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ABSTRACT

The present thesis reports the results of’ a study -on the basic

I - ! - -
features and méf'g:h:_misms of shock wave amplification in explosive gases.

' ° !

* The results of

have shown that

i

ﬁ

n investigation of photochemical detonation initiation

» - ~

a rapid shock wave amplification occurring in a non-

-

‘uniformly photo-dissociating gas plays a s}gnificant role . din the early
] >

13

o

- étagc of the detonation initiation.

An important concept on the shock

wave amplification has emerged through the inVestigation.

It is found

L~

that the coherent ener'gy release from the non-uniformly reacting gas to

the shock wave, provides one of the most effective means of shock wave

amplification. It is shown that the coherent energy release can be ,/

v

. \ 1 ’
established either by the induction time gradient field of the non-uniformly

reacting gas, or in the later stages by the gasdynamic compression effect

oﬁf’,tho amplified wave itself.
/

[

K

\

. Further insight into the fundamental mechanisms of shock wave
. amplification ha:s bee/n obtained by considering a relatively simple
éhoorotical model .. (Fhis model illustrates the impo'rtant role of the
induction time graciient field in the shock.wave amplification. Finally,
the éoncept of shock wave amplificafion has been further extended to
‘#include the problé:m of transition to detonation in a non-uniformly preheated

mixture.

s
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Cet ouvrage prescnte les resultats d'une etude, sur les caracteris-

. . U . o L “
tidques fondamentales et les mecanismes d'amplification d'une onde de choc
1

dans les melanges de gaz 'explosifs. Les resuttats d'une recherche sur

~

1'initiation photochimique des ondes de detonation ont demontre qu'une
, o Iy
amplification rapide de 1'onde de choc résultant de la photo-dissociation

.

. s . ~ > . .
non-uniforme, du mclange, gazeux joue un role significatif dans_ les premiers

"stages de l'initiation de détonations. Un important concept au sujet de
¢1*amplification d'une onde de®hoc a transpire de cetter étude. Il a été
-constaté que-la libération cohérente d'énergie, émanant du mélange gazeux en

réaction non-uniforme vers 1'onde de choc, procure un moyen des plus
- <

cefficace pour amplifier -cette méme onde de choe. Il a été démontré que la

libération cohérente d'énergie peut étre obtenue par le gradient spacial
~ ! '

de temps d'induction du ‘gaz en ,rééction non-uniforme ou, dans les stages
. - |

’ ’

plus avancés, par les effets de compression du gaz di d l'onde amplifide.
¢ °

' Afin de micux comprendre les mécanismes fondamentaux régissant

-

lc phénoméne d'amplif}catiod de 1'onde de choc, unc nouvelle analyse fut

-
I . -
Y

entreprise. Cettc dernicére consiste en- un modéle théorique relativement
simple illuit;rant le y6le important du gradient spacial de temps d'induction
dans le processus d'amplification. Enfin, le concept d'amplification de

.

1'onde de choc dans un champs de gradient spacial de temps d'induction fut
' - b - .
modifié afin dlinclure le probléme de ‘transition a'une détonation dans

un mélange non-uniformément préchauffé.

/ S -ii-
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pressure of the constant*volume combustion *

pressure bchind the- shock wave, .
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0 v -

heat release rate per unit mass
heat, release per unit mass

Pl
universal gas constant
- L

gas constant

defined in Eq. (IV-2); also defined in Eq. (V-2)
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time . . AN T,

time step size of numerical computation

temperature
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' INTRODUCTION' R o
’ - ‘ . )
Detonation Ipitiation and Shock Wave Amplification ) >
\" ’ 4 ‘The 1n1t1at1on phenomena of gaseous detonation waves have

intrigued many rescarch workers, and a 51gn1f1cant number of expermemts

* have béen carried put in the pastq In general, there are two ipitiation

’

modes which have becn €xtensively studied over the last few decades-

Onc is the blast initiation modg where detonation 15\ formed almost
® ) & )
: . /
.  instantancously by a strong shock wave generated by a powerful igniter.

