1.6, 3.8, 5 Pnd 10 cms., , alsb found a decrease in pressure
MQﬂ/fég)downstream of the detonation fFont for smaller giameters of the
tube. ‘
| 13
Smoked spictures showigg the characteristic detonation cells
for an 80 toxr stoichiometric acetylene oxygen mixture diluted with 46%
helium are given in Figure 28 for the case of the cylindrical ehamber

o ’ 4 .3
The assortment of continually 3

with different heights of the chamber.
varying sizes makes it difficult to specify a unique trahsverse wave
spacing from these records. However, the trend for an increased

wave spacing ‘with smaller chamber heights is clearly evident. - For

larger chamber heights the cell structure is seen to approach that ~
determined in a tube having a diameter of 25 mm. Pressure profiles
behind a detonation front FTorresponding to these structures are also

included in the figure.

The tendency towards larger cell sizes with the corresponding

overshoot in frontal pressures (von Neumann sbiké) ip sﬁé@estive of the
approach to a marginal detonation (84). It is relevant to note that
increases in cell sizes have also been observed with steady' detonations
in tubes and the common belief has been one that the tube will influence

-

» .. ]
t The determination of pressure profile using the JTZ theory Q
is given in Appendix V.
1
- -




'in terms of friction and heat transfer o the walls of the chamber. A

the cell size only if its diameter is less than the cell spaéing (85). ' .

Howeve}, a closer look at the already existing data-obtained for cell

sizes in tubes of different diameters reveals that the cells begin /

to grow even when the tube contains about 7 to 10 cells of detonation,

As an example, Fiqﬁre 29 shows the>dépendence of cell/;ize on tube

diameter for a stoichiometric H;-0; mixture at a pré:;ure of 130 torr,
We are therefore led to conclude that the cell size of a
detonation and the pressure profile behind a front are also affected

The pressure profile “approaches that given the

i

by the confinement.
JTZ theory and the cell size also approaches a constant value as the .
. - N

initiation enexrgy per unit length or area tends to a constant value.

The confinement then contains 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 L .

-
1

considerable amount of work in the fifties has attempted to explain >
the characteristics of a steadily propagating detonation in tubes in
A critical

|/ '
survey of these works should help us decide whether we should-pursue in

terms of friction and heat transfer at the boundary layer.

thig direction to interprei the observed experimental behaviour.

Kistiakowsky et al, (86), Peek and Thrap (B#),, and Guenoche

and Manson (88) have shown that the velocity of a detonation is reduced

0
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due to the presence of wallg of the tube and that the reduction in

velocity depends on the tube diameter and the fnitial pressube of the

explosive gas mixture. Fay (89) in 1959 developed a phenomenologig:al
explanat% in terms of the friction logses in the boundary 1a§er. He

ik i '
used the classical -one-dimensional ZDN mcgdel of a det:onation+ and .
showed that the momentum loss a't the boundary layer resulted in the -
divergence of the floy behind the shock front (negative displacement
thickness). He was able to obtain reasonable estimates of the

ey -

velocity deficit and also recover the experimentally observed dependence

of the deficit on tube diameter and initial press'ure of the gas mixture. -
More recent],x Dove et al., (8) employed this one-dimensional friction loss .

model with the detailed kinetics of the chemical reactions to predicg

I3

velocity deficits. They also recover tﬁ; experimen’tally observed trends -
though their numerical predictions are a gross underestimate.

The detonation velocity is pr?%tj’onal to the 'squarg-root
of the negative slope of the Rayleigh line joining the initial state -
with the final state in the Hugoniot curve. Hence relativeh‘( large

changes in the location of the final state will only produce second

order changes in detonation velocity making the latter a relatively in-

sensitive parameter. It is therefore rather dangerous to accept a

- &
theory on the basis that it recovers the experimentally observed trend -
.1.

The ZDN model of a detonation, named after the originators of the '
model, viz., Zel'dovich, D8ring and von Netumann, treats a detonation

as an unreactive shock followed by a zone of chemical reactions
culminating in a sonic CJ plane.

o~ ' 2
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The effect on more sensitive
k)

in the insensitive velocity parameter.

Y

parameters such as pressure or density must be ascertained. Edwards’
[

o ¢
.{90), on the basis of pressure profile measurements in tules, showed
/

that Fay's boundéry layer friction model gives a gross ove;estimate
! N
for the effect of tube diameterq“on the pressure profile.

'

N\,
The role of‘heat lossés, on the other hand,- has been considé;éé

f
by E&var%% et al., (91).

v

Using an experimentally determined skin

friction coefficjient on the(@agis of Reynolds analogy, they demonstrated
B f |

, ~that a one-diménsional the?fy based on heat loss to the walls in the

“

expansion region behind tHe detonatioq front gives reasonable agreement
with the observed press?fe profile in a 1.6 cm diameter tube, The
heat loss nmasuremenﬁsgwere in agreement with the' theoretical estimates

of Sichel and bavid (62). Again, Strehlow (93) reported that the

heat léss theory gives good prediction for pressure profiles in a
\‘I/ .
marginal detonatich when an arbitrary value of skin friction coefficient,
&

25% less than th?t of Edwards', is usged. The heat loss theory is,
| . /
however, unablepto qxplain the relative ineffectiveness of the walls

. ’
in influencing the pressure profile for the larger diameters of the tube.

' —

It is also well-known that the one-~dimensional lossless

«

theories predict pressures and densities very well for overdriven .

v

2 -
detonations but yield considerable errors for self-sustained detonations

.

(94). .. A radical change in the loss mechanisms'cannot be expected

)
to be/operative betwcen the self-sustained and overdriven regimes. The
4

/ . ¢ .
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one-dimensiQpal loss theories qare;:bviously useful as engineering
i L4
models in that they yield some quantitative predictions. But their

| .
limited validity and the, by now, well-established three-dimensional
character of a detonation suggest that a more appro;iriate explanation
for the confinement effect should arise from the interaction of the

i

walls with the self—sustaigning character of a detonaﬁion wave,
B

s o

4.3.3 ) Influence of Wave Interactions

We shall attexﬁpt a qualitative explanation of the confinement
J

effect in terms of the self-sustaining character of the detonation wave.

It is well-understood tifat a detonation has a strong three-dimensional

chaygacter with transverse shock waves propagating laterally along the

"detonation from:.+ The transverse waves in a steady propagating

detonation derive their strength from the chemical reactions occurring
behind them (95,98). ’ ‘,

A de;:rease in the rate of chemical reactions adjacent to the
walls due to the cooling of the gases or loss of chain carriers° to the
walls would lead to a weakening of the strength of those tranlsverse
waves immediately near the wall, The strength of the Mach stem

shock generated from the intersection of such a weakened transverse

wave would be less than what it would have been in the absence of any

A2l

1

attenuation in the strength of the ca\isgl trjiverse shocks.

* Details of the wave interaction procest.and the terminoiogy used
to describe the different shock waves are given in section 5.2.1 of
Chapter 5. . ’

® s
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. |
Barthel (97), from his work with isolated Mach stems, has
P N . .
shown that the explosive release of ‘energy behind the newly formed

Mach stem shock could lead to eikhéﬁ an augmentation in the strength
of the transverse waves or a decrease in their Btrength depending oh
the indué&xon 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 up with the lead shock. He demonstrated

that the strengfh of a transverse shock is increased if the interaction
x
'f

between the ﬁressure pulse and the lead shock occurs when the latter
s N o

is still a Mach stem §§ock while a decrease in the strength of the

transverse wave takeéiplace if the pressure pulge is gso delayed that
~
it meets the lead shock when it has already become an incidert shock

K} \ '
wave. ' Nt { .
\ A

3 i .
The reduction in the strength of the initial Mach stem shock,

consequent to theiwall effect, results in a longer induction time so

b

that the pressure pulse generated from the explosive energy release
behind the initial Mach stem shock is now generated later in the process.

If the increase in the induction time is such\that the pressure pulse

! 4

reaches the lead shock wave when it has already become an incident
shock, then in qccord with Barthel's theory, the strength of the trans-

.

verse shock further decreases, Such a process leads to the failure

\ ’
of the t;ansveése wave and a cell of detonation, as such, near the;
wall, However, local ignition si&e;\may be pioduced after the trans«
verse wave has alwost disappeared and interactiog of the waves from

these ignition poznts could lead to the formation of new transverse

waves later in the process (4). -

Pt

.
e
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.acoustics of the explosion chamber. The acoustical vibrations, in

N 88

The transverse pressure oscillations in the wake of the

-

detonation caused by the transverse waves tend to couple with the

L4

3

turn, t‘é’nd to even out the lateral distribution of the transverse
- ‘ )
waves, Consequently, if the detonation consists of a few number
lof cells (&nd if one or two of these cells were_to disappear,- say due
R N . »

to the wall effect, the tendency to ‘even out the transverse wave ,

distribution would lead to a conspicuous increase in the average size
of a cell. On the other hand, when the front consists of a large ”
number <;f cells the influence ’would be minimal.

The cumulatiL/e decreagse in the strength of the transverse
shock waves will also cause chemical reac::ions to :)ccl.xr further down
*the tail of the transverse w;wes (since the induction time is now
longer) so that the von Neumann spike now becomes more distinct.
With\' the chemical energy released latizer\ in the process, the effective
chemical energy a\;ailable for dr\iving the shock front decreases. It
will, théﬂzfo,re, be necessary flor the source enexgy to 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 marké& increase in

the pressure spike with a rediuced number of cells in the detomation

4
front can be’ explained.

The difficulties in matf\ematically describing the Barthel

theory along with the complexities associated with the voupling of the

Y

|
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! t
transverse waves with chemical reactions make a quantitative

estimation rather difficult. X Fujiwara recently reported some
e;xéeriments in tubes with catalytic wali surfaces (98) wherein gas
phase reactions adjacent to the wall are retarded in preference to
surface reactions at the walls. The 'large decrease of the detonation

< T

velocity in these experiments also point towards the likelihood of an

1 \

" explanation fc‘ar the confinement effects in terms of weakening of the

transverse waves adjacent ’to the wall, Further work needs to be done
in this area to evolve a quantitative explanation. It is interesting
to note that even in the detonation diffraction experiments, the failure

of the detonation occurs when the smaller tube contains about ten cells'

‘
’ v

of detonation (99). The hydrodynamic thickness of a'detonat.ion also

. .
contains about the same numberlof cells of detonation (34,100).

4, 4/Geometry of Initiation '

' In practice it is impossible to have .id‘eal sources of energy,
e.g., a point, a line or a planar source. Consequently it is not
likely that a perféctly spherical, cylindrical or planar shocki wave
can originate from these ignition somlxrces. During the early phase
of shock travel, the shock motion is considlerably influenced by tr;e

characteristics of the energy source whilst with a longer distance of

travel the shock wave tends to adjust to the cohstraints impoged by the

f

&
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confining chamber. In this section, the results of experiments °

ca:rried out to.evolve a criterion for identifying the geometry of
initiation is discussed, These experiments essentially follow up
the work of Matsui and Lee (27) to a wider range of conditions.
Matsui and Lee report on exper@x;\‘ents conductl:ed to determine
the influence of different electrode configurations on the initiation
of spherical detonations. Linear electrical sparks with var};ing

distance between the electrodes Ll)' were used in their experiments.

On the basis of the results obtained by them for a stoichiometric oxy-

- acetylene mixture at an initial pressure of 100 torr, it is seen that

the explosion length R°+ (Ro = (Es/po) 1/—]+1) can be used to identify
whether the geometry of initiation is cylindrical or spherical for this
particular mixture.' When Ro is less than the length of the electrical
spark_f, the geometry of initiation is seen to be cylindrical.whilst for
‘ i

R, >/ the geometry of initiation is spherical.

The experiments of Matsui and Lee were extended to stoichio-
me'g.ric mixtures of acetylene and oxygen at pressure of 300 torr, 200 torr
and 80 torr with 46% of argon. Experiments were done in a spherical

geometry with flat 1/8" brass electrodes at different electrode spacings

(Appendix I). Figures 30 and 31 show the critical energy in joules
N
and joules/cm for the various electrode gaps_f Also included in

)

the figures are the results of Matsui and Lee for the 100 torr oxXy=~

acety/lenc mixture,
hatn definition of explosi,on length is slightly different from
that of

atsui and Lee in that the factor ykj in the denominator,
is deleted. ' . -

P

ok,
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For. the 200 torr mixture the critical ecnergy Es(’is seen”

PRV S S

; n ’
to be constant around 0.05 joules for electrode spacing up to 1.4 cm

1
4
[

indicating a spherical detonation. Thereafter for larget gaps, E_ is
obseArved to increase with _fsugqesting the approach to a cylindrical

initiation with Es/__[’ tending to be 'a constant. The value of Ry .

-

calculateéd on the basis of spherical initiation with E, = 0.05 joule
- R .
is 1.23 cm and is 1.3 cm on the basis of the asymptotic cylindrical

value, of 0.047 j/cm.

1

For the 80 torr acetylene oxygen mixture with argon dilution

o

the initiation energy is observed to be steady up to a gap size of 4.5 cm.
It was not possible to conduct experiments for larger electrode spacings )

because of the erratic nature of the spark discharge. ° The initiation

N *

is seen to conform to a spherical mode for the range Of electrode

spacings employed. The value of R )is seen to be about 7 cm.

> gy

With the acetylene-oxygen mixture at a pressure of 3,00' torr

a

the initiation energy monotonically increases with the electrode spacings.

indicating the difficulty of achieving a spherical initiation.k The Ro

calculated on the basis of cylindrical symmetry is 0.8 cm.
In view of the errors involved in evaluating the smaller

resistances associated with spark gap lengths less than 1/2 cm, and the

\
v

erratic nature of breakdown for gaps l;arger than 5 em., it was not
»

possibile ‘to extend the results to mixtures with Ro varying by orders of

0

magnitudae. The limited results of Figures 30 and 31, however, confirm

o N ]
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the hypothesis that with a linear electric spark of length_[?in an

unconfinéd medium, initiation is spherical if R > /7 and cylindrical

if R <J. ’
The physical interpretation for the above experimental findings,
viz., that the geometry of initiation can be characterized by Rb‘ is as
follows: For a given value of source energy the blast wave has a
stronger force and a relatively:longer 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
sa;e digtance of travel. The explosion length Ro' therefore, is a
relative measure qf how far away from the source a gpecified shock
strength can be maintained - the larger the Rb' the™ greater is‘the
distance at which the source can support a strong shock wave. The
region of influence of the sourceJCOnfiguratién, on the other hand,

depends on the size of the souree., Hence it is to be expected that

foxr large values of Ro compared to the characteristic source demension L,
A3

the igniter source configuration will exert a much lesser influence on
shock motion than when R, < L.

From the detonation kernel theory, thé condition for direct
initiation is seen to be the formation of a sufficiently strong shock
wave (M;) at a sufficient distance (R;) from the ignition source., If

the source energy in the critical energy experiments is such that

Ro > L, then the influence of the source characteristics on the shock
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®
configuration when the Mach number has decayed to about Ms will be
much less than if Ro < L. Hence the value of Rb in relation to -
charactqristic source dimensdion L can be used to 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 electrical spark approximating more or less to a line source
of energy, and thus the observed trend was towards a cylindrical
initiation with small values of Rg. If an almost planar source of
energy were used, such as the disc type of igniter used by Collins (25),
then with Rb less than the bharacteriséic dimension of this igniter
(say, diameter of the disc D) the initiation should be expected to be

I

planar. For Ro > D, the geometry of initiation wduld be spherical.
7

We have so far restricted our discussions to an unconfined

.

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 cylindrical

geometries -respectively. The initiation geometries in these confine-

1
t

ments should be expected to conform to a planar and cylindrical geometry
only if Ro is greater than characteristic dimensions of the ignition
source used unless a planar or line source of energy is employed.

" It was also seen in section 4.2 that, a ‘minimum explosion

area containing about 10 cells of detonations is necessary to overcome

~
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the adverse effects of confinement on the initiation process. Hence
the criterion to achieve meaningful results for planar and cylindrical
initiations in tﬁbeg and cylindrical containers is

4

R > L, ... )
o] ignition source

¢ , 1 >108

AN ( ¢ denotes diameter of the tube, and 1 the width of the
| ¢ “ i

cylindrical chamber).