The other is thé transition mode where detonation is generated via an

' caccelerating turbulent flame.

3

For blast initiation, the ignition source plays an important
.

“

role. Succcssful blast initiation depends on whether or not a sufficientfy

igniter energy gduerns the initiation. If a sufficient amount of energy

qtrong shock wave can be generated by the igniter. Thus, “in gene'rpal the

is releascd by thc igniter, rapid auto-ignition occurs gwmedlately behind

-

s

- " above the Chapman-Jouguet velocity in the ‘earl~y stages. As the wau’gpﬂ)3
5 " i’ s R \'Q
propagates away from the igniterf), the influence by the igniter energy.

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

becomes less significant. The wave eventually starts to propagate at the

Chapman-Jouguiet velocity; that\is, a self-sustained detonation wave is

]

process, this initiation mode is referred to as the direct 1n1t1at10n.

Below a certain threshold value of/\*t.he igniter energy, the shock wave

A

cstablished. S1nce the detonatlon is formed é!;rectly w1thout a deflagratmn

3

C; - " generated, by the igniter progressively 'decouples from the redction front,

N
1
&
- 1
a

pu
7

3
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and the direct initiation does not occur. Bach,qKnystautas, and Lee

\(1,2) have developed a theoretical model of reaéfing blast wave, and

+ Lec and Ramamurthi (3) have morec.recently developed a relatively simple -
b -

thcoretical model which can ﬁredict the minimum initiation energy fof

r

the direct initiation.

In transition:process, an auto-igniting shock wave is gencrated

- N
wvia an accelerating turbulent flgﬂg. Strong interactions between the
flame and the flow-ficld ahead of the flame are the principal flame
acceleration mechanisms. In partiqglar,ibppenheim's research group (4-6)

in Bcrkeley; California has most successfully elucidated the transition’

phcnomena using the strdﬁoscopic laser schlieren techmique. In view
of Commonly accepted mechanism of ;ransf%@on, the gasdynamic compression .

e

effect of flame is significant. The accelerating flame front emits a

" % . . - C s
series of compression waves which coalesce into an auto-igniting shock \

wave. The onset of detonation occurs in the region of shocked gas ‘between

the flame and the shock wave.* .

« &

In addition 'to those initiation processes, there is another
i -

s
1 . 4

L) . s . -
initiation process in which detonation initiation is largely facilitated

g

by intense interactions between flame and obstacles. This transition .

process has recently received an interest in connection with the accidental <

vapoer cloud explosions (11-13).

* The basic aspects of gaseous detonat ion waves, such as the structure or
the propagdtion behaviour of the waves, as well as more detailed
descriptions of blast initiation and transition mode, are obtained by
the excellent review papers by Oppenheim (7), Strehlow (8), Lee, Soloukhip,
and, Oppenhelm {9), and Lee- (10) .

~
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Dorge, Pangritz, and Wagner (14) have rccéntly conducted .

e \ : .
., cxperiments of rapid formation of detonation by-obstacles. They have

N
\

observed that the onset of dctonation suddenly occurs when a hemispherical .

. . : . oo \
flame passes through hemisphorically-shaped grid obstacles.

-

The more recent experiment by Knystautas et al (15) has elucidated
the basic features of the abovg-mentioneé/:;ansition process, Their
schlieren photographs have shown that the intense t;rbulent %lame genevated
by an obstacle entrains the surrounding fresh gas mixture to form a
turbulent mixing flow-field and that a detonation wave suddenly emerges
from such a turbulent field. This transition mechanism differs from the
transition mechanism previouslx mentioned. No shock wave has been observed
outside the turbulent mixing field prior to the onset of detonation. This
indicates that f?f‘g;sdynamic‘compressioﬁ effect of tpe turbulent flame
front does not play a significant role in generating auto-igniting shock
waves. The auto-igniting shock wave is generated inside the turbulent
flow-field. It has been proposed that a sh6ck wave amplification mechanism
inside the turbulent field is responsible for the rapid formation of
detonation. ~ Since the dbstacle effects are important factors involved

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

on the shock wave ampliffcation phenomena should provide some valuable

. i}

information to the practical important problem of the accidential explosions.