An upper ceiling to the diameter of the tube and the width
of the tylindrical 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

“4.5.1 Duration of Energy Release °

In section 2.2 of C%apter 2 we saw that the source energy for
blast initiation could change by orders of magnitude as the duration of
the energy release increased. For exéhple, in a cyiindrical geometry
with 2 CoHy + 5 05 at %00 torr, E_ increases from about 0.1 J/cm té
about 10 J/cm as the energy release timedis increased from 1 us to 10 ps
whilst for a mixture of 2 H, + 0; at half-atmogphere Es increases from

\
s

3 J/cm to 40 J/cm with an increase in time from 3 us to 10 us (Fig. 1).
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} ( ; For energy release periods less than a microsecond for the 100 torr

oxyacetylene mixture and 3 us for the half-atmosphere oxyhydrogen mixture,

Es is seen to have a constant value. These results were obtained

with damped oscillatory electrical discha}ges for which the time history

-

of energy release is given by - (see Appendix II) e
IgRs N w -2at ; ~-2at , 2a 2
% = Zﬁﬁbﬁ' ;(ke - e (I-ﬁmwt+smmm) 5.1

[

It is shown in Append%§ II that the effective energy'driving
a detonation from a damped electrical discharge, is released during the
early period of the discharge itself (energy released till about the
first quarter cycle of dischaége). For tﬁese small times the energy

can be shown to have a cubi¢ dependence on time, viz.

I(Z)RS wz K]
Es ~ ——--3-3-—- t3 " + 5.2
\ ) .

1

For other energy sources, such as las;r sparks, solid
explosive detonatoré; etc., the time history of the energy release is
expected to be d}fferent and it is not %ertain whetﬁer the minimum
energy redquirement will also corre§po?d to those values ogthined by

-

the electrical discharge. Experiments with laser spark show that




! -~
<‘§ the minimum energy requirement agrees very well with the results‘

obtained with the short duration electrigal spark (e.g., with
spherical symmetry, the energy obtained for the initiation of a detona-
tion in a'100 torr oxyacetylene mixture is 0.3 joule with a laser spark
(15) as well as with a linear eléctricalfdischarge (Fig. 30)). This
indic;tes that the time history of energy release does ?ot really

; influence the magnitude of the initiation erergy provided that the

¢

duration of the enexgy release is sufficiently short. It is necessary
that the injtiation 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 classes of problems such as the initiation of

% flame or a dust explosion wherein the governing mechanism is one of

directly igniting the mixture rather than produttion of a shock wave ",

.
-~

which subséquéntly ignites the mixture, a longer duration spark is more

effective. _This aspect of the problem has been demonstrated by Eckhoff

-

and Enstad (101) and by Balal (102).

<

: 4.5.2 Igniter Configurations

On the basis of the discussions of section 4.4 it is noted ,

that the configurations of the ignition source will influence the
I

detonation initiation process only if the explosion length Rb is less

; than the chaXacteristic dimensions of the igniter. In other words, the .
7 .
! 1 3:" B
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energy for blast initiation should be independent of the configurations /

. I
o? the energy source provided Rb > Lignition source. \ /

Some 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 R - :Se results, shown in Table I, indicate the S

insensitivity of the initiafion energy to the configurations of the ignition

source.

Epe experiments of Matsui and Lee (27) with pointed, blunt

%
and spherically capped electrodes also demongtrate the configurations

® -

of the source to have little influence on initiation energies when the ! ‘ {

explosion length Rb of the source is much larger than the characteristic

/

dimensions of the igniter. v

4.6, Equivalence of Ro in Different Geometries in Blast Initiation o

The duty of the energy s;hrce in the blast initiation of,

detonations has been shown to involve the formation of a sufficiently
strong shock at a certain distance“R; from the ignition source. Since '

the initial shock motion is deominated by the energy released from the

o

ignition source, and since"Self similar"blast waves are generated at

identical scaled distances (distance scaled with regpect. to Rb)' R.o
appears to be a bertinent parameter by which We could also characterize

the iritiation process. As discusaqd in section 4.4 the diminished
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influence of the source energy in forming a shock wave oOf a certain

1

gstrength at some fixed distance from the energy source is also con-

tained in the parameter Ro' In the following, therefore, we shall
{

’ - ; .
investigate the behaviour of the parameter Rb in direct inFtiation in

the different geometries.

4
1

We first note that from Eq. 8.3 of Chapter 3 we can express

the explosion length Rb corresponding to the critical source energy for

direct initiation as

V

¥
\
2 . \
{ Ty kMt ]1/3+1 o
R " 434 72-1)
[o}

* A
) ___L___d(MS) \
. 1 [ M, ]2 (3+1)y,
. 1 -93 L

The value of M; is typically around 4 for most explosive -

gas mixlures. The Chapman—Joﬁguet mach number MCS varies between
8-to 5, depending on the particular fuel-air or f;g}-oxygen mixture
used. Taking a mean value of vy of 1,35, the value of RO/d(M;) for a
an M

|
g of 8, 7, 6 and 5 in the spherical,cylindrical and planar geometries

) «
is given in the following table. /

S
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*
- R /a(M)
A Spherical Cylindrical —Flanar
. 8 23 \ 22 ’ 19
‘ 7 26 , 24 "2l |
6 - 31 g 29 25
\ 5 40 38\ | 32

From this table we note that the value of Rb/d(M;) is fairly’

constant in the different geometries for a given value of MCJ. We

A3

had also seen that at Ms N:M; the shock motion.is quasi-steady and
that the flow gradients behiné the shock1can be neglected upder the
cf;tical conditions of initiation (Ch.3, sec. 3.5.4). Hence d(M;)
. for a given ‘explosive mixture at certain initial conditions of l,
temperature and pressure must be the same in the three geometries.
We can therefore hypothesize that the value of Ro corresponding to the
critical energy for direct'ihitiation of a given explosive gas mixture
must be the same in the planar, cylindrical-and spherical geometries.
N The value of R obtained from the experiments in cylindrical.
and spherical initiation (Fig. 24 and 30) when the confinement does
not influence the initiation process{is shown in the following table,
The valke of ﬁo is seen to have almost the same Jalue in the

& cylindrical and spherical éedmetry for each of. the explosive gas

mixtures used. !
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Gas mixtu ; with R with
as m r spherical initiatioh cylindrgcal initiation
em : cm
100 torr 2C2H)+507 2.8 3
200, torr 2CyHp+502 1.23 1.3
300 torr 2CyHp+50; " 0.83 - 0.82 @
¢ R ‘
80 torr 2CHp+507+6 Ar N 7 7.4
380 torr 2H»+02 6.41. - ) 7.4
B0O torr 2H,+0; 7.2 . 6.9
. (Zel'dovich [29]) {extrapglated) J

_ Zel'dovich (29) an E/A of 0.8 J/cm’ for the BOO tagg 2H+0; mixture.

° /
.

The initiation energy for the spherical detonatibn of the

380 torr stoichiometric ﬁ&drogen-oxygen mixture is inferred from the

critical tube diameter necessary to re-establish detonations in the 5
detonation diffraction exper{mgnts.“ It is aésqmed that the initiation B

s

energy in this case corresponds to the compression work done by the

unattenuated portion of the detonation as it expands into the larger °
) |
.volume (28). - .

+ In the planar geometry we obtaih from the results of .

»

_This gives a R& of 7.5 cm. ?9;5 value of Rb agrees very well with

°

the value of 7.2 cm obtained in spherical symmetfy and a value of 6.9 cm

& I,\
in the cylindrical symmetry given in the above table. For a 40 torr

v

¥ Deduced on the basis of diffraé;ion experiment of Matsui (103).

~
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2CoH,+507 mixture, we get for plana;'in{tiation an ES/A of about
0.04fh/pm2 (Fig. 26) which gives R to be 7.5 cm. This compares
with the value of Ro of 7.2 cm calculated on the basis of cylindrical
initiation (28) for which Es/l is about 0.28 J/cm.
gicholls (24) and Collins (25) repQ experiments on the
initiation of MAPP-air mixtures in cylindrical and spherical geometries
respectively.: ‘Nicholls obtained an initia%ion energy of 3100 J/cm

for the stoichiometric MAPP-air mixture in the cylindrical geometry
™~
which corresponds to an Ro of 175 cm. Collins, from the bag tests,

obtained an initiatien energy of 19 Kcals which corresponds to an Rb

N v

of 92 cm. The difference in the value of Ro for these two geometries

v
.

is understandable since in Nicholls' experiments the geometry is not’

purely cylindrical.\ He uses a sectored disc whose width is about

5 cm and whosc height varies from 2.5 cm to about 28 cm over a distance
of 70 cm. The characteristic transverse wave spacing for this mixture

»

. is expected to be comparable with the width of the chamber so that the

experimentally measured value of Es/l is bound to be much larger due

t

to the effect of .the confinement (section 4.2)./ "Consequently, the

~

higher valuc of Ro in Nicholls' experiments is to be anticipated. -
f

With experiments conducted under proper conditions so as to yield results

independent of the confinement and source energy characteristids, the

S

value of Rb,will remain the same in the different geometries for a .

.given explosive gas mixture. -

%
[}

f i
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CHAPTER 5

PROPAGA'I:ION AND LIMIT BEHAVIOUR OF DETONATIONS

5.1 1Introduction /
—————n— .

v

The initiation, propagation and limit characteristics of a

’ t

detonation are closely related. Experiments show that a detonatjon ]

wﬁve, which appeais to be globally steady and to éropaggée at a
veiocity given by the classical one-dimensional Chapmaﬁ-qouguet theory,
is aqtuaily highly nonsteady and three-dimensional. It seems that a
detonation wave proceeds through a series of localized and periodic
self-initiation processes. An inability of the explosive gas \
nixture ko generate the necessary conditions forhthe formation of such
localized points qf initiation or driving is known to result in the
incapability of the mixture tc suppgrt a detonation wave, and thereby

t

leads to the existence of the limits of detonability. In view of the

o

basic similarities of the initiation, propagation and limit behavio

it appears worthwhilg‘to evolve a unified stg?y of these three basic
‘features of a detonation. Such ‘an dttempt is made in this chapter.
Detailed mechanisms of the propagation and limit characteristics are
discﬁssed and their theoretiéal modelling in,terﬁs of the initiation

problem is considered.' Quantitative prediction of these characteris-’

tics using the phenomenological theory of initiation‘based on the
”

‘detonation kernel concept is explored.

— -

a
i
i
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'motion\of the transverse shock waves in the wake of the incident and

) 103

5.2 . Propadation Characteristics of a Detonation

5.2.1 Modelling of the' Propagation in Terms of Local

Periodic Ipitig}ions
- / [
Figure 32 shows a schematic 2-d representation of the system

of interacting shock'waves in a detonation front. M, I and T represent
the Mach stem shock, the incident sﬁock and the transverse (or reflected)
shock respectively. The interaction pattern of these shock fronts
corresponds to a Mach type of inteiaction or the tr{;le point inter-

action. The Mach stem shock is much stronger than the incident and

reflected‘shocks. The slipstream s, sﬂown in the figure by the thin
chain lines, separates Ehe gases processed by the Mach shock from the
gas processed by the incident and transverse shocks. Tha path of
the triple point, 0, is shown by\the broken lines.

The triple points on the detonation front trace out.a typical
'diamond—shaped pattern which is known as the fharacteristic Eell of a

detonation.: This characteristic shape arises out of the latéral

’ r

\ v
Mach stem shocks. The distance between the adjacent transverse shock

waves of the same family (viz., those moving in the same direction, i.e.
either‘upwards or downwards)’is spoken of as the characteristic transverse

wa&é spacing. 1t ig denoted by S in Figure 32. This charaqteristic

spacing has been shown to depend on the chemical ,and physical properties |

of the explosive gas mixture (104,105).\

o
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(i In general, the charactéristfb cells of a detonation are »
not identical to each other. Numero&s experiments ;f Strehlow and
his students with a variety bf reactive gas mixtures have revealed
that a regularly repeatable structure can only be obtained for certain
gas mixtures - hydrogen, acetylene or ethylene, when diluted with argon
or helium, Nevertheless, even when the cells in a detonation are not
perfectly repeatable, there is a tendancy for the majority of the. cells
in a self-sustained detonaﬁion to favour some average'cell size.

In Figure 32 it was presumed that the system of interacting
shoék fronts are two-dimensional. However, in practice, the detonation
front has a threc-dimensional character and we have transverse shock
waves propagating in a direction perpendicular to the transverse waves
shown and pgxpendicular to the direction of propagation as a whole,

For detcna%;ons propagating in rectangular tubes, this second set of
transverse waves is usually called "slapping" waves, Strehlow (6)

has shown 1hat these two séts of orthogonal transverse waves are decoupled
and do not\interéct with éach other. (They "wa}k" relative to each
other). The characteristic trénsvexse waveKSpacing and the strength of
the transverse waves have been observed to be the same both with and

!

without the presence of slapping waves in rectangulaf tubes. Hence

a study of the two-dimensional wave structure ghould suffice to describe
4 | ’ “o ‘ M

the basic propagation characteristic of a detonation,and in view of the

‘ -

4
simpliéity we shall illustrate the basic threce-dimensional non-steady L

character of a detonation through the planar model.

Sy W” N -




"The.shock front within a cell of detonation is commonly
termed the lead shock wave. Detailed experimental studies of the
propagation of the lead shock with%n the detonation cell (106,14)
show the lead shock to be initially overdriven at the beginning of the
cell (Ms v 1.8 MCJ to 1.2 MCJ) and to decay monotonically to a shock

Mach number corresponding to about the autoignition limit towards the

end of tﬁe cell (MS v 0,6 M to 0.8 M_). The zone of chemical

cy - c

reactions behind the lead shock wave has also been shown to decouple
from the shock towards the end of the cell.

The overall picture of ; detonation that can be reconstituted
on the basis of the above diécussions is as follows: The detonation
wave front consists of a number of wavelets which individually behave
like- decaying blast waves followed by pro;ressi;;ly lagging reaction

J

.zones. These decaying wavelets are periodically "energized" to an

overdrivep state at the start of the detonation cell. 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.
o
: e orientation of these wavelets (i.e.,, the lead shock within
the detonation cell) can be determined, as demonstrated by Strehlow (6),

by sprinkling sand grains over a smoked foil and allowing a detonation

to paés over it. The interaction of the detonation wavelets with

° ¥

the sand grain writes a "flag" whose axis denotes the direction

\
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perpendicular to 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 i; 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 intersection of the transverse waves.

Expériments in a diverging geometry, in which the area of the

detonation front continually increases with time, show that for a self-

ot e, |

’ sustained detonation an adequate number of the localized points of

n

driving must be continuously generated so as to maintain their number ;
density (number per unit area of the front). An inability to form

these points of driving of the detonation wavelets invariably results in
i
the failure of the detonation wave. Figure 34 is an open-shu%;er

o

T N e 8 I e e

phokograph of a cylindricai detonation which illustrates the self-

sustenance of the detonation when there is a continuous regeneration
of the points of driving and a failure of a déetonation when the
regeneration mechanism is absent.

On the basis of the above.we can infer that the propagation

of a detonation is through a series of local periodic "energization".

¥
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The precise reason as to why the propagation is through such a
manner of peri:)dic "energization" is 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 uns’t"eady nature of the wave should arise as a consequence
of this instability.®

Though the basic mechanisms responsible for the propagation -
behaviour are not known, it is cle;r that the propagation is through a
periodic energization of the decaying wavelets of a detonation at the
intersection oé the‘ transverse waves. This suggests that the propaga-
tion behaviour can be modelled as one involving continuous initiation,
the energy release associated with the intersection of the transverse
waves (during’ thé re-energization of the wave) being considered as the

o

initial release of the source en;rgy Es in the initiation process. This
is because the decaying motion of“the lead shock conforms to the.source
dominated shock motion in the initiation process, The conditions ’ "’/‘
existing ,at: the end of the detonation cell wherein the localized energy
release occurs is also very much akin to the conditions existing at the

formation of localized explosions just after the quasi-steady period of .

propagationwd{mig\g the re-establishment of the detonation in the critical

energy regime discussed in Chapter 2. It was seen that the formation L 2

of these localized explosions in the critical energy regime correspqonds

to the situation when the chemical energy release just begins to

i

dominate the shock motion (i.e, at the critical detonation kernel radius R;) .
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( L Conseguently, we can postulate the events occurring within a cell of
detonation to correspond to those taking place till the formation of
" a critical detonat;on kernel g; in the initiation process.

It is instructive to compare the energy reléased d&ring the
intersection of the transverse waves (triple points) with.the critical
value of the initiation energy. THe estimation of the energy released
in the interaction process is rather complicated in wiew .of the 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
® %e shall aésume the incident and transverse‘shocks to be stra;ght lines

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

N
line. Figure 35 shows a sketch of the interaction-pattern of the
triple points. The detonation cell exit angle and the cell entrance

angle are denoted by ¢ and ¢ respectively in the figure. The chemical
reactions occur fairly fast behind the Mach stem shock and after an

induction distance xind behind the relatively weaker incident shock.

We can crudely estimate the energy released in the'collison process by
assuming it to be equal to the energy released in the constant volume

combustion of the mass of gas contained in the induction zone behind

N <

the incident shock prior to the intersection.

o

Biller (108), and Strehlow and Biller (109) have shown that

. t . '
Ve the angles ¢ and ¢ are relatively constant around 70° and 28° respectively

provided we are not consideriﬁg*¥he case of marginal detonation. We

\

@
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had also said that the lead shock strength™towards the end of the

-~

cell corresponds to about the autoignition limit. Since the
induction time increases rather rapidly in this range there will be a

sizeable volume of wburnt gases at the end of the cell (shown shaded

\

in Fig. 36). Considering a unit depth of the cell we get the chemical

energy released due to the autoexplosiog of this end volume of the gas

after being doubly processed by the transverse shocks before and after

[ 4
their co?lison to be

F]

= 2 o : ‘
ET poQ Xind tan 35 joules/length 2.1
» o,

1
1

For a stoichiometric oxyacetylene mixture at an initial
pressure of 100 torg, we had seen in Chapter 3 that M; = 4,05 so that
. 4 ~N \

induction distance xind is about 1.3 mm. Taking a value of Q for

- J
the 100 torr mixture to be 4.14 x 106vJoules/Kg and the density Py to

N
be 0.163 Kg/m3, we get ET to be 0.008 Joules/cm.
In order to compare this value of energy with the cgitical
energy required to initiate a cylindrical detonation wave, we note that

the former in essence drives a wave in a sector of angle y (Fig. 35), so

that the equivalent energy associated with driving a complete cylindrical
\ 1
wave will be 0.008 x 360/V = .008 x 360/28 » 0.1 Joules/cm.  This

\

valug compares favourably with the critical injtiation energy of about

,’6.12 Joules/cm obtained from theory and experimen%s.
. - Iy
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5.2.2 ialculation of the Transverse Wave Spacing
|

We shall assume the lead shock wave, within the cell of

detonation, to propagate in a cylindrical symmetry. 6n the basis
of the discussi?ns in the previous section, we shall consider the
leggthﬁof a detonation cell to corresgond to the critical gize of a
detonation kernel Rg. i

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 propagétion

of the detonation wave (6) (if 8 be this average angie, then S = L tan 8).

Biller (108) .has experimentally determined the ratio S/L for the
hydrogen—9gygen mixture with dilution by various levels of argonl. Tve
values of é/L obtained by him are shown in Table II.

It is seen from Table II that the ratio of S/L varies randohly
about an average value by about ten percent for each stoichiometry.’ We
shall choose this average value to be 0,58 whic%@corresponds to an
average writing angle © of the, triple "point tréjectory of about 30°.
This value of\e has also been quoted by Strehlow (6). The traﬁsverse
wave spacing is therefore related to the detonation kernél radius R; by

Al
[

* .
§ =0.58 Rs 2.2
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From the critical size of the dctonation kernel R; computed

e v AP e o S~ e = = i

in section 3.9 of Chapter 3, the transverse wave spacing is obtained

sn SR

using Eq. 2.2, The results, over two orders of magnitude, are shown

i '

in Figure 36 for the 2 CyHy + 5 Oy, 2 Hy +0y and 2 H+ 0y + 17 Ar

Py 00

mixtures over a range of pressures.

2.3 Discussion of Results

v

In Figure 36 the experimental values of the spacing S
determined by Strehlow (105) and by Voitsekhovsky, Mitrofanov and
Topchian (85), are also included. The calculated spacings show ‘
good parallelism with the experimeptal results. The magnitude of
the calpulated results are, however, always invariably greater than
those :obtained from experiments. The discrepancy in t.he magnitude
is the smallest for the oxyhydrogen mixture diluted with 85% argon and .

is much greater for the undiluted mixt,}.\res (theoretical spacing is ' 3

about twice the experimental values in thé undiluted mixtures).

In the theory we had assumed the inte;'section of the triple
points to produce an energy release corresponding! to a line source.
Strehlow (6) has attemptéd to determine the effective cen'tre of the
lead shock within the cell of detonation by modelling the prop?gatiom
of this wavelet as an unreactive strong blast wave. He finds the
effective centre of Ehe blast to be locaged much before ;:he start’of‘\
a cell of detonation and a tendency for the distance between the

effective centre and the start of the detonation cell to i\ncrease with

' the decreasing dilution of the mixture. Lundstrom and Oppenheim (14)

i

v
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allso try to fit an unreactive blast wave trajectory for the lead shock
decay in a cell. 'I‘he;( lik.ewise»\find the effectiyve centre of the bl.last
wave to be upatream of the intersection point of the transverse wavss.
The geometry of propagation of the lead shock is also found by them to
correspond to. an intermediate situation between a c¢ylindrical and a
planar geometry. | . -

The over-prediction“ by the theoxry especially for the undiluted
mixture probably arises because of the shift in the effective centre due
to the non-ideal nature of the energy released during ‘the interaction

process, and due to th¢ assumed cylindrical geometry. However, since

Strehlow and Lundstron and Oppenheim treat the lead shock wave as an

, ; : : I4 .
unreactive blast wave while in practice it ig.a reacting blast wave, it
does not appear worthwhile to introduce corrections in the transverse

wave spacing for the effective centre of a lead shock and for the geo~-

’ . , i
metrical effects derived on the basis of a non-reactive trajectory. }4

We shall, in the following, compare our results with the existing /

theories on the transverse wave spacings, viz., .

1. The acoustic theory of Barthel and Strehlow {5) /

2, Acoustic theory of Strehlow (6)
3. Barthel's theory based on formation of caustics (7)

. 4. Chiu and Lee's simplification of the above theory (110)

- V

and 5. The finite amplitude theory of Barthel (97).

Theories 1 to 4 deal with the convolution of an acoustical .

" disturbance in the reaction zone of a detonation. The acoustic |

A
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theory of Barthel and Strehlow ’(theory 1) assumes the transverse
wave spacing to be given by the dist:.ance between the contact points
formed on the shock front by the convoluting acoustic wave. In
theory 2, viz., the aﬂcoustic \theory 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 andk_
(Barthel's acoustic theory and Chiu and Lee's simplification thereof)
consider the transverse wave spacing to be equal to twice the distance
between. "hot spots" generated from the intersection of caustics. The
caustics are formed from the convoluting e'tcoustic waves trapped in the
reaction zone of a detonation. All the above four theories assume a
ZDN model of a detonation.

The finite amplitude theory of Barthel (theoxry 5) gives the
upper’ bound for cell lengths by specifying that” the pressure i)ulse

i

generated from the elxplosive chemical energy release behind the initial
Mach stem shock should catch up with the lead shock while it is still a
,Mach st;m shock. This theory is more realistic of the physics invoived
in the wave interaction process and does not assume a one-dimensional
idealized structure for a detonation. /
‘ Figures 37 to 40 compare\ the results obtained on the basis
of these five theollies with the present calculations for the stoichio-

1

/
metric oxyhydroge7 mixture with various levels of dilution by argon

(0%, 0%, 70% andi B5% Ar in 2 Hp, + 0; + XAr). The acouystic theory of
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Barthel and Strehlow (theory 1) is seen to considerably underestimate
the transverse wave spacing for all levels of éilution. Theory 2 ”
(Strehlow's acoustic theory) is seen to give fair predictions for high

dilutions with argon though the dependence on pressure is much steeper

than the experiments. The spacing calculated on the basis of

generation of hot spots (theories 3 and 4) is seen to have good

AT
'
—~

parallelism with the ‘experimental results and to be about the same order

of magnit\ude as the experimentally observed spacings for the 0% dilution
' !

and 70% dilution with argon. The results of this theory are not com-

pared for \the -50% and 85% argon dilutions since their spacing values

have not b‘?en report:ed for these dilutions. The transverse wave
. w ‘ /
L ' spacing obtained from the finite amplitude theory of Barthel (taken from

o

Biller (108)) is seén to yield better predictions as the dilution with

é the argon gas is decreased. The present theory, on the other hand,
yields good prediction wit}i 85% Ar dilution but results in increased
error with the lower levels of dilution. However, good parallelism

LI

with the experimental results is lcola:ctained in aill cases with the present

theory. .

!

The errors incurred with theories 1l.and 2 are obviously

)
associated with the acoustic approximations and the assumption of a tne-

A

L dim’ensional ZDN structure for a detonation. The transverse waves are
of finite strength (Ms "~ 1.25 for a normal detonation and about 1.5 for a
marginal detonation) so that in all fairness it is necessary to consider

the convolution of finite amplitude waves. | The coupling between these
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waves 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?

small. '
R4
The acoustic theory & Barthel (theory 3) has al{“ﬁhree

limitations associated with theories 1 and 2 (i.e., assumption bf acoustic

waves, a ZDN structure and no coupling}. However, it seems to give
good predictions for the wave spacings. Barthel showed that the pre-

dictions can be further improved by arbitrarily 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 thereof.- They also obtained

Q

rea;onable agreement with the experiments though their results were much
below those of Barthel. In spite of the good predictive ability, the
the?ry wrong}y estinates certain physical aspects of the propagation
behaviour. For instance, thg theory predicts an increassﬁ number of

hot spot formation gue to the presence of the walls, thus implying that

the influence of the walls is to decrease the size of the transverse wave

\

spacing. ' This is contrary to experimental findings.

The finite amplitude theory of Barthel (theory 5) is a -
phgnoménological theo;y éihce its formulation relies on the experimentally
obsgerved physics of the wave interaction process. As in éhe‘presént
thgory, th; unsteady characteristics of the wave front is taken %nto s

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 ass;mption which lnhe'rent:ly\‘kills the
unsteadiness of the detonation wavelet during the initial phase of et
travel. The theory is also not a>true cell theory and gives an upper
limit to the size of the ce.“Ll that can be formed. Nevertheless,v the
concepts of thiks i:heory contain the essential gist of the coupling and
wave interaction behaviour land, as demnstrated in Chapter 3, qualitatively
explains the growth of a detonation cell due to the effect of the
confining walls.

The present theory overpredicts the cell size by about the
same amount for the 0%,50% and 70% dilution cases as Barthel's fmite

plitude theory underestimates the upper. bound for the cell size.

e results for the B85% argon dilution are prediéﬁed muéh better by
»

\

the present theory. The errors in the present theory are a result
of the non-ideality of the energy release associated with the interaction

of the transverse waves as mentioned earlier in this section.

5,3 Limits of Detonability i

It is not always f)ossible to generate and maintain a detonation

«

in a given explosive gas mixture. There are conditions of a minimum

inil:i,al press‘ure, a maximum dilution with inert gases, and a range of

°
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stoichiometries beyond which a self-susta detonation cannot occur.

These limit conditions in pressure, dil\ition' and st
spoken of as the pressure, dilution and concentration limits of
detonability, s

Frém experiments in tubes it is known that the approach to
the limits of detonabh.ity is normallji evidencled by the loss of the ; 7
transverse wave structure of the detona[tion front. Thus, for examg:le.
the mode number of a multiheaded detonation wave (viz., the number of
transverse waves associlated with a dgtonation front) decreases as the)
explosive gas mixt‘u:%g becomes progressively weaker until ‘near the
limits a siqgle transverse wave moves laterally across the shock (spin
detonation in circular tubes). Sometimes unsteady detonations with
periodic spurt“s in their velocity of propaga?:ion (the galloping detonation
of Duff (111)) and without any transverse structure are also observed
near the limits of detonability. nIn general, the inability to generate
transverse waves seems to govern the detonability limits of the mixture.*

We had seen earlier in this chapter that a detonation p-ropagates
through a series of local periodic initiations at the intersection of v

the transverse waves. The limits ofldetonability &:herefore imply a

situation wherein the mechanism 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 rectangular tube (3.8 om x :

8.3 cm) show & 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 limits of detonability.

A
°

1
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We shall explorp the relation between the iqitiat’ion chatacteristics:
and the limits of detonability in this ‘section and strive to predict
the lin\\it behaviour on the basis of the phenomenological theory of
initiatilon. Before doing so, however, we shall briefly pause to

examine whether it is possible to define and determine uniquely the

limits of detonability of an explosive gas mixture.

5.3.1 True Detonability Limits?

Detonability limits are obtained from the experiments on the

l
initiation and propagation of detonations in tubular, cylindrical and

/k& :
spherical explosion chambers. the limits are ascertained from the
) !
inability either to initiate a detonation in the mixture or to propagate
<
a steady detonation wave in the mixture.

The limits of detonability obtained in the Yihqgnfined geometries
a »~ P

are usually much narrower than ‘those obtained in tu]:;es (38) .\\ Manson

/ \
and Ferrie postulated that the narrower limits are a consequenc{\e of ‘

the steep hydrodynamic gradients behind the cylindrical and sphérié/al

i [
detonation waves as given by the Jouguet-Taylor-Zel'dovich (JTZ) theory.
It is now well-established that the detonation front\ in eylindrical and

\

spherical geometrieos‘comprises a transverse wave gtructure with a
characteristic shoék wave int/eraction syste;m that is exactly s;im:i.la’z‘:~

to that in planar geometry. Also, far from the ignition source the
curvature of the wave front will be smalllreéembling more or less a plar,xar

detonation front. Hence/ on the basis of wave structure and propagation

behaviour one should not expect detonations in the unconfined mode to be

.—..;,.__,..,.._‘..,
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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. Firstly, they

provide a means for energy and moment‘um 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
c\:f the transverse waves. Strehlow 1'13) has shown that the interactio!{d

of a transverse wave with the wall is 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
trans.verse waves in the unconfined geometry. Consequently, there
doés yioi: appear to be any reason whereby the detonability limits should
be wiéer for detonatiaon waves jn tubes. On the contrary the "losgs"
effects due to the walls sheuld cause them to be narrower.+

A closer examination of the problem reveals that:' the ejxpérments

in c¢ylindrical and spherical geometries have necessarily been conducted"

Brossard et 1.(112) reported some experiments on the propagation
of cylindrical detbnations in a propane-oxygen-nitrogen mixture for
several widths of the cylindrical chamber. They observed a tendency
for the dilution lilmits to increase with decreasing width of the chamber
and attributed this effect to the stabilizing influence of the wall., It
is difficult b see how the wall could possibly‘energize the system. The
results are prébably due to the failure of the detonation at higher mode
numbers with the smaller dilutions, as observed by Biller. '
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in chambers whose dimensions are very much smaller than thqllength k

. -

of tubes used in planar experiments. This has been due mainly Fé
thq difficulty in handling large volumes of the explosive gas in the ‘
unconfined experi%ents and the associated hazards involved.

Consequently, the results are derived on the basis of‘being able to \
. .
initiate detonations in spherical and cylindrical containers of a .

certain limited size (few cm to a Xew meters) using some available energy

4
sources (e.g., electrical sparks, exploding wires, detonators, etc.).

v
e

As ari example, Figure 4l shows the variation in the critical energy
for direct initiation with the percentage of hydrogen in a hydrogen-

oxygen mixture at an initial pressure of one atmosphere in a 14 litre »

.
'

spherical bomb (77). The ignition source corresponds {o exploding

wires and electrical sparks and the electrical energy stored in the
capacitor is.reported fot the critical energy. A tendency towards a ,

large increase in the initiation energies is observed in the hydrogen- o i
|

rich and hydrogen-lean regions of the mixture so that a characteristic

U-shaped curve is obtained for the initiation energies. The''lean °
and rjch limits of detonability are established in such experimdnts
through the two vertical assymptotes of the U—ghaped curQe of critical
e;ergy\obtained over a wide range of mixture compositipns.'