The shock wave amplification in combustible gases is basically

a phenomenon which involves the interactions betweeﬁ pressure waves and
heat release of chemical ‘reactions. Toong's research group (16-19) at MIT
has b?en carrying out aﬁ interesti£g research on the basic aspects of this
subject. They have studied the amplification of weak pressure waves‘

(acoystic waves or weak shock waves) in recacting gases. Their analysis

L

-8
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. 4

has shown that the‘wa&es propagating in réacting media is largelyeamp}ified
duc to .the gasdynamic-cﬂemical coupling effects. Ilowever, th:ir rescarch
has so far been limited to wegk pressure waves in homogeneously reacting :
media. More complicated phenomena, such as strong shock wave amplification
in hon-uniformly’rcacting gases, have not been analyzed in their works.

{4

Oppenheim and .co-workers (20,21) have theoretically pursued

\ « .

the phenoﬁ&non of rapid shock formation in explosive gases. In their |
analysis (20), a localized reaction center is considered, and the surrounding
gas is assumed to be nbn-reacting. The flow-field geﬁerated by the

cxpansion of the reaction center has been numericglly solved. fhe

influence of flow gcometries (i.e. plane, cylindrical, and spherical cgyes)
on the shock wave formation was studied. The results have shown that

\Ehock wave is not formed in the case of sphericdl reaction center.

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

~ v -

which occurs ‘in the three\dimensionel geométry. Thus, the phenoméngn can ﬁ
not be explained solely by the expénsion of the reaction ceriter. This
indicates that the reaction of the surrounding gas mixture should be
considered. - In other words, the pressure wave‘originating from the reaction!
center is amplified in the ambient gas ﬁixture; \
\Meyer and Oppenheim (21) havé emphasized the impor%ance of
energy release rate of gas mixture in the shock wave formation, and tﬁey
have developed a theory. They have considered that explosive gas mixture
consists of the réaction centers.l Further, they have postulated that the

. \ . :
shock formation depends only on the average power pulse (energy release

.

rate) of different reaction centers. This indicates that the simultaneous

. heat release of the reaction centers provides an ideal condition-for the

\

ki,
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developme;t of shock wave. However, in redlity, such an ‘explosion mode

-

should be nothing less than a homogeneous explbsion,‘in which mo sth§"
wave is formed. 7This contradiction in their thcory stems from the lack
of precisc analysis of the shock wave amplification phenomenon. )Although

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

involved in the development of shock wavcs; it should not totally govern

the shock amplification phenomenon.
For a better understanding ‘of the shock wave amplification

phenomena, a morc rigorous study on the amplification mechanism should be

\

carried out. Furthermore, in general, the real shock amplification occurs
in non-uniformly reacting media.) This fact should be fully recognized. -
In the present research, the basic features of shock-wave

amplification in non-uniformly reacting gas mixtures have been pursued.
An investigation of photochemical detonation initiation has first been

- i

made.. Based on the results obtained through the investigation, some

theoretical analyses have been carried out. In the following, the basic

/

characteristics of the photochemical ignition technique are described,

and a brief review concerning the photochemical detonation ifitiation is

a
1

then provided. s *

Phot8chemical Initiation of Gaseous Detonations

‘ Rapid photochemical ignition can Le obtained using the flash
photolysis technique. In flash photolysis, intense ultra-violet light
generated by a fii§h lamp peneE;até; the gas mixture containing a photon-
sensitive gas (e.g. nitrogeg dioxide or chlorine). The photo-dissociation

of the sensitive gas generates a sufficient amount of free radicals "in the

irradiated mixture. The free radicals then initiate the chain reactions
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leading to the ex.plosion of the gas mixture. Since the photon energy
jtself creates.no hydrodynamic disturbances, detonation initiation “starts
in the quiescent field of the photo-dissociating mixture. Thus, in

cqmparisdn with the flow-fields of other detonation initiation modes, the

S

quicsce}t photo—_dissociatirig field involves less complexities. Ir\ldecd,
this is thc motivation of studying the photochemical det‘onat'ion initiation
phenomena in the\ present research.