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 determine whether a

i ) -
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( - self-sugtained detonation can be formed after a sufficient distance
of travel. It is relevant to note that Cassutt (113) did some

! experiments with Hy-O and Hp-air mixtures in huge latex balloons of

/\ 1.83 meters diameter“ and about 2830 liter'capacit% and ignited them
with condensed explosive charges of about lob grgms: He crudely

\ estimated the limits of detonability on the basis of overpressure
measurements at a certain distance from the balloon. His results

.

show very clbse agreement with the detonability limits obtained in *

~
tubes. Hence we are lead to believe that the narrower range of
1] " \
detonability limits obtained by several‘investigators in the unconfined
i
i mode is due to the limited size of the experimental apparatus and the *
E

limited energy 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 ggbmetries.
.In the classigal works of Sokolik (114) and Zel'dovich (115), ;:’

a clear distinction is made between the limits idetermined from the ' R
w

ability, to propagate a detonation in a tube from the ability to initiate

L] ¢ \

a detonation in a tube through the transition mode.  The latter is

[
i

spoken of as the limits of exgloéion in order to'distfhguish them from
o ’ ~
the former which arecalled the limits of detonability. The following “
3 .
table shows these limits for the hydrogen-oxygen, hydrogen-air and

. -
Rarew

acetylene-air mixtures. The so-called limits of explosion are always

seen to lie within the limits of detonability. o

,
R -3 -
)
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b

Mixture (1 atm, Explosion limit (% fuel)| Detonability limits (% fuel)
initial pressure) lower upper ' lower upper
Hp-09 23 85 20 90
!
Hp=air 27 35.5 18.2 58.9
(%ZH?_—air 6.6 15.3 4.2 50

and propagation experimenfs should be different.

support a stable detonation then it should be possib}e to initiate a

detonation in the mixture.

initiation experiments are likely due to the limited length of the tubes N

\

i

employed (40 m-length of bent tube).

On the basis of the above discussions we are led to think that s

There is no reason why the limits obtained from the initiation

If a mixture can

<P
The narréwer limits obtained from the

3

1

o

the limits determined in the different geometries and by different P C

methods should be basically the same, provided appropriate experimental

apparatus is used.

limits of detonability.

This common value should correspond to the true

IR

\\

In tubes, however, an additional influence

due to the boundary layer affects the detonability limits.

concentration 1imits become narrower as the diameter of the tube is

decreased.

limit of détonability is increased fro

to 19.6% Hy in a 2 cm diameter tube, whilst the fuel-rich limit decreases

\

\

. \
For example, with the hydrogen-air mixture the fuel-lean

m§I§% Hy in a 30.5 cm diameter tube

The




\
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( } from 63.5% 1y to 58.8% Hy, (115). For the larger range.&f diameters,
‘ , ¢

\

., the influence of diameter on the concentration limits Jf detonation is

n

known to be insignificant and the concentration limits can be < :

established independent of the confinement effects. . i

. . The pressure and dilution limits of detonability have not

been extensively studied like the concentration limits. We shall, N i

therefore, restrict our discussions on theoretical predictions mainly

s e AT PRSI SD, HEV P £ . e
i
. "

to concentration limits of 'detonability.

v

5.3.2 Prediction of Limits_by the Detonation Kernel Theoxy

In the phenomenological theory of initiapion discussed in

N +
Chapter 3 we saw that for blast initiation the chemical energy released

i
behind the shock front must be capable of overriding the decaying

characteristics of the source-dominated shock motion by the time the

shock strength decayed to a value corresponding to the limit of

spontaneous chemical energy release (M;). As the exglosiie gas mixture
¢ - .
%i progressively weakened, such as by dilution with an excess of fuel -

or oxidizer or an inert gas, the contribution of the chemical gnergy

>

-

in driving the shocﬂ front progressively decreases due to (i) a decrease

|

in the chemical energy per unit mass of the mixture and (ii) an increase

>

in the chemical induction zone kthickness d. 1 Consequently, a much

larger detonation yernel is required in order that the chemical energy
. | Y | .
~ liberated by the shocked gases can arrest the decaying source-dominated

\

shock motion and‘théreby form a self-gustained détonétion.} If a
' AN

[}
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N N

situation arises such that the chemical energy can never really

ano

dominate the shock motion, the conditions for the limits of detonability ’

-~

1

At large distances from the ignition source (R.s + «} the shock

motion is ‘'essentially governed by the chem;céi energy reledse as given R

Voo

by Eq. 4.11 in Chabter 3, provided the chemical reactions are coupled

to the shock front. b,

o M2 = M2 ‘~——-—-——-z—1 (Q +e)
s cJ  (j+1) Cy %1 0 !

-

k8
Y i

C02 becomes |

The shock Mach number

. - j+
This is because the source energy density -term Es/ij.sJ 1

negligibly small for large values of RS.

' I

corresponds to the CJ value, i.e., the globally constant stable propagating
- !

velocity of a detonation when the chemical reactions are strongly coupled

to the shock front. When the heat release is not all that effective s

\ ' -

in. driving the shock, the Mach number of the shock front will be much

less. The CJ value, as such, represents the hpper bound of the shock Ty

¥ @
velocities which can be maint@ined by the heat rélease at large distances

from the ignition source.

\ \

We had seen in Chapter 3 that‘a decoupling of the shock and ' K

chemical reactions will occur if the shock strength fallsg below the

\

critical autoignition limit (M < M;).

Since r e
‘ . }n MCJ epresents tbe

theoretically célculated upper bound of velocity which can be maintained

1
v
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. |

by the chemical heat release on the aséumption of a strong coupling

between heat release and, the shock motion, and since for Ms < M;
the heat release cannot effectively influence the shock motion, we ,
¥

can postulate that an adequaté kernel of heat release can effectively
drive the shock front at large distances from thq ignition source only

when‘MCJ > M;. In other words, the limits of detonability shthq
- ' 1
correspond to a situation when MCJ = M;. ‘ '

It was also seen in Chapter 3 that the critical shock streﬁgth
(M;) corresponds to a rapid increase in the time taken for the induction
reactions to occur and that for the oxyhydrogen mixture the value of M;
can be explicitly stated in terms of the strong shock limit. This
limit was also seen’to be brought about 5y the inh%bitinq influencelof
the chain termination reaction on the chain branching reactions. More
specificaily, M; was identified by the ®xtended segond explosion limit

for the oryhydrogen mixtures. Figure 42 shows a plot of M and M;

CJ

over a range of compositions for the Hp-Ozand Hy-Air mixtures at an

initial pressure of one atmosphere. Since the ratio of specific heats,

*

Yo' is almpst constantfaround 1.4 for the whole range of compositions,

3

M; is a constant. %gg limits of detonability determined from this

“

figure using the criterion Mg 2 M; are compared*%ith the experimental

data of Zel'dovich in the following table.




,
st i o i st G i it W o
S s /

: % of Hp in Hy-03 and Hp-Air mixtures

i i

. Mixture lower limit upper limit

| ) Theory Experiments* Theory Experiments*

§ ' | Hy-0p 17 20 92 90

?

o Hp-Air 16 18.2 64 58.9 \
;

* Zel'dovich (115)

The criterion M., 2 M; for the prediction of detonability |

!

k limits is not new and has been postulated by Belles (116) for mixtures

N

of hydrogen with oxygen and air. Belles derived the criterion on

the basis that a planar shock must propagate at a Mach number exceeding
AY

a "critical Mach number for autoignition at the wave front" in order

that the chemical reactions can support a detonation wave. The critical
< . .
Mach number for autoignition at the wave front was taken to correspond

to the classically determined second explosion limit.

b

It must be pointed out that in a later paper Belles and EhleLs‘

3

!
(117) criticized theicaléulation of limits using the classical explosion

limit criterion and labelled the predictive ability ef the theory as
"fortuitous", They argued that the classical,explosion limit criterion,

\

as éiven by Lewis and von Elbe (46), assumes a steady state diffusion

- ‘ i
of the radicals to the walls and that reactions such as the destruction
of HOp radicals at the walls are not likely to occur under conditions

of detonation. Patch (118) also disagreed with the use of the second

' explosjon limit criterion for determining detonability limits and

demonstrated that an arbitrarily assigned constant value of temperature

| .
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“

behind the shock front (viz., a rotationally equilibrated and
' s

vibrationally unrelaxed temperature of 1314° K) is better capable
;i predicting the detonability limits<:

The more recent experiments (66,67) on the autoignition
characteristics behind the shock in H3-0p mixtﬁres show that the
condition; governing the classical second explosion limit (chain
branching reactions arrested by the chain termination reaction) also
decide whether ignition will occur spontaneously in a "strong ignition"
mode or\in a relatively "weak" mode without the generation of relatively
strong gas dynamic effects. The experiments of Libquton, Dormal and
van Tigglen (119} show that the addition of small traces of an inhibitor

- -0

such as CH3Cl, CHj3Br, CF3§r or CF3Cl to a CO-05-Hj mixture leads to a

significant inhibiting influence on the propagation of a detonation.

The inhibitors do not markedly influence the héat release characteristics
of the system but do severely restrict the f;rmation of effective chain
carriers (such as H atoms) in the chain branching steps through reactions
of the type RX + H + R + XH, RX denoting the inhibiting compound.

The key role of the chain branching and chain termination steps
in the formation of a detonation is also beautifullz!}llustrated in the
experiments of Gordon et al, (120) wherein an inéreaée in the.moisture
content from 50 parts per million to about 500 parté per million was seen

to result in the failure of a detonation wave iq‘g lean Hp~-Air mixture.

The third body effectiveness of the water molecuie in the chain

ot

[

‘
{
i
3
1
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termination step H+0y+M -+ HO+M is about 30 times that of the other
atoms and molecules..r Hence with wa'ter vapour the chain terminatior}
reaction is more ra‘pid and competes more effectively with the main

chai;m brar;xching step Op+H » ;)H+O. .Away from the lean hydrogen limit,)
where a sufficient concent':ratiox; of the chain carrier H can be generated,
the inhibiting influence of thi water vapour on the formation of a ’
detonation has,been shown to be weak by Macek (121). 'Ijhé influence of
the small amounts of water vapour in the lgan mixtures: alsq suggests
that the reactior;s during the initial phaae/ of the combustion essentiallsy
control the limits Fince considerable H,0 molecules are generated in
the chemical ;eaction between hydrogen and oxygen.

The above considerations indicate that the ability to lgenerate
chain carriers basically governs the detonability limits and therefore
the choice of M; on the basis of the extended second explosion limit
should be reasonable. We do not explicitly invoke the data derived
from the classical second explosion limit in a constant volume bomb
experiment but only realize that the processes governing autoignition
behind shocks and hence the dei:onability limits arise from a L:ompetition

between the chain branching and chain termination reactions. Hence the

criticisms of Belles and Ehlers and of Patch are unjustified.

¥ the relative effectiveness of the various atoms and 'moleatles in
the reaction H+O,+M + HO;+M according to the kinetic data of Gardiner (68)

is Hg= 1, 0p= 1, H=1, 0=1, OH =1, HOp= 1, Ar = 1,and H0 = 30.

I
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b For mixtures/whose dutoignition characteristigg, are not

known it becomes somewhat difficult to determine the detonability

s

. limitg. For certain mixtures like the CO-0,-H; system whose chain

branching and chain termination steps are very similar to the Hy-0,

- ~ ¢

system, the degpnability limits calculated from the extegded second

'

+ A\
. explosion limit criterion also agree well with the experiments (117).
For the acetylene oxygen mixture, if we take a value of M; to correspond
"to about 4.05 (based on the value determined in Chapter 3),,we get the

¥ .
lean limit to be about 3% acetylene in the oxyacetylene mixture (Fig. 43).

This compares well with }he lean limit values of 3.5 - 3.6% CoH; quoted

K

by Wagner (122). ’ .
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("; CHAPTER 6 .

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES

6.1 Concluding Remarks

N

A theoretical and experimental study of the blast'initiation
-phenomenon is reported in ghis thesis. The theoretical phase of
the investigation has been mainly concerned with the develé}ment of
a simple phenomenological theory for the blast initiation of gaseous
detonations. The experimental work is devoted to the determination
of experimedEEl déta on initiation of a genegalized nature independent
of the configurations of the apparatus used. Some of the important

N

\ ' results of this investigation are summarized below. N

1. In analogy to the concept of a flame kernel used in the flame

@

ignition theory, the concept of a detonation kernel is developed
. from phenomenolbgicél considerations to Aescribe‘theoretically
the blast initiation of detonatiops. " ‘The critical size of a
; detonation kernel is specified by the balance condition‘befweep~
the source energy density and the chemical energy dénsity of the
: ‘ gas~enclosed by the shock'wave generated by thq‘initiation source,
The size of the detonation kernel is insensitive to the details

% of the shock hydrodynamic flow structure and depends mainly on |

the physical and chemical properties of the explosive gas mixture.

.
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_ mechanism of’propagation as one involving a sequence of continuous

o

.

The results are quite gencral and are not restricted to

any particular type of igniter used.

~

The source energies predicted by the detonation kernel

theory recover the experimentally observed dependence on the
o E

various Parameters. Quantitative estimation of the critical

energy in good agrpement with the experiments is also obtained
in the lower range of sub-atmospheric pressures for which shock

tube induction time data ekist.

°
o

The propagation and limit behaviour of a detonatiog,hre.closely

Coge

related to the initiation behaviour. It is arguéggthat the

bropagation of a detonation is through a series of periodic

b3
initiations so that the length of a cell of detonation corresponds ‘

Based on this

v

reasﬁning good agreement is obtained with the experimental values

to the critical size of a detonation kernel.

of transverse-wave spacings determined in tubes, The predictions

>

are, in general, much better than those cbtained from the several
existing theories on transverse wave spacings. The closer

agreement obtained with experiments appears to confirm the

periodic initiations. &

y S

The limits of detonability'of a reactive gas mixture correspond

tara:situaﬁigﬁrwhen the critica} size of the detonation kernel
i

4
[N

o
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approaches infinity, It is seen that this condition implies
that MCJ > M; for a gas mixture to be detonable. This
criterjon predicts well the concentration limits of detonability .

of thdse mixtuYes whose M; is known.

o

3.6The magnitude of the explosion length (Rb) in relation to the
chara;téristic dimensions of the ignition source (L) can be used
to qiscern the geometry of initiation in the different experiments.
Fo;'Rb > L the geometry of initiation is characterized by the
confinemént, whilst for l‘«‘.0 < L the initié%ion geometry is

. characterized by the geometry of energy source itself.

\

4. For a given explosive gas mixture at certain initial conditions
of temperature and pressure, the explosion length Ro is the same

in each of the three geometries of initiation even though the
|

. ©

initiation energies may differ by several orders.of magnitude.

The result is of immense’ practical siénificance as it provides

a method fo; estimating sgzrce energies required to cause detonations
in the unconfined gegmetry without having to do a&tual experiments

in the unconfined geometry. It must be pointed out that experi-
ments in the unconfined geometry are difficult to conduct in view

of the relatively large quantities of gas involveé’and the
relatively larger magnitudes of the source energies required as com-

‘7

pared with the experiments in thé planar and cylindrical geometfies.

\
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<

5. The confiffement has a strong adverse influence on the initiation
of detonations. In order to eliminate the effect of the con-
finement on the initiation process and to characterize the
initiation in terms of the physical and chemical properties of

the explosive gas mixture alone, the detonation front must contain
w1 .

*

a minimum of about ten charqcteristic cells of detonation across
g

it. This corresponds to the critical tube diameter necessary

«

to re-establish detonations in the detonation diffraction experi-

ments and to the hydrodynamic ﬁhickness of a detonation. §e

6.2 Suggestions for Improvements and Future Development

%
1. In the present theoretical model, the chemistry of the.

. combustion processes has been depicted in terms of thermoneutral chain

A

branching reactiogs {an induction zone) followed by the spontaneous
liberation of chemical energy. on the basis of %¥he good Egreement
obtained between the results o{ the theory and the experim;gts, this
simple modelling of the combustion pro;esses seems to be édequate over
the range of conditions in which the experimental data exist. Normally
the zone of actual heat release,'i.e.,)the recombination 2zone, is about
an order of magnitude smal}er than the induction zone so that the

neglect of the recombination zone thickness does not influence the

"

results. The time taken for récombination reactions to océux;z_is )
A 4
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inversely proportional to the square of the initial pressure

(TR v l/poz) so that at extremely low pressures the influence of the

1
§
5
!
H
.
1
{

recombination reactions ﬁay be substantial. It will be instructive

to incorporate the finite time taken for recombination reactions to
occur in the presentdéheorys In order to keep the analysis simple

and tractable, gross modelling of the recombination 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 given
{ .

by Getzinger and Schott (123), coulﬁ be employed.

v ! 4

2. The choice of the autoignition conditions in the detonation

[}

[ 4
kernel theory sometimes poses considerable difficulties. For the

hydrogen-oxygen-diluent mixtures the problem does not arise since their

s

autoignition characteristics have been widely studied. The method of . o

estimating the %htoignition conditions on the basis of a large exponential .
;G:a ,

A

increase in induction times, such as was done for the 100 torr

-

1
s&:ichiometric oxyacetylene mixture,is not entirely satis\factory. This

is because a change in,the scale of plotting the induction times can
influence the results even though the range of the"autoignition conditions
can be guessed on the¥asis of é minimum power reéuiremeﬁt 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 wavest t diffeggnt

explosive gas mixtures. The wgrk of vermeer et al. ((1£4) with hydro- J

—

-~

@ ’

carbon fuels such as isoctane and n-heptane represents step in this

. / )

diréction. -
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3. The behaviour of the chemical reactions during the induction v .
N

period at the _pigher range of pressures also necessitates further Y

-

L R

b

PR

investigation. Such an enquiry should help us to understand the ‘
increasing trend towards larger initiation energies with increk{sing
pressures at the higher range of sub-atmospheric pressure levels. i
. -
The conventional shock tube method of studying induction kinetics may
pose a problem in view of the transverse wave structure invariably 1
associated with the reactive shocks at these higher pressures. Special
methods, sucH as the laminar detonation technique of white (125), should i
yield interesting results. \ ?
« ' |
L3
. | |
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7.  STATEMENT OF ORIGINALITY
AND CONTRIBUTION TO KNOWLEDGE

\

bt

The author believes that the detonation kernel theory

introduced in this thesis is a distinct contribution to knowledge in

the field of detonative conbustion; This theory provides no;/pﬁiy

a simple method for determining the initiation bghaviour of gdgegus

detonations bt also links togéther the other aegfcts of a det;nation

such as the transverse wave structure and the limits of detonability.
The experiments réported in thisg thesig\feveal the profouﬁa

influence of confinement on the initiation of gaseous detonatiogf. It

is shown for the first tiie how to determine meaningful experimental

results on detonation initiatjon in terms of the physical and chemical

. t
- ! ‘

properties of the explosive gas mixture alone, independent of the’ Ndﬁ;

N
characteristics of the ignition source and confinement, The
|

importance of the explosion length parameter in the direct initiation
: v

. {
of detonations is also demonstrated for the first time.

~
N

Y
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APPENDIX I

i M

LA > DETAILS (;SF EXPERIMENTS

‘ v

1. Explosion Chamber ‘ .

LA 1.1 4Planar Case '

For planar initiation, circular tubes (pyrex glass and plexi~

I) ' £ glaig) having inner diameters ranging from 6 mm to 76 mm and lengths
i between 10 cm and 30 cm, were used. The ends of the tube were
: } closed with delrin plugs through an '0' ring assembly. One of the

" delrin plugs was provided with a nipple for evacuating ﬁhe tube and

\

filling it with the test gas. Two brass electrodes (6 mm diameter)

[were also radially screwed into the plug and glued with epoxy. Provision

was also made for mounting a pressure transducer in the delrin plug for

.

o reflected shock measurements. FiguJ; 44 shows a cross-section of

©

. i
the detonation tube with the end fittings.
k]

—

4 In the case of the 76 mm diameter tube, the end plugs were

directly qu‘H to the plexiglass tube. For measurement of the cell

structure, longer tubes were employed.

1

J
1.2\ Cylindrical Case ‘

|

\

Two 600 mm diameter steel plates (25 mm thick) with spacer
l

’
rings of ID 500 mm, OD 550 mm, and heights ranging from 2.5 cm to 10 cm,

constituted the exblosion chamber. / '0' ring seals were provided

S

j ' 150 -

N




10 am in diameter for “the locatio

151

between the spacer fings and the steel plates to form a vacuum tight .

joint. The steel plates had centrally threaded holes 7.5 cm and’ » ~
of the igniter. . A number of %" /

NF 20 size holes were tapped at sevdxal radial and circumferential

as inlet whilst others

«

locations. , One of these served for the
corresponded to different locations for the pressure transducer. A
plan and sectional view of the cylindrical chamber is shown in Figqure 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
" /’
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
N .

that the electrode could pass through this hole and be in flush with
} 4

the surface of the plexiglass plate.

In some instances a totally different configuration was adopted

L

A ayllndrlcal steel chamber 12 cm ID and 12 cm long was used for the
\

explosion chamber, The ends were closed with 2.5 cm thick plexiglass

windows., '0' ring seals were provided between the windows and the
. f ,

body of the explosion chamber. At the top of the chamber a nipple was
o ~
provided for the evacuation and filling of the gas mixture. A pressure

P
transducer was also housed at the centre of a plexiglass window.
On the dlametrlcally opposite ends of the chamber along the '

cenEral diameter, provision was made to house the igm.ter assembly

Flanged electrodes were used to give the required ?ylindrical symmetty.

-
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+

&

-2 cm thick, were usea for the flanges.  The

Plexiglass plates,
flanges extended right across thg/length of the chamber and it was
possible to vary the distance between them from } cm to 3} cm.

1.3 Spherical Case

The 12 cm diameter by 12 cm long steel chamber was also used
W
to study spherical initiation. The flanges, which constrained the -

\\h‘wave to move in a cylindrical fashion, were removed to provide an\
%
unconfined surrounding.

a 4

£

2

2. Ignition Methods

2.1 Electrode Configurations

l Voo
In experiments with spark discharge in circular tubes, Lhe

electrical spark was struck across two brass elegtrodes 6 mm in diameter.
The electrodes were mounted radially near the end wall with their\tips
being almost in flush with the inner surface of the tube. In the case
of the 39 mm and 76 mm diameter tubes, the electrodes were mounted in
the longitudina} directiqn jutting about 3 ;m\inside the tube and spaced
at a distance of 30 mm and 55 mm ;;spectively.

Wwith thé«large cylindrical chqmber brass and staigless steel
eléctrodes (3 mm §iamétet) were centrally located in plexig]iass and

delrin plugs (7.5\ch and 10 cm in diameter). The tip of the electrode

,,n L3 .
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/

f

'

{
f (“} was kept in flush with the surface of the plug or with the surface 1
\ ]

of a plexiglass plate when such plates were incorporated to reduce the

Y
/ height of the cylindrical chanber. For exploding wire ignition,

i‘ however, a somewhat different arrangement as shown in Figure 46 was
‘ " o
Xt
used. A cgpper bridge was firmly screwed in the steel bushing and
¢ the exploding wire was connected between this bridge and the brass

electrode housed centrally in the plexiglass plug as seen in Figﬁre 46.
The peight of the}coppcr bridge was about equal to ‘the height of the

4 .
cylindrical chamber.

rl

Secondari discharges between ihe\qlectrodes and the body of

i \ the steel chamber pfesented a pq@blem wiéh thealz cm x 12 cm cylindrical
chamber. It was foPnd necessary to ’insulate the electrodes. ’
Insulation was pgpvided gy 1/16"*thicklglass tubing surrounding the 3 mm
! brass electrgdes.' A typicai configuiation for the insulated electroles
v . is shown in Figure 47. With such an insulation; it was found‘possible/ '

to vary the gap betwecn th% electrodes from.} cm to 4 cm without any
1

secondary discharges whatsoever.
1

v

v 2.2 Electrical Discharge System

'

A schematic diagram of the electrical circuit is shown in

N

o

‘ Pigure 48. A high Goltage DC power supply (0-66 KVDC, Hipotronix) |
|
was used to charge the coq?enser bank to a voltage between 8 and 55 kv.

The condcnser bank con51s;7d of low inductance capac1tors connected in

parallel }n a compact coaxial geometry (Maxwell, ECM and Deutschmann).

$
-~
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The range of the capacitances émployed was between 0.005 yF and 8 uF.

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 electrodes of a detonation chamber by triggered
!

spark gap switches., A high voltage 30 KV pulse from an EG and G Trigger
£

. |
module (TM 11-A) was used to fire these swi;ches.- The electrical

connections were made with 1" wide copper strips (gauge 21) in order to
L)

minimize the inductance of the electrical circuit.

\ During the early phase of the work with stoichiometric Hp~0,

mixtures, commercially obtainable triggered spark gap switches, viz.,

EG and G mode%}GP 12 B and GP 41 B, were emploxed. Cdksi&erable

iluctuahidhs in the results were observed and the inconsistency was
by .
initially blamed to the bad mixing of the gases. %ftempts were made

to improve the mixing by a centrifuging effect and also by invoking

convective mixing by heating the bottom of the bottle coﬁ%aining the

-

gas mixture with copper coils convgying hot water. Even-with this
the inconsistency.in the results persisted. Visgal observations
of the discharge in 12 cm|x 12 cm cylindrical chamber later revealed

that the voltage pulse from the trigger module often caused a feeble
4

+

discharge across the electrodes before the main discharge from the
T, ¢
condenser bank and this tendency was seen to be aggravated at higher

) .
operating pressures. Apparently the feeﬁ?e discharge across
1 ' v K
™~




j
g

s

the electrodes pad brought about the preigniﬁion\?f the combustible
‘ ~~
gases resulting in the formation of a deflagration wave before a shock -
~

T~
wave was formedﬂnrthe rapid discharge of the energy store&\In\thg\J\

TTT—

}

—
condenser bank. The subsequent interaction of the shock an
"

deflagration could have resultedrin a detonation, but then the mode
of initiation does not conform to one of blast initiation with which

we are concerned. )

To eliminate this probﬁem of a feeble discharge forerunning

!

the main discharge, a "home-made" switch which hah a provision to vary

the distance'between‘the electrodes and a}sg-varyﬂthe pressure of the gas
in the switch, was employed. Thé electrodes, in the switch, were of
polished stainless steel 2 cm in diameter with a flat face. One of
thelelectrodes had a central hole to accommodate éhe triggering pin for
firing the switch. t was possible to maintaip the pressure of gas “g
in the switch from low ~atmospheric levels to around five atmospherés
by hooking it to a vacuum pump and to a cylinder of pressurized
nitrogen gas. - \ |

For every experiment the distance between the electrodes in

N .
the switch (i.e., the switching gap) and the pressure of the nitrogen

R 4 : . ; .
gas in the switch were so adjusted that a small reduction in either the

.gap or the pressure would result in a spontaneous discharge of the

condenser bank even in the absence of the high voltage pulse from the

triggering source. With the switch operating under these threshold




/

~

conditions, it was possible to eliminate the initial weak discharge

across the electrodes of the detonation chamber. '

At operating voltages in excess of 25 kv corona discharges

el

posed a.serious problem, The boéy of the switch would accumulate
sufficient static charge which often resulted in an inherent spontaneous
breakdown across the electrodes of the detonation chamber. This

prob&gr was eliminated by grounding the bolly of the switch through a

A

resigtance of i6‘Mn and thus bleeding off the surface e}ectrostatic
chargg.

In some experiments which required Jlonger discharge—times "
({.e., smaller discharge frequency) the inductance of the discharge

circuit was increased by connecting induttion coils in series. These

\
t

induction coils typically consisted of 5 to 30 tumns of insulated

copper wire (gage 16) wognd oﬁ adocm qiameter plexiglass tube.

N
v

1 ‘_”,T o
3. Diagnostic Techniques

3.1 Energy from the Electrical Discharge
: / N o

% . .
The energy dissipated by an electric spark is given by

. N PT ™)
Es = i(t) v(t) dt A.l.l
Jo - ) ’
. - L . /.
: [
= | i(t)2 Rr(t) dt " A2
40 ¢ ) ) B -

.
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where 1 is the tqtal-discharge‘period and v(t), i(t) and R(t) denote
the resistive voltage drop across the spark, the discharge current

and the resistance of the gark respectively. The quantities i, v

and R are expected to be flinctions of time with the damped oscillatory

discharges., 4

" The time history of the spark discharge current (i(t)) was
monitored 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 displ;yed an the screen, of a high frequenc}

dual beam oscilloscope (Types 555 and %56 Tektronix) through a high-gain,
3 % '

fast~rise calibrated preamplifier (Types H and 1Al plug in unit, Tektronix)

and was recorded on a polaroid film (Types 47 and 410).

1
4

The determination of the resistive voltage drop across the

sparR [v{t)] és rather cumbergdme. This is because the high~§requen§ies
) .
of discharge encountered in the present experiments (v 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 is 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 Korneff (128), the relative ease of evaluatxﬁg the resistance
_ . ) . !
of the electric gpark makes the determination of enerqgy ubing Eq. A.l.2
N , .
(viz., the current and resistance histories) more §ttractive. In this

> ~

investigaqion no attempt has been made at measuring voltages and all

energy determinations are made on the basis of current measurements and
t AY
resistance evaluation. The method of finding resistances is given in

Appéﬁdf;/;;.. o

-
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3.2 Detonation Wave Parameters /

f

3.2.1 Pressure Measurements

< .
Two different types of pressure trangducers were used: a

-

‘hand—mgde barium titanate pressure transducer-and.a miniature quartz
pressure transducer (model 113A; PCB, Piezotronigs).
The barium titanate pressure transducer was a crule version
. .
of ‘that designed by Khystautas (30). The positive end of 5‘6 mm
'diameter by a 6 mm lengthlbarium titanate plezoelectric crystql was
josked to adcm 16ng zinc rod of the same diameter with silver epoxy.
The barjum titanate-zinc rod combination wag encased in a brass housing
but insulated froﬁ the brass body with epo;y glue. The negative face
of the barium titanate crystal was earthed gy soldering baéd’copper wi;e
}20 gage) bet&een the crystal face and the brass housiné., A sketch
of the transducer is shown in Figure‘49. The output from the transducer
wag directly fed to the plug-ig preamplifier oq the oscilloscoée without
any_;mitter follower circuit, . ‘
| The barium titanate pressure transducers were used for .the
determination of—thq«iime of.ar{ivél of the detoﬁation wave and for
qualitativwe appraisal of éhe pressure. For quantitativé meastrements
of pressure and detailed pressure profilessbehind the detonation front
w2 high frequency, 1 us response PCB quartzupressuge transdgcgr was -

employed. Tﬁe ‘transducer had a built-in amplifier and was powered

by a battery power unit! (model 480" A PCB).

\ ]
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5 3.2.2 Determination of Cell Structure

The smoked. film technique was used to ﬁetermine the cell

a
A

structure. Thin mylar filmsg (N\;zslmm thick) were coated with a thin

layer of soot from a kerosine\bil lamp and placéd on the walls of the

i

cylindrical bomb or along the walls of .the tube. There was a
tendency for the mylar film to warp when placed in the cylindrical

bomb and this tendency was correcte¥d by employing thicker mylar sheets

v

1

borded girmly to the wall by scotch tape.

0y

Lo The imprint of the detonation wave on the sooted mylar films
) -

. , ,
was fixed with clear lacquer. »

- °

>
o

4. Identification of Direct Initiation . .

Following LiﬁEhfiek;f Hay and Forshey (77), the direct C h

initiation of a detonation was inferred from'the time of arrival of

~
°

the pressure wave and the magnitude and profile of the pressure trace,

The principle behind the method is given below. ’ .

When the initiation energy is much below the threshold value
for direct initiation, a relatively small and smooth pressure rise

associated with a deflégration is olserved. Weak shock waves sometimes

precede the deflagration wave. The mean velocity of the pressure wave

is very much less than the CJ velocity. Figure 50(a) shows such a .

2

pressuré trace. For critical value of source énergy needed for direct

.

initiation, there is a éistinct jump in the magnitude 6£ the peak pressure.

=
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| ¥ The mean velocity of the wave also suddenly increases to about the CJ ;
! : value, (Fig. S0(b)). For the source energies larger than this value j

the pressure profile does not significantly change and the mean

velocity increases only siightly. This is made clear in Figuré 51

where the velocity calculated f\rom the timg. of arrival is plotted against

xi*m The, the operating voltage (the energy deposited by a given electrical spark
Yo

is approximately proportional to the square of the voltage, the
capacitance and the inductance of the current remaining the same) in one

the source energy corresponding to V;

»
LI A
.

of the experiments. Apparent%
denotes the critical energy for ¥irect initiation.

‘In certain cases, especially with planar and cylindrical *

) geometries, the pressure tréce‘-had the sﬁqarp profile of a detonation .

But the time of arrival disprovéd the likelihood of direct initiatioh.
-3 *

qQ ~
Obviously the transitional mode of "initiation has \t.ak‘en place, For * A

mixtures near thé limits of ‘detonability, wherein large magnitudes of
) - . . . :\
the source energy were required, it became difficult to employ the mean

. - o L] -

velocity criterion to identify a &etonation. This situation was

Qarticularly-cons‘bicuous in mixtures for which the sound speed was high

N

(e.g., high dilution with helium and stoichiometric glydro'gen-oxygen

, mixtureg) and for th? spherical géometry for which the blast wave défay
') ‘ with distance is less than for the planar and cylinérical geometrieso.
. . Larger explosion chambers are 'z‘i:hen necessary to clearly determine if * D
, direct il:xiti«‘ation of detona’tion has occurred. )" . ),J

q - xut
| f

1 -
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5. Experimental Procedure .

-~

5.1 Preparation of Gas Mixture :

=

The gases used were of commercial pdrity (Matheson grade).