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

and Thfush (22-25) at Cambridge ‘in the early \fifties. The main purpose

"of this ignition technique has been ‘to study the cRemical kinetics of fast

gas phase rcactions. In a typical experiment for chemical kinetic ‘studies,
a cylindrical explosion tube filled with a test gas mixture is irradiated
alon;;side by a linear flash tube. The diameter of the explosion tube is
chosen to be smaller than the characteristic photon absorption‘ length of

the mixture. If the photons from the flash tube can be distributed uniformly
along the cxplosion tube, we can expect to produce a homogeﬁeous reacting |
system. It has been believed for some time that accurate quanti\tative
measurement of chemical kinetics can be made in \the flash-induced reacting
system under such' an experimental condition.

Usin; the above-mentioned experimental apparatus, Norrish, Porter,
and Thrush (26) studied the chemical kinetics of nitrogen dioxide scnsi{:izef]
oxy-acetylene and oxy-hydrogen systems. In thier experiments, the light
emission from intermediate chemical species,such as OH or CH, was monitored

togcther with the temperature measurement by the absorption spectrum. Some

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

"curves as well as in the temperature measurement. The magnitude of either °

v
%
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the light cmission or tﬁe tempcrature at the peaks of the spike was .

much greater than those of the expected uniform constant volume .

v .

) o . . . . . .
g¢ombustion. This cxperiment showed the existence of some inhomogencity
s '

in<the photachemically initiated reactions: It was conjectured that
tﬁc inhomogencous reactions are caused by the prescnce of detonation
waves. .

‘Thrush (27)-further investigated on the inhomogencity in the
flash induced reaction of C,H,-O,-NO

272 72 72

apparatus. lle monitored the light emission at sevsfal different observation.

v

using the same experimental

points along the explosion tube. He measured the proﬁagafion velocity of
the above-&cntioned sharp Spiké along the tube. The velocity was found
to be about that of the Chapman-Jouguet detonation waverfor the gas
mixture. Thus, his cxperiments confirmed that the inhomogeneous reaction
is attributed to the presence of detonation waves. This also indicates
that the flash photolysis techriique does not provide uniform éi;itation

.

of gas mixture, for the completely uniform excitation should result in
homogeneous constant volume combustion. .

‘Later, Birkby.and Hutton (2?) carried 'out some experiments similar
t6 the above cgperimcnté by Thrush. Kinbara and Noda (29-31), Takahashi
et al. (32,33) also studied flash-induced reactions. Their experimental
results also showed that dgtonation initiation can easily be Friggered
in the photochemically ignited gas mixtures. -

Wadsworth (34) was perhaps the first one to intentionally use
the flash photolysis in the detonation research. His experimental set-up
consisted of a flash igniter section and a tube extension. In the igniter
section, a gas mixture of C2H2—02-N02 (below/}OO torr) in an explqgion tube

(1d cm long, 5 cm 1.D.) was irradiated alongside by a flash tube. The

W
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diameter of the explosion tube was at least about five times larger than

»

the dharacteristic photon-absorption length of NOz(é 1 cm). “The
concentration of frce radicals decreases sharply from the side of flash
irradiation to the other side across the tube diameter. The detonation

initiation occurred in a highly non-uniformly photo-dissociating gas
. .

mixture. The proﬁagation of detonation waves in the tube extension ,

was recorded on a streak camera. Although the initiation phenomenon inside
. ) s
the igniter scction was not clucidated, his streak photograph showed that

a fuily-doveloped detonation wave emerges directly from the short length
of the flash igniter section. His ecxperiments, indicate that rapid
detonation initiation without a deflagration procé%s,viz., direct initiation,
is possible by the flash photolysis.

Although the initiation mechanism itself has not been revealed
in the previous works, we may make the following important remarks on the
photochemical initiation: Firstly, the flash photolysis technique does

not provide completely homogeneous excitation of gas mixture; Secondly,

detonation initiation occurs in the non-uniformly photo-dissociating gas
i, * ’

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

small volume of gas mixture. Since the radiation source itself does not

LR} ‘

create any shock waves in photochemical initiation, the rapid detonation
initiation observed indicates that a rapid shock wave amplification plays
an important e in photochemical detonation initiation.