The gas mixture was prepared in 100 'litre capacity high pressure steel

tanks by the method of Qartial pregssures. - Mixing of the gases was

achieveé by allowing\thé‘gases to diffuse for 24‘hours bef&re use,
wWith mixtur;s co&taining very 1ig§f gaées such as helium or
hydrogen,. the lighter ga% tends to rise to the top of\tﬁe steel t§nk
so that mixing by diffusio; becomes ‘rather difficg}t. In such cases
the steel tanks were placed on the gfound aloqé their lenggp rather

than on their base to prevent the stratdfication of the ligyter and

o »

denser gases. Some experiments were also conddcted with suych lighter
) : <
- N o

ases, viz., Hy+$0s—in whith mixing was promoted by a centrifugal action

- ?

,and also by natural convéction (heating the steel tank with copper coils

.
»

- containing hot water) as mentioned\in section 2.2 of this appendix.

P . .
The consistency of the results obtained withediffusional mixing and with
“ %

" \ »

’ the above t&o methods confirged that aﬁequate mixing .is achieved by

o = » .

allowlng the gases to diffuge for about a day before use.

fz,‘n 4 -
. ¢ " » ) -
., 5.2 Test Procedure ! . '

~

The explosion chamber and the varjous Iines connecéing the; po

e

explosion chamber with the mixture tank were first evacuatedato a pressure

.

around’0.01"mm of mercury. ° The evacuated %ystem was then flushed with

! »
- . P o 2
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the tgst gas and evacuated again. The gas m{xture was then filled

N

SO a pressure about 100 torr greater thanvthe desired initial g{essure
L 4 -
“\
and then slowly evacuated till the necessary pressure level was

achieved. Th7;eaf€er the lineg cohnecting the explosion chamber.and

the mixture tank were evacuated again to guard against any likelihood

o

of a detonation feedback.
. ’

The pressure and the distance between the electrodes in the
N ’

valu?s(for the

switch were adjusted to be just above the thr

. ¢
spontdneous breakdown acrosg the electrodes of the detonation ch&@per;
. - »
corresponding to the desifed operating voltage of the experiment. The
. : K
condenser banks’ were ¢£arged to this operating voltage and the breakdown

achieved by the Mmanual triggering of the trigger module. For
{

experiments at lower pressures, wherein the electrieal discharge across

-

the electrodes in a detonétiﬁg chamber posed nd’ problem, the breakdown

was achieved by rapid suction of the nitrogen gas .in the switch.
9 . N

p 1

o

changed in e shbébquent experiments until the condition for direct

initiation was obtained as evidenced by the’ pressure trace. , A few ,

experiments were conductedaﬁith energies somewhat -above and below the

« critical value to make sure of the results.

8 .

k , .

The operating voltage and/or the cépacitances were progressively
- ¥

T

' e T NN P v =5 )
o
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& U APPENDIX II ]

- " RES¥STANCE OF 'mis,;; SPARK AND THE o .

EFFECTIVE ENERGY OF DISCHARGE. :

1. Resistance of the Electrical Spark

The method of evaluating thekesistance of the spark discussed
]
in this section follows from the work of Rose and Priede (129).
p 4 ot
The qischarge circuit, as discussed in section 2.2 of Appendix I,

consists @f a capacitance C, an inducta‘ce L, and a resistance R. 'The

! ' (s
basic differential equation governing the discharge current is given by
| . .

[

L 2 . . ‘
d°i di i _
. Lagz"-l' Rdt +c —} 0 A.2.1
. W

. .
;n all 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 éas,e of a damped osgilla%ry discharge is ‘
+ s R ng
. -at )
i(t) = Ie sin (wt + 6), A.2.2
» .o
- 2
\ |
where N
o\ |
‘. o ‘
o I0 and § are constants of integration,
\ . R -
e a is the damping factor = 5T . :
[ . . L

t ‘

e \

and w is thé angular frequency = / —:—60-,-2%7

L} 3 2

Co 163
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-
A

£ o |
- In practice, ‘with the range of capacitances used (0.005 uF
~ . *
2 .
R

1 &

+ 4
;.'80 that o = /t)-c_ - Further, from-t;he experimental discharge current

'y
trace, it is seen that the relation

s

ade

by

we

/2

t »

| 3}

1] L t : »
ie) = 1_e % sin wt A.2.3,

‘

quately models the time }lxigtory of the current. +

- -

‘ , . .
The magnitude of the peak values in current (i ) is given
\ - o .@

| =1 e - A.2.4
o] —

o ' ’
tp denoting the time of occurrence of the peak values in the current.

Taking natural logarithm of bpth sides of Eq.A.2.4 and simplifying

-~

vy N . \
get ‘ hl ( i )

In]i - 1nli
nilpll l le . ‘
i - % o A.2.’15

P2 . P

N *

where %‘Pl dnd ip2 denote the values of peak currents at times

respectfvely. It is therefore possible to determine the

and- t
e Pa .

damping factor a from a semilogarithmig plot of peak currents with time.

Y
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. The angular frequency of the discharge can be readily monitored

\ . o
from the experimental current trace (w = 2w/T, T being the periodic time).

Assuming the capacitance of the leads, connections, and spark gap to be
negligibly ]small in comparison to the capacitance of the condenser bank,
/ ‘

the circuit inductance can be reagdily detérmined from the value of
%

!
w{lL = 1/w?C). u_lith o determined from the semilogarithmic plot of ip

versus tp , and L known from the angular frequency of discharge, the
. e
resigstance of the discharge circuit is found from the relation R = 2alL.

This -value .of resistance is the total resistance of the

ES M

In order to determine the rdsistance of the spark

L

discharge circuit,

to determine the resistance of the
- Ay o . (

remaining circuit, viz., the resiktance of t:h“en leads, connections,

electrodes, switch and the internal resistance of the capacitors, ‘This

Wy
is done by shorting the gaj‘p between the electrodes with an extremely
. ; , .,

well-lcondUcting material and obtaining an oscillatory current discharge

v * a
with the capacitors charged to theﬁ;ame véltage as before. ' From' this
discharge current trace the resistance of the rémaining circuit R, is
@ i '

.
l/ o

determined in the same manner as with the main discharge across the

=

electrodes of the detonation chamber. ”
/ _The resistance of the spark is then given by ' \
. 1 .
N ' ° .
.- Y ¢
) s R'sg = R = Rc . A.2.6
' \ \ +
N ‘ N u,ﬂ " Ed 1
N - a] .
4 0
’ » . ' l
. \. ¢ / "
)
‘ ™ s ]
1 . \o'—-\ ! ‘
' 4

“

\
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It is important to realize that the act of shorting the (

electrodes to determine the resistance of the remaining circuit must
@ TR S
fr:'all experiments the

not change the inductance of the circuit.

L [} »
electrodes were shorted ’'with a brass or copper rod 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

these peak cuirents obtained with the gap between the electrodes shorted.

ﬁft is seen that the plot is remarkedly linear/over the first few cycles

of the discharge indicating that the decay factor a (and therefore the
’ i
* %

}Esistance)kis constant over this period. Towards the tail of the

.
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 exppbted since towards the end of #he'aischhrge the
™
spark channel expands and cools in the process resulting in a decrease
o f

in the density of electrons and therefore of elec}rical conductivity. °

/7 L
We shall.see in the next section that the-effgpctive portion of

the "discharge that actually gz:tributes to form a detonation corresponds

¥
to the énergy released in Mss than the first half cycle of discharge.

oy

.

g
¢ 3

** This is in agreement with the results of Rese and Priede who
also observed the values of'a and R to be constant over a considerable
portion of the discharge with damped oscillatory discharges obtained
from condensers in the micro-microfarad range.

1

I

ek
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' * * \ « 0
; (jz' On the .basis of the resistance remaining constant over the first few
] cycles of discharge, we shall assume, in our calculations, the spark
3? : resistance to be a constant and to be given by the constant value .

,determihed from the first few éycloes of the discharge.

% - : Toepler and Binder (130) have given an empirical law for -the,
% Y&sistance of an electrical spark in terms of the length of the spark 1,
tHe pressure of the gas p, the capacitance of the discharging condenser

C, and the charging véltage of the condensers vo. Their relation is

.given by

-

- » R = K_IE - ! . A.2.7 °o

. The resistances eval’uated‘oncthe basis of the discharge current
records by determining the decay coeffici.énts, as given in this section,

exhibited the direct dependdnce on length and pressure and the inverse
- ~ !

{ dgpendences on capacitance and charging voltages as postulated SY’Toeplqr
I ' ' ‘

and Binder for charging voltages up to about 35 kv. " For charging
4 .

/voltages exceeding.35 kv, however, the value of the spax':k resistance

*

tended to’ be relatifely unaffected by a change in the charging voltage LA

op e T
. g =X e g 5 T
. P o s T LA R L
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2, \Effectivc Energy of a Spark Discﬁarge in Direct Initiation

Y

|
In the first exploratory studies on . the initiation of
detonations, the critical energy for direct initiation was based on

the to“t‘:al electrical energy stored in the capacitors. The stored
energy can approximate the energy deposited in the gases only if the

resistaqce of the discharge cir\cuit\\ is dominated by the resistance of
. . .
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 of.
. »

7

the spark so that ohmic dissipation in the switches and the connecting -
leads mus#: also be considered. Hence the energy deposited by a spark
discharge in the detonating gas must be evaluated on the babis of

Tp ' T
J i{t)v{t)dt or J iz(t)R(t)dt‘ where ‘{!; is the total duration of the
0 . ) -

b i

discharge and i,v and R denote the current, the resistive voltage drop
‘a .
across the spark and the resistance of the spark respectively. o o

n

A closer examination of tl%ﬁ initiation process reveals that \
) "

v

not all of the fbove enerqgy deposited in the gases need to contribute

to the initiation of detonation. USQing a "crowbar" technique to

I
»

truncate the electrical discharge at different times, and working with

different frequencieé’ of discharge, Knystautas and Lee (26) recently \
demonstrated that tl{;‘effect‘ilve energy for direct initiation w{th‘

™ /
electrical sparks corresponds to the energy dqelivered up to a .time

B -

corresponding to the attainment of the, peak Raverage power.

0
t N

A
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( ¢ Denoting the time for the attainment of the peak averaged {

power as Tp and the resistanc% of the spark 4o be ng, the effective

"

“ , energy release for initiation of detonation with damped oscillatory
~ 3

Sl e e Rt =

. ~at ., ~
electrical discharge (i(t) = Iog @ sin wt) can be evaluated to be v

T TRt e e e e

-
-~
e

v To's w -2art -2utp 20\, 5 |
o = = (1= py - P (== 2.
R m ‘. (l-e ) e (w sin“uty + sin Zpr) A.2.8

s

a

¢

Ay
The value of I here is determined from the intercept on the 1n|ip|

« axis in the plot of lnlip, versus t, (Fig. 52).
N

| , , ! L \

.
.

!

3. Theoretical Considerations for the Choice of the Effective Energy
/
That the‘effective energy for direct initiation does indeed

conform "to the energy releaosed up to the time of the peak aveéraged
power can be seen from the following theoretical model. ‘The early ~
time behaviour of the shock driven by the er;ergy released from the

electrical spark is considered. Since the shock wave is' fairly stron

and the coxre of the gases, heated by the energy release from the sparjc

«
o Q

is extremely hot, most of the shocked maﬁ\j“s concentrated if the near
< .. l

‘ o\-b'. \ b ", « I

]
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vicinity of the ‘shock fron't. Consequently, the 'Snowplow' approxi-

Y

4
matior;g&f Laumbach and Probstein(131) and Chernyi.(132) is used to

he shock motion. - .

L4

1.

3.1 Formulation of sthe 'Snowplow" Model

/

The basic equations for continuity, momentum and energy in

5]

- Lagrangian coordinates are .
- , ' )
Continuity: pokj RarR = pkjrjdr ' A.2.9
N ﬂ‘,
’ 32r(R,t) 5 19
. r(R,t ny 1 L,
Momentl:lm. Tyl + (R) . SR - A.2.10
¢ o 0 ’ } -
p_(R) te o
(R't) S B :
: Rr—— ey rrew L A.2.11
Energy - p (R' t) ps ( R) )

Here R and r denote the Lagrangian and Eulerian coordinates respeétively,
. v
| . \ -
while j = 0, 1.and 2 denote the planar, cylindrical and spherical

”

geometries respectively. The energy Eq.A.2.1l\ assumes isotropic
! ! B b

expansion of the gases after being shocked., In other words, the

eneirgy addition due to the chemical reaction is neglected. The justi®-
L\ o,

fication for such an assuymption stems from the fact that the chemical

energy released during the initial phase of shock motion is neéligible.

~fy
D

N )
T The author' is thankful to Dr. K.W. Chiu for helping iA the formulation
of this theory ~ in particular, with the mathematical simpl,ification of the,
internal energy term given by Eq. A.2.24. ' N
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. “The jump conditions at the shock are given by the Rankine
° ¢

. “‘Hugoniot relations. For strong shocks they are ] N

N

~ .
+

N

Y 51 f

s Y+ - ‘ i
—_— = ~ A.2. 12
po Y"l .
| /
= 2, go2 .
and\ ps - 'Y+1 poRs‘ . . A.2. 13

[

- .

i

& ’ .
From the snowplow approximation, viz., that the gas particles
‘\ follow the shock front closely, we may write .
S )
\l\ ‘ A A ! . - ~
r = <Rs - € (RS-R) - - JAL2.14 ¢~
\[ [ ‘ ¢

where € is a small quantity. N

»
v . -

‘shock front

EIRY

Further, from Eq. A.2.9 we have at the shock front

. A
A [}
- - a s _ AE-Q- » ) /
. R{Rg ~ Pg , '
* + ' e ° 7 {
' N “ l\ - R LS
so that -, € = = A.R.15
; y .Y+l . .
., - )

\

- J'l:)if1§'erent/i“at:ing.y ‘Eq. A.2.14 with respect to R, we get at the -
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I (j giving: r = R qTi- (Rs R) A.2,16

: . : . - )
v g I The energy‘deposiped by the electrical spark in the gases

° ‘ N 3

e goes to increase the kinetic_and'interﬁal energies of the gas. ﬁ If
l E | the shock at time t is at a distance Rs frdm the source, the global
¥ & \ o

£ conservation of energy yields
E ' ‘
o )
; ‘ . ‘ R
. ‘ Rg o . .
/
E,(t) = [ ( ) Dk rlar + J ;gi- k. der .
N _; N o “

’

ge&e the initial internal energy of ‘the shocked gases is neglected
since it is expected to be small. -g
_From Eq. A.2.16 we get

o

2, -0 ' :
4" A.2.18

" 2 |

’ as , o

2 pogjnszn J+l ¥
' (Y+1) % (3+1)

. . , oo~ £
Using Eq. A.2.18, we can write the kinetic energy tern in Eq. A.2.14

SN MIUN e S

2

;g S

| %“*'i‘{)f

[N

»

X
Ly
{’1‘ Hi



8.

173

o
.