& \

Aim and Outline of Thésis

The main purpose of the present research has been to elucidate
the basie features of the shock wave amplification in combustible gas

mixtures. In this research, the investigation of photochemical detonation

)

PN
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initiation has aimed to obtain a better understanding of the shock wave

~

amplification phcpoﬁena. An important concept concerning the shock wave
2: . N a

ampl ification medhanism has emerged frop the investigation. The reseayrch
has been further extended to some theoretical analyscs of. the.shock wave

This manuscript aims to describe the basic features of shock wave

nmplifigﬁtion phenosmena. * b

amplifications in non-uniformly reacting gases as well as the importance

v

of the wave amplification in some of the detonation initiation phenomena.

©

It is well known that the detonation initiation phenomena involve
other important aspects, such as three-dimensional shock wave interacgions
or chemical -gasdynamic instabilities.~;These‘aspects, however, are not ‘
within the scopc of the present thesis, since the author does not intend
t6 provide an overall discussion on the detonation initiation phenomena.

In Chaptér 2, tﬁe basic features of photochemical detonation
iqitiétion are discussed. The schlieren photographs of the initiation
phenomena, which have been obtained by Pr&fe§sor R. Knystautas, are described
and discussed. In the present research, the'reacting flow-field of a.
photochemically ignited gas mixture is numerically aﬂalyzbd. The results
show that a rapid shock wave ampllflcatlon in the non-uniformly photo-
dlssoc1at1ng gas mlxture\?lays an important role in the photochemical

detonation initiation. The results also 1nd1cate that the induction time

gradient field generated by the strong irradiation provides an effective -

* Since the important concept on the shock wave amplificatign mechanism
(as will be shown in this thesis, "Shock Wave Amplification Through
Coherent” Energy Rélease') has emcerged from the investigation of
photochemical detonation initiation, the thesis title "Coherent Shock

Wave Amplification in Photochemical Initiation of Gaseous Detonations"
has been decided.
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means of shock wave amplification. Based on the results of the numerical
’ {

analysis, the concept of "SWACER" (Shock Wave ‘Amplification through
: s , s

“Coherent nergy Release)>is proposed.

#,

'

In Chapter 3,\a simp oretical model of moving cnergf’source ‘

is introduced to illustrate the importance of the induction time gradient

2 1
field in.shock wave amplification. The coherence between the pressure waves

and the tcmporal sequence of the energy release is part{cularly emphasized.

The induction time gradient field is expressed in terms of the velocity

o

of the moving cnergy sourée, and the non-steady flow-fields for different -

cnergy source velocities are numerically solved. The framework of the
theoretical model is provided in the second section of the chapter, and the

results of the nuﬁerigal analysis are then discussed.

)

) In Chapter 4, the shock wave amplification in non-uniformly
breheated combustible gas mixtures is numerically analyzed in relation to
the problem of detonation transition. In the introduction of this chapter,
the relevant’ previous works are described. The following scction is devoted
?o the presentation of a theoretical model. Finally, the results of the
numerical analysis for the model are described dnd discussed. |

Chapter 5 summarizes the main concluding remarks of the present

research and provides some recommendations for future work.

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

in the present thesis. These appendices also contain some of the importanf\ v

results obtained in the present research. Particularly, in Appendices I -4

and TI, the basic aspects of the photochemical explogions are reported.

Interested readers should read these appendices,

AN / £
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\ CHAPTER 2
PHOTOCHEMICAL INITIATION OF GASEOUS DETONATIONS

.
‘

? N >

1. Introduction

In this chapter, the basic fgagpres of photochemical dctonation ini-
tiation arc discussed. In Scction 3, the initiation phenomena occurring in a !
photon-sensitive gas mixture of HZ—CL2 arc described, based on the
schlieren photographs obtained by Professor R. Knystautas. In Section 4,

E

the flow-field of the photochemically iéﬁited mixture is numerically

solved using a finite difference method.