The evaluation c;f the int\e}al energy, term in Eq. A.2.17

is ‘§lightly more complicated. To de.terniine p(R) w.e use the momentum
Eq. A.2.10 to obtain . ' ' Q\a
B :
i 42
i ..QR = - 5__ r(R,t) o A
. 3R Po 3 9t

~

.~
~t

", Using thé above in Eq. A.2.18, we get |

- ‘ -

B .. 2% eR :
aR =Y+l Rs rj . . A¢20'20

£

The value of p(R) near the shock front is thereforé given

C ’ * s
by-j . e 3 ! i . ! B
. l I )
., R
R,E) o2 R R T dR ’ r 1
P(R,t) \ps_ = L % le 1‘2 R‘ A.2.2
s. ‘Rg
R L3 u \
¥ '\ ’
so that” : v .
- r o 3
- ' " t
. oo ) A
A ot R ,R - j+
" p(R,t) =%%i' p0§82 1+ == { 1 - ( -g—- ) } A.2.22
E J : R2 (§+1) s -
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) A
Pee ) .
»
. LN f
3, . . o ?
The above equation can also be written as - ®
&’fz‘ 6 ' A i

- 5 2 ) 0 R ) .
= == + - : .2.
PIR(t) = 7o RS M1+ =5 91 - (4-) I A.2.22a
s . i
&, «
where the decay coefficient § is given by - d LN
. < ' '
a . ’ ° . i ) ) (s
| ]
\ 0o ’
- Rs K ) . 7
‘ g "= S . ¢ A.2.23
° . . ‘R 2 .
& Rs - .
1] ’ \ 4
& o ’ ’ e " ’ e ‘ -
The internal energy ‘term can he re-—w}':htten using Eq. A.2.9 as : &
] : . # ’ j - )
. ° L4 . ) L S
» ) RS A\ RS _u e RS
2y h p(R,t)-plo k) P05 PO, 3
k,rhar = — e — k.RdR =/~ k,r'dr = A.2.24
I~ -1 737 77\ y-1 "] N y-1 7
0 o N, Lo ’ ’
[\ ® . l -~ “¥ -
< r ~ 1 - *
. " Y \\ ¢ » ]
From‘Eq.” A.2.9 ,and A. 2.16 we also get . Lo i
. .
L - . . . . \
'tp Q ’ . ‘ o P
\ £ . YL Ry :
¢ Po y-1 'R - / )
- ‘ ) s Y °
i Y - s T
- l -
' -« \,. s t § N ! ~
N 1 ' . \ A} ¢
| j N <, ! i '
; ‘ t v & TN
i ' ! \ . \
- ’ - *r
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- ~ »
N - ‘ ? ° P &
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% - and using the value of p from"Eq. A.2.22a we.get - %
3 h %
S .
I R Ry .
\'2. 2 =3
p R0k k
3
{ £ _x.rlgr = - 9.8 RMar & 2, R S 1
v-1.73 ¢y+1) “(3+1) R $#1 07 T j4l’ ye
* AS
0 o .
. , . .
v o~
o ' . \
; giving * | .
N . 2 - 4 .’ 2 ; N
» ~ 7 , . ,
i = RISJ j“ 2 kJpoR 2R o y+23+3 ] ‘ N
=k, r’dr.= ° 1+ -~ A.2 25
-1 %4 G0 (T (=T GYD (v (392) ° A
- * o
v 0 \ . . ‘ A o
- . . ) ] ‘
, . » ¢
~
A |
~ ~ . : .. ”~

{ B A .

, ; |
\ - . Substituting Eq. A.2.19 and A.3.25'in Eq. A.2.17 and simplifjing
¥

e
we get! ; .
X . Y v,. ) s . ) ‘ |
2 Q 4 Pl ’ N 4
) N 4 ~ . y . L ﬂ' - . .
R +1)(y-1) (5 + _
’ | (v Lyv=-1) (3 1,),ES°(t) _o2v (y+2§43) .
" g R2EIM L ALl (341) (v+D) (5+2)
e . 2 kijRs. . At
S . . -
4 ) .
// . : . “ I A . '
- o ! " ) A -g‘ v h 4

.
N ‘ . r
[ . . -
- \ M
° ] N roe * ° ' L . \"g‘;‘
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A
' r ~ ] .
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R A
R A= B o A.2.27
Rs R j+2
L S 3
¥ o »
2Y(j+1) (3+2)
where A T Y2343 ) A.2.28
4
@ se1y 2 (4 Y2 (e
ns(t) (3+1) “(3+2) (y+1} 4(y-1) . 1A.2.29
and B = (y+23+3) 2k,,§1)p0

/

This ordinary differential equation ‘can be readily integ/t/ated
for any energy time history Es(t) by th‘e Runge-Kutta method oP,ée the
initial conditions are known. It is interesting toh note/that/’/;:he
solution ’obtaingq with this model agrees verx_well with the st;ong: blast

similarity solution when the time dependent energy source is replaced

by the ideal energy source, viz., Es = Eo = a constant. This is seen

as follows:

With Es(t) = E, = constant apd x = §52/2 + Eq. JA.2,27 reduces to

AN

d - ¢ . ; c=j=2
ar ‘ st:I B RS A.2.30
S - .
where ¢ = 2A.,
@ .
. /
| @
’ r
N
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Integrating Eq. A.2.30 and setting.the constant of integration

equal to zero to recover the point blast solution, we get

. .

a

[ -
. . )

L)

° e = 2B \ .
R, =1 Ry A.2.21 .
On integrating EQ. A.2.21 we get, the shock trajectory to be
. \
' g |/ 2/3%3 | 'j'i_a' 2/4+3
R = | |2 i*3|- (3+1) (3+2) (y+1) 2(y-1) .
s Po 2 kj(7y+4yj-2j-3) » . A.2.22

Based on the gelf sim}glar solution for an ideal blast wave the shock

\

trajectory is obtained to be (107)

. 1/3+
(343)2 B_ /343 2/343
R 2| r—— t ~ A.2.23
¢ g 4kj I po p

Using the values of 1 given by Bach and Lee (133) and

by Rogers (60), the shock trajectory using EQ.A.2.22 and ‘A.‘2.23 is compared
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] C} below for ¥ of 1.4 or 1.2 respectively. . .
}l Y e " b , : > , . "i
s { —
] Geometry . Eq. A.2.22 / " Bg. A.2.23
4
i Yy = 1.4 )
4 N IR ]
’ {i Planar 1.151 (Eo/p0)1/3 t2/3 }V“ 1.229. (n:o/pu)l/,3 t2/3 )
! | orlindrical | 0.959 (5 /o)t £/% | Loos e s0g /4 ¢
; .
' Spherical o.99j/gso/po)l/5 £2/5 1.067 (5 /pq) /> RN N
| "
- ,Y = 1.2
Planar 0.931 (Eo/po)l/3 t2/3 0.963 (E°790)1/3 1:2'/3
™~ i
Cylindrical 0.820 (Ec’/pn)l/4 ‘tl/z 0.838 (Eo/ﬂo)l/4 !:1/2
i < -
spherical 0.879 (B /o) *® £¥° | o0.80a (2 spp) /% ¢¥/5
' - - -
, .
! Lo
\ ’
4 ! .
'y ) ;-
\ i
\ \
\ ¢
g v
. d
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3.2 Discussion of Results .

4 4

Two different types of ini‘tial conditions were usled to
integrate Eq. A.2.27. One assumed an acoustic wave to be ‘generated
at the initilal spark kernel radius immediately on striking the discharge

1 ° k2
{i.e., Rs = Co and RS = RBc> at t = Oy Rso denoting the initial

spark radids]. Th; other initial condition was that the early energy
release caused a pressure wave to originate from the source, the
magnitude of the pressuré being given by a constant volume energy

addition, viz., p = (Y-l)E(to)/vo ("o denotes the initial volume, viz.,

x,r I .
Y - = Y
12 and R =R at t=tgl. .

ES

Figure 53‘5héws thé results obtained in the cylindrical

x - v ¢
geometn!( (J = 1) for spark discharge parameters given by the following:

Spark gap resistance ng =0, 10

_ Total circuit ryesistance R = 0.18
Capacitance C = 0,0;19 uF
Io = B360 Amp

Discharge frequency f = 0.905 MHz ) j

Charging voltage = 30 kv’ 0

: 0

The dotted line and solid line show the Qaﬂ\.ati’on of Mach

number of the shc;ck with time for the acoustic starting condition and

»~
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" curves denote the number of cycles of\discharge after which the energy

- ¢ 0y
_ 1.
, 180 ,
’ [y 4
' . ) :
~ L :b ) ' i
a constant volume starting condition respectively. The results .
. o = °
are shown for an initial spark kernel radius O’"Rs of 1 mm and 2 mm./“

, o .
It is seen that the nature of the gtarting condition (viz., an acoustic

start or a constant volume start) does not -influence the shock trajectory.’' s

w

The value of the initial radius R; ‘, however, is seen to significantly
! N 0.7 . - v @ N 2

-

influénce the magnitude of gli% shock Magh, number. In Figure 53 is

~ . . N Y = = 9 B
also shown the variation ’of\the energy released by :the spark and the
avérage power of the enérgy releaase as a \funcnt:ion of time.

The initial radius of ‘th\e spark kernel with a line source of

'

. » - )
enérqy can at the ut,moé:: vary Let&‘éeen 1/\2“’?115 to abéut,f2 mm. Fi.gures
54 and 55 show the Mach number of. ti\e shock obtained by successively
truncating the enerqgy relaese \ai: varicus timé{s with an initial radius
of gpark kernel of/ 1/2 mm and 2 mm The citcled figx‘xres on the /

|

release is terx;iina@ted. For instance, 0.1, 1/4, 1, PAP etc. denote

that the enetgy releé's"\’e ‘from the spark is stopped after the first 1/10th )
. i . ) b ¢ o~ °
cycle of discharge,: after a’'l/4 cycle of ‘discharge, after one complete

cycle of discharge, ox aftlr th,e attainment of the peak average power.

It i3 seen from the figu}.‘e that\ truncating the discharge at times

[y
»

earlier than the time corresponding to éhe attainment of the peak a\rerage

-

power (t ) produces a significam: decrease in the peak values of the “ .
shock Mach number generated by the so&r‘ce. i But “the truncation of the\ B oy
3 ” o \ \ ' A

discharge at timesareater than: tp ap
AR ! S

change in the region around the peak Mach humber ‘and only: reinforces o

does nqp proguce any r\\oticeable\

¢

T ) A
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the shotk strf'ehgth much later in the process. In direct iﬁ\bhti?'n

of detonations, the detonation is formed fairly early in the process
!

”j‘\

Since the

so that the strengthening @ shock at later periods when a

L3 3

detonation is’éL@dy formed cannot affect the phenomenon.
capacity to form a st¥ong shock is 'seen to be dimpaired if the energy

& -
release is stopped before tpap and is relatively unaffected if the \

t

. \ B
discharge is terminated after tpap' it is not surprising that the

effective e\ne:;g? for direct initiation with a spark discharge corresponds

to the energy released up to the attainment of the peak average power.

A
R

N
\‘Q}‘z\a' .
N
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P ! . . ‘ APPENDIX III
I ( ¥ - ) ’ . v - i '
' ESTIMATION OF A MINIMUM SHOCK MACH NUMBER

/“A FROM THE MINIMUM POWER REQUIREMENT .
4 N / °
4 ' . ' ’ *

4 .

% " s ' + »
‘ /ﬁ ' \,) /
, ' An estimate of the Mach Aukber corresponding to the
s K4 ) ' .
‘ % &[ experimentally observed minimum power requirement in the initiation
. | )
of a det&gation is made in this appendix. The energy release pertain-
& Ty %”_— N ) - R
PR ~ ing to #he minimum power requirement is modelled in terxrms of a constant

. - velocity piston driv}ng a shock wave. TQe simplified amalytical - .-

; . ~ o L )
methdh of\guirao, Lee and Bach (41) for a piston-driven shock 4is used.
- ~ T . N .
for/this purpose. Their analytiéal*solution is first reviewed in this

/‘ ' ° . o

appendzx and then apﬁlied for the calcudation of the shock strength

coxrespondinq to the’minlmum power reqdirempnt

| 2 " 5

{ ks °’ ‘ Y L.
ﬁ';“ Consider a shock wave driven by A piston at constant velocity
Let us assume a one—dxmens;bnal rgdial motion of'the gas entlosed ‘ «\
), . i b \.\‘ \\t,
between thé pis%cn and the shoek front. \\¥hg\gne*dimensional conservaj\i\
| ’ '

' ! [ I h J ; ! ‘\\\\‘\
tion eql,;ations £or mass', momentum and enerbg(l axe! given by, ‘

3

4 ", Y

a
?

T

Sordg,
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! \ S ' ‘ oo
n }5 (:? s’Ho:\.re j = 0, 1 and 2 denote the planar, cylindrical and spher'ica;' :
geometries respectively, ‘ e +° ’
. . r . '
In the blaat wave coordinates the above consarvation vk
4 .
\ . .
. equations become « ' { . .
' @ o ( v ‘/ L) D‘
: \;E\
; 8 R T SR | RPN 1
. - 3.4
- . @-515E+ vt ey n & , A3
1 . | . ( ) +
- 3, e+ _ 5 3 -
H ° v 1 AC l5
| S ($-E)gg + B8+ 5% "yan _ A3
= a ~ ) -
* ‘ (¢-£) + Yf—i + lj-——- + 26fF , 20n — af : A.3.6
) ¢ 35 an ‘ /
v c’ ) a ) .
© N \ v '
! where 0 is the decay coefficient given by Rs‘ffs/ﬁsz. - . \
/ x * R . .
s, N while deriving the above equations an equation of state
) N ) . . S .
of the following form (e' = ‘-)-(IY)—_—I-;) is assumed.
] |
' ~ 7 For a constant velolcity shock front driven by a piston\ ’ . -
° ’ ) . N - '
- (R!3 = constant) the decay coefficient 6 = 0, Further, the flow bounded
‘ between the piston andthe shock front is isentropic. )
b ‘ -
o . o | Introducing the local sound speed as a dependent variable,viz.,
Vi 4 3 Al .
] N ;\ g “ - . \
) ' l ’
2 8 S f :
\\\’J Coon ) " ' \,\‘ ) N - )
T i | x : - o o . -y
\ \and nohlnq that B = o foxvEhe constant veloc: ty \shock whiqh is drlven
. ll)?y | p(iaqon. (mhe cor.servation equations A.3. \\-\\X\\s »6 can b? reduced to \Hso\
;‘\ ‘\| . o ! K1‘ Ao “\ *
‘ thﬂ fplléwingli EWb\l : Y ;‘ \\ v i \:\(\\ i ‘\ \ ( )‘\
’1\ l i ! by \ 4w ! ' ‘\ .
SR SRR
e o / [‘ s |1 \\:l| ' \ \‘\\ T w'l
RN | 1, ;\\] SRR {
, vg b WLEGHE v K K \
" , y ]1 , \\l \"E‘Hllﬂ; | Do i‘] \\ \ X N ‘1‘ v}“
. . H .\| ’\ ‘ \‘L | {l.; ; , \“ N )' : ‘\\T‘ ' '\;;31 \
! \“ ;\\3 o -\\‘m\'ﬁ ;\xl’ g‘l\ Hli‘ l] i" . i‘ ”\]‘ “1 ‘[l\\ﬁl \\\ \h ! . \\\\\\\ \\ \( ' 3 [ ﬂh
Uy ' Ll R S WA A TR y o
i iy WS
o }\ i \ o !"\h"\l W Cl); ;:‘1 I l‘}‘( \‘\\ e\\ R ‘
U I A TN RN A !
LT I g |
”‘ : '\/ ! :"\’ l\‘ ! ‘l“‘l\ l: ‘M‘\\l i xl\\:!\ \\Ml \ ihk,\\.lﬂﬂl"”\}l‘!‘\r‘[ v 1
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N b
2, (y-ry 2B, g 20, JeB ;
T 0 sp e g 0L _ A38
_.2_... aB ﬂ = ’ “' ’ * t }
= AN UUE SN oo A:3.9
Solving for g—% and % from Eq. A.3.8 and A.3.9 we get ' ‘ i //
v ' /
. \ , ’ //
r 2 ‘ . ’r .
_g% - jgﬁ 1 . A.3.10
($-) 2-82 . :
| g%\F - ¢ 12._) 148 (e-6) AL
L El(4= 5)2-321 | o

3

. Y
o) = =2 (1-n) . A3.12
Y41 : -3.1;
L }
” A 2 Y=1+2n ‘
B(1) [vﬂ =35k m (N, A.3.13

. 14

Once a desired shock Mach. number is specified ¢(1) and B(1)
¢
arexknown so that it is possible to integrate Eq. A.3.10 and.A.3.11 [

LRTEN

numerically to determine the hydrodynamic flow structure between the

shock front and the piston. ! N
-
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Guirao, Lee and Bach (41) observed that for moderately
1

strong shock waves (e.g., Ms 2 2) the solution for the velocity is’

-

remarkably linear of the form . S I

' a ‘/

I ' . - N v

+
¢

N . Ce(E) = A+ BE “ L AC3.14

. o /
"

. ‘ )
[ . s
‘ ® /

/
where A and B are constants for a given geometry j, shock g%rength n
/
and specific heat ratio ¥y . By formally assuming the délocity
. / | j )
profile to be linear and to be given by Eg. A.3.14, they /solved

Eq. A.3.10 and A.3.11 and obtained

-

[ -

N

]i
Be) = 182(1 + Sl [A'+-B—;-1-- <A+?-§3-e>a] . A3

N

Using the boundary conditions at the shock front (€ = 1), viz.,
Eq. A.3.12 and A.3.13, the equations A.3.14 and A.3.15 can be solved

to give values of constants A and B as below.

2 \ _ :
A= D2 4)[ Y(23+1) + 1-n (y(3+l) + l-j.)] A.3.16

2 7 / 1 3 \
B = -(,7'&)—2/{ [n(yy-l) - ZYJ / A.3.17
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' |

R ¢
\At the piston surface ¢(£p) = Ep. From Eq/ ‘A.3.14 ! « -
- ! ’ H
we get .
/
£ = () = v A.3.18
‘ P P 1-B°
s g\ . | )

and substituting the values of A and B from Eq. A.3.16 and A.3.17 in

Eq. A.%9.18 we get , y !

-

Y(23+1) + 1 - n{y(§+) +2-3) |- A.3.19 |
(v+1)2 + 25 (2v - (v-1))

N -

Ep = ¢(€p) =2

5
'

With A and B known from Eq.A.3.16 and A.3.17, and the position of
\

the piston determined from the above, the particle velocity (¢) and

sound speed (B) variation bétween the shock front and the piston surface

are readily determined from Eg. .A.3.14 and A.3.15.

In order to get the pressure .and density variation between

the shock and piston surface we invoke the fact that the flow is 5
. P v
isentropic in this region. Hence, for EP < t < 1 we can write
p(Rg) |
pto)_ . B  A.3.20

'Y T
p(r) PR

which gives

F (R OV R S T
1 AR T3 VA *

[ |
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L)
} @ '
C’ Using the definition of B from Eq. A.3.8, viz., >

+

oy

* L4

y-1 Yoyl
B(E) () ~ A.3.23

. T
and  ¥(E) = B(E) 0 \

I « §
The values of Y(l) and f(l) are the dengity ratio and the

. \ v
non-dimensional pressure at the shock front £ = 1. These are given.

by the R.;nkine-Hugoniot relations, viz., )

. . \
- Y+l ‘ ’ -
Y(1) =1+ AS3.25
a.ﬁ" _ ) | “ .
2 |y ln ’ -
f(1) = —_Y"‘l |-l 2y ] A.3.26

|
' .

|

Thus, from Eq. A.3.14, 15, 23 and 24 the velocity, pressure

{ N .

and dens#ty distribution can be analytically determined. .
. : * ' } et ' *

i .
£(E) ] A.3.22 .
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" volume swept by the piston.

——Tes 7 .- ]
. \ \) ;
] N ,
. A
a >
. * r
The energy supplied by the constant velocity expanding . '
‘ e ) a ) ! e -
piston to the surrounding gas is via the compression work. This ' Fd
' ) * ‘ L
can be written as ! K %
v . *
p L
. \ E = p. dv A.3.27
. p .
o .

where pp is the pressure at the piston surface and Vp ig the

‘ e
Eq. A.3.27can be written as e
~.
R
p
| “ k, o d 1 i 3.28
| = ,r dr = R A.3.
. u ? Pp 7 37 e ¢
[ [}

° o
For a constant velocity piston Rp = Rpt = ¢p’Rst . where ¢t

is the duration of travel of the'constant velocity pistonT Hence the

.8

’

energy delivered tz’ the adjoinihg gas by the constant velocity piston
becomes
j+l

k.
P
E ’j+1 pp (Msco¢pt) A,3.29

N

Expressing pp in terms of the dimensionless pressure and

simpl if}ing we get ) : \

~ 2
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.
i

E = -2 P A.3.30

In the above equation, ¢p and fp are determined from

Eq. A.3.23, A.3.14, and A.3.19 once the shock Mach number Ms is §pebified.

A plot of the energy, released by a constant velocity
cylindrical piston (j = 1) driving a shock wave of Ms between 3 and 7
is shown for various durations of the piston motion in Figures 56 'and 57.
£n Figure 56 the préperties of the gas mixture correspond to a 100 torr\
stoichiometric oxyacetylene mixture whilst in Figure 57 the properties
correspond to a 380 torr stoichiomeéric oxyhydrogen mixture. By

\

assuming the minimum power requirement for the initiation of a cylindri-

-cal detonation to correspond to the energy released by a constant

velocity cylindrical piston delivering the initiation energy over the
(5

effective duration of energy release, the shock Mach number Ms pertaining

to thé experimentally measured minimum powér requirement is read off
E
from the figures (Power = Eéo. These are shown by the triangular

v

points in Figures 56 and 57 for the oxyacetylene and oxyhydrogen mixtures.

The value of Ms is seen to be about 5 in either case,

°

°

e S S M 5 S




: ! . l v
| | " APPENDIX IV

I . YANG'S ANALYSIS OF THE FLAME IGNITION PROELEM ' .

/ N a

% Yang (51) considers the ignition of a gas by a plane, line

b and point energy source. He considers the enérgy source to be

located at the ozigin of the .particular coordinate system. He
f 11 ,
: formulates the ignition problem in a framewgf reference with the flame

\

front stationary. The unbuknt gases are assumed, to flow towards tﬁe

ignition source at some rate G and the burnt gases are assumed to be (}f

exhausted by a mass sink lbcateﬂ at the source. Considering an

-

A S
elemental volume of thickness, §r, at a spatial coordimate r from the

origin, the basic differential equations governing energy and

- N

v ' i)
diffusion are written as .

Neo | 3 !
A\ ! -
Al
92T 3 aT Gc_ 3T T
K vy + Y ar. E;;T ot + R (a,T) - L(a,T) =\ OE:EE A.4.1 ,
. L= 1
. . \
and - {
32a . 3} 3o G_ 93 _ R(a,T) da
+ —— - ———— . atmv— P A Buadl 5o AN o—
. DeP 1 322 " ¥ or kel o QP | A-4.2
' f '
‘" ’
i /
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42

where K is the thermal conductivity N

a is the fuel concentration

C is th363pecific heat
R is the volumetric heat generatiqn rate
L is the volumetric heat, loBs rate

Q is the gravimetric heat generation:rate

’ Df

and k

is the diffusian coefficient
y = 1, 27 and 47 for j = 0, 1 arid 2 corresponding to the

' \
planar, 'cylindrical and spherical geometries. ‘

Equations' A.4.1 and A.4.2 can be integrated for any instant

of time. (say at t = t;) between the enexrgy sourée (r = 0) and the
undisturbed medium (r -+ =) to yield ,
. f
i
\
L4
o0 -] ©
- CG (T _-T ) + k, © R(a,m dr — | k, £ p(a,t) ar = pc(az) ar  A.4.3
mou J ! - b] ! at't=t,
o ' 0 0
. y
A
ao' L] ) —
-G lla -1) -é ky ' R (a0 dr= | p (3% ar ’ A.4.4

) A " o @ t=t) “ P .

, Here a, Tm and"ru denote the fuel concentration at the origin,

the temperature at the origiq and the temperatuyre at r -+ » respectively.,

/
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The right hand sides of Eq. A.4.3 and A.4.4 denote the net

L4 i
rate of increase of heat release and fuel concentration respectively

|

at time t = t;. For ignition to be successful, the net heat release

A\ . v
rate within the system must be positibe at all times (heat generation

. 00 5,
rate >/ rate of heat loss; i.p., j pC (%%— Pike 0) and the reaction
‘ . " t=t)

should also progress with time [i.e., fuel should be consumed or
“ .

-]

\ F .
J p (%%)t_t dd < 0 ]. The critical conditions are therefore seen
e =1 . . .

to be v
9 ~ Y o
\ K *
pC (%'E) dr = 0 o A.4.5
t"—"tl
o \
\ .
' -
. - | .
¢ a0 4
, p(5p) dar = o0 A.4.6
/ t=t;
0
, ‘ j !
] . Ry ‘

On the basis of the abobe, Yaﬁg asserts that the steady -

state ébrtion of4the governing differeqtial equations A.4.1 and A.4.2
, _ - k4

will adequately represeﬁt the energy and diffusion\equations under the
critical conditions of ignition since the generation and dissipation -

terms then balance each other. If“G* represents the mass flow rate G

under these conditidns, the governing differential equations for,the

’

critical ighition behaviour become
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32 T ] aT ] G *C aT L -, '
a— - —— —— + - - . . v{
, K I 3—2-+ L I ) 7 3 R (a,T) H(a,T) 0 , A.4.1a

“3%a . j da ¢ 2 Rla,T) T
Pe [.3rz Y o ] ker or Qa =0 A.d.2a

In one of the earlier ‘papers (134), Yang demonstrates a method

of .solution for the Eq. A.4.la and A.4.2a in order to determine G* and

the a and T distributions. Knowing G*, it is possib 5 calculate

. /
the net heat generation rate corresponding to the critical conditions

from Eq. A.4.4 \ ~ ‘ \

".co ! . .
. N\ S e
ky rd R (a,T) dr' = QG* (1 - &) A.4.7 PEIN

o

For successful ignition, therefore, the energy release from

\

the igniter must be capable of causing chemical reactions in an
*

adeqhate volume (corresponding to a critical mass flow raﬁe G*) so as

~

to lead to a heat generation rate greater than or equal to the value

A \ s
specified by Eq. A.4.7. On this basis the source energy is determined
/ , -
in Yang's anelysis of the 'ignition problem. ; E
\ \
li
\
. / \ ,
~ | .
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% o R ST e ™ , P
b3 Yy v T . ‘DETERMINATION OF THE. g&ERG‘I/INTEGRAL x G e S o °
4 L b . B o i uj/ =i KQ i | 7 [ -
T SRS . . AND L’I’HE“ JTZ pREss\Jm-: pqg#@m Foa“k o DETONATION CJ{ ST s
r‘:’ R - = .I J N . = N : < i//k:\‘ \Lr' = Ge
i (—: \ J€ .: ;“ B Y v u
| T Q <o fu/?('*/f T '
A ~ N N . - [/:_,5 /( B
i ‘ G . : / SR
% - ' ) We need to know the hydrodynamic flow structure ,l{éhind a
detonation wave in order to determine the energy integral I and the
( pressure profile, For a steady CJ detonation, the decay coefficient
\ T < 0 = 0 and the flow behind the wave is isentropic. The basic equations
} governing the’ flow are the same as those derived, for a constant '
N PN
A\
/ velocity piston—-driven shock (Eq. A.3.10 and A.3.11 of Appendix III)
¢ 29 . 3982 y A.5.1
) 3E £ (¢_E)Z //
/
2 //
[ A
’ =
’ 28 Y=1 _ i¢B(¢-E) ‘ , .
and - - ’ A.5.2
3E o 2 E[(¢-E)*-B) \

\ ﬁ

;
/

The boundary conc}itions, however, are.different a}nd correspond

p /
to the non-dimensional values of velocity, pressure and density
) //

/

' -

¢

: * , ,
o~ ‘The subject /matter of this appendix is the classical Jouguet-Taylor-
Zel'dovich thec/s,ry and is esgentially a summary of the treatment discussed

by Lee, Knystautas and Bach (107} and by Lee (12).

N
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JAmmediately behind the detonation front. / E\”

’ R \\\
4 these values are ‘ : {

Yo'YlTI t
Y, (Y1+1)

¢(l)’ A.5.3
Yot M

/ £ YO(Y1+1)

1
?’
wr
-3

Yo (Y1+1) . R

Y(1) ;I?;;:ET.’ .

and

i

o
. ﬁlf .
g is given by _W— . Y, and y; refer to the specific heat ratios

of the gases before and
According to the éhapman-Jouguet condition, the flow relative ¢

1

after being processed by the detonation wave.

to the detonation wave is sonic, i.e., * N
\\ ! N N
<
w +¢ = Ry, , A.5.6
\
or ¢ + B =1 )
so that ' (¢~1)2 - g2 = o A.5.7
t ’ / A

\ o~ ®

; P~ )

Henét\the denominator of Eq. A.5.1 and af%.2 becomes zero
\

at £ = 1, and evaluation of the flow field poses a problem unlike thL )

case of a constant velocity shock driven by a piston.

For the planar case (j = 0), the numerator is zero as well.

29

Hence two solutions are possible. One is gg = 0 and %%'= 0, img}yihg‘
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uniform properties behind the detonation front. The other soclution f

is that (¢1E)2 - B? is zero throuéhout giving finite values of %% and

) - i ‘ .
5% ¢ This latEEE\solution repregents a simple rarefaction wave beshind

Y e S

a ¢J detonatioywwﬁzg yﬁg¢, ’ |

7 p .
; o
g y ' l‘r‘:*‘
,{ 5 . .
. k ¢ = 57 (6D + 6 J A58
iy I /
LT ,' ’ ",
and - B=ypy (GRD o+ B | A.5.9

’
. /
\ ‘
/

]

The value of ¢ in.Eg. A.5.8 becomes zero it £° = 1;—1%£ $(1).
The flow: field therefore consists of an expansion regiqp from the s

detonation front (£ = 1) to Eo followed by a zoﬂé of constant propertieg b

4
’

for 0 < E < £, -

The former solution obtained with %§'= %% = 0 (viz:, constant
R \ Lo

‘ ) Properties behind the detonation front) pertains to a piston driven

detonation whilst the latter solution represents a self-propagating

detonation. '

—
In the case of cylindrical and spherical geometries (j # 0)

! 6 /

s $ 0
the numerator is not equal to zero so that C and “g'tend to infinity
: . 9k 9& .

7

as £ + 1. This singularity poses a problem in starting a numerical
A\
integration of Eq. A.5.1 and A.5.2. It becomes necessary to séek a

\ s , | //




\\*I A I
H }[ -
( ' -
) ' . | i
] ‘:} solution near the CJ front. Thias is,done by assuming a perturbation
\ i \
gseries of the ffrm g . | ¢
[ J
x . { ?
¢(E) = a + a (1-)" + .... A.S.10
. i
: l
i
\ \ ' N
and B(E)e= b, + by (1-0¥ + ... A.5.11
! ! i
¢ o \
{ © ' and solving for the constants a s ay, b, by, x and y.  'The solutidn
near the CJ detonation front (1=-£)< <1 is obtained to be N
; !
® 3 \ .
GLE) = ¢(1) % { 230(L B () ] £, . A.5.12
. _ y+l N
.o ‘ C /
4 ) ‘ {" AN
R | y-1 [ 23¢(1)8(1) ! / *
and B(E) = B(1) £ 2 : 1 (1-€) £ .ea A.5.13

! 4 ( t
\

\ ‘ N
The above equations suggest two possible solutions corresponding
to the positive or negative signs. The plus sign indicates a compression
solution (piston driven detonation) whilst the negative sign denotes a

free expansion solution. We are interested in the free expansion

~
!

solution.
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. ié'a zone of constant properties as in the planar case.
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In order to determine@;he flow field for' the cylindrical ’

and spherical detonations, we numerically integrate the Eq. A.5.1 and

values

\

We start tgé integration at

A.5.2 by the fourth order Runge-Kutta method with the starting
/

given by Eq. A.5.12 and A. 5.13.

£ = 0.999 and choose a step sizg of 0.001. 'The velocity ¢ drops to

A
zero at a certain distance (1 - &O) behind the front after which there
RPN . i
The values of

9

pressure f£(§) and density W(E) are determined from B(E) using the

*y

condition of isentropic flow behind the detonation front (similar to _

Eq. A.3.23 and A.3.24 of Appendix III).

-

'Knowing the distribution of ¥, ¢ and £, the value of energy

\

integral is readily determined from the expression

- £, wE, 3 )
L (gog+5 )68 & A.5.14

whilst the pressure profileD}s determined from the relation

R 2£(£) A.5.15
p po s » .
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TABLE I. INFLUENCE OF 'IGNITER CONFIGURATION ON THE INITIATION ENERGY

¥
;
%
|
|
{
d

GAS MIXTURE‘ SKETCH OF THE IGNITER CONFIGURATION Es JOULES
(dj/mensions are in cm) &
.
2 H2 + OZ,AT 0. 40
) 100 TORR
M
s A

i ) ; K1

A : 0.45
w 1
4.
\ N 0.49
\ j
h 1
e 0.52
\
|
1
\ - | . - B i
L1 £ 222077 )
1
2 CH, +50, E L ¥ ‘ .
AT 40 TORR / i 1.25 .048 .
A il lddldo: J- .
‘ | In
o B T N N L T
: + T ’ ‘
) et 600 .7 1.-21 .051
= % AR R LA BN '\1 y
f
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TABLE II. S/L RATIOS FOR H_-~O,-Ar SYSTEM OBTAINED BY BILLER (108)
N PRY
% Ar St '
dilution @= 0.4 ~ @=1.0 g= 2.5
v O 0.528 0.474 0.575
20 0.555 0.581 0.516
40 0.575 ‘ 0.533 0.612
50 0.560 0.497 0.642
60 0.587 0.546 0.577
70 0,582 0.607 0.617
75 No data No data 0.657
77.5 No data 0.591 No data
. '
80, 0.619 No data 0.560
. 85 0.642 0.596 - No data
Case 0.595 0.553 0.595
f\verage

l

[

[y

—

(@ denotes the stoichiometry on:fuel/oxygen basis)

¢

13
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