One of the main reasons for choosing HZ-CI gas mixture is that

2
the mixture can easily detopate with relatively low radiation intensities.

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

detonate most easily among all the gas mixtures tested. Hz-Cl mixture

2
has relatively simple and well-established chemical kinetics, Thus, the o

—

above-mentioned numerical analysis of the reacting non-steady flow-field

was carried out relatively easily.

The following section is provided to illustrate the chemical

kinctic.aspects of the photochemical explosion in Hz-Cl2 mixtures. The
&

photon-absorption and photo-dissociation of Cl2 are first described, and ~

~ v

the constant volume combustion of a photochemically ignited HZ—CI2 mixture

is then presented. i o

*In the preliminary experiment, measurement of the induction times for ¢ ]
detonation initiation was made for C2H2-02, C2H2-02-N02, and\Hz-Cl2

mixtures. Details and results of this experiment are given in Appendix :
T-A. °
/

L
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(if ) 2. Some Basic Aspects of Photochemically Initiated HZ-CI2 Redction
g - A) Photon-Absorption and Photo-Dissociation of Molecular Chlorinc
i
i 0 The absorption of a weak monochroma?ic light bcam by molecular
g chlorine gas is described by the following Beer-Lambert law (sce Skctch 1):
z‘ )
™ \
1 - I= I, exp (-e[Clz]x) (2-1)
[é ‘
i " where I represents the radiation intensity (energy per unit area per unit

- /timc) at a distance x from the window x=0; ’Io is the incident radiation

% f intensity at the window; € denoteé'the photon-absorption coefficient of

chrlorine molecule which is a constant at a given wavelength; and [C12] is

7

- . .‘
the concentration of chlorinec molecule.

-

; window -
X I .
; s ‘I, o
i ,
i“ M N e . e, "'- et 8t - u.:o:'., . t
: ' . ..." ..'0." ...--' X -’ :.' '."‘ '! - Cl
: i l‘-ln...v"‘.‘.o: A l" .. "".”-."-’ 2 B
i I R A
: . L -n'..' .' '. T vt . Tetesn «
v .c‘. 'o.. :‘ 5..-'-...' "‘-."..c‘,
‘ vy . DL e . ~

> ¢, .’.o ‘. ',",', e ':I:‘.".'.Qr

., .", o'-,'u"' L Cutee.s "..'"A, I '
: - Sketch 1
. e T R PR AR P ] :

i: - O} T — X
) :
i ‘
E s From the above equation, we can define a characteristic photon-absorption
f X
H
é length for a given wavelength and chlorine concentration by the following
*

equation:

: AR L (2-2)
a 2 '

-

i

bt
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In the Beer-Lambert ‘equation (2-1)}, since the weak light beam

.gencrates negligibly weak photo-dissociation, the chlorine molecule

concentration is assumed to be constaht. However, when an intense light

beam is used to induce strong and rapid photo-dissociation of chlbrine

molccules in a hydrogen-chlorine mixture, a significant change in the °
chlorine molecule conccntrat}on should result. This is not only because '
of the effect of strong photo-dissociation, but also because of the rapid

consumption of chlorinc molccules in the subsequent chain reactions of

a

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

variation of chlorinc mol&sle concentration with time and distance must
be considered. The lpss of radiation.intecnsity of a monochromatic light
beam by tle absorption of Cl2 is given by the following equation:
D ¥
B

oI . .
% = -lelC1] ‘ (2-3)

Since [Clz] is a function of time and distance, integration of the above

equation giaés the following equation:

-

¢

I=1 exp (-e /[C1,] dx) (2-4)
R (o} o 0 2
Fig. 1.shows the photon-absorption spectrum of chlorine molecule

at room tcmperature. Since the bond energy of chlorine molecule is about

?

57.3 Kcal/mole corresponding to 4900 &, photo-dissociation occurs only
below this wavelength. Noticeable photon-absorption is in the range of
2500-4500R, and the maximum absorption coefficient is situated at 3300 A.

Below 4990 A, one chlorine molecule dissociates into two chlorine atoms:

-

one normal (2p3/2) and one excited (Zpl/q) chlorine atom:

-
.

1_+ 2 2
Cl,("Zg) * hv » CI( P39 + CU Py (2-5)
. N .
where Cl2 (IZE) is a nommal chlorine molecule;.h is the Planck's constant;

and hv is the energy of a qﬁantum of light of frequency v. The molecular

N

b b BT Wk

e,

E
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physics of chlorine photo-dissociation proecss arc brovidcd in the book

-~

R

by Calvert and Pitts (35). Since oniy ground-state chemical kinetics

N

are considered in the present rescarch, hercafter the photo-dissociation

protess (2-5) is"éxpréssed as follows:
. . /
Cl, + hv - 2C1 (2-6)

The production rate of chlorine atom via photo-dissociation is

-

Optained from Eq. (2-3). Since in Eq. (2-3) (-3I/) is the photon energy
absorbed by chlorine molecule per unﬁt time and per unit volume, the change of

concentration of the photo-dissociating chlorine molecules can be expressed
. v i '

by {e[C12]/hv. Since one chlorine molecule dissociates into two chlorine ™

i)

atoms, the production rate of chlerine atom via phofo-disqujatinn élgllﬂ

3t “photo
is given by:
‘1
21-¢ exp(-¢ fx[Cl ]dx)
],y e Zeey. e 2~ jai)
3t “photo hv 2 hv 2
(2-7)

-
where [C1l] is the concentration of chlorine atom, and it is a function of

time and distance.

., The above equation indicates two points: The maximum production

.

rate of chlorine atom occurs at the window (x=0) in the’e;rly stage of

irradiation of light beam, thus the chain reaction of,Hz-Cl2 mixture first

starts at the window; 1if the irradiation is provided after the start

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

into ?heaHZ—CIZ mixture in the later times. This is becauSe)Laﬁid decrease
d4
in chlorine molecule concentration occurs near the window by the chain :

reaction.

— SR
SO
e SRRl
-
2
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° ar\ld may therefore initiate the processes (2+10) and (2-11) again.

» governed by these chain carrying steps.

K9

15

B) Reaction Mechan:tsm of H ~Cl System

¥
3

The H Cl2 reaction systein has been extensively studied by many

- p ¥ Pk
rcscarchers, and detailed chemical kinectics of this reaction system are

a

Cohen et al. (36) have listed the most reliablc rate

&

now available.

[

constants of all the elementary reaction steps including excited chemical-

©

' species. Kondratiev (35) has also collected some of the reaction rate

' constants from the recently published papers. The eﬁlemem:_ary reaction

steps of groundstate chemical species axe listed below:

‘€1, + hy > 2C1 (2-6) /
o H, + M z 2H o+ M (2-7)- ”
2
.+ Cly+M < 21 +M (2-8)
H+C +M 2 HC1 + M . (2-9)
§ H, + oL ps HC1l + H (2-10)
. } \
! Cl, +H z HC1 + C1 (2-11)

where M denotes the tﬁird.body.

’
a

The chain reaction of H2-C12 system starts b}f the generation of
A\

chain carriers (free radicals) H or Cl from H

or Cl.. Reaction (2-6)

2 2"

is the chain-initiation step when an. HZ-Cl2 mixture is photochemically

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

: , e
steps when ‘the mixture is thermally ignite;l». The forward reaction in

o

'(2-9) is a recombination reaction in which chain carriers H and Cl generate
| .

HCL.

The forward reactions in (2-10) and (2-11) are called chain-carrying \

steps, and their net effect is that one Cl1,. molecule and one H2 molecule

2

~

A Cl atom or an H atom reappears
Vo .

- '@,f N
are converted into two HCl molecules.

Thus,

2y

t./he presence of a few free radicals causes the overall reaction to proceed

very rapidly, and the exothérmic process of Hz-Cl)égregction is mainly

~ 0 —
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A computer program was written to‘obtéin the basic characteristics

2

of the constant volume combustion of photochemically ignited H2—01
mixtures. Governing cquations of the constant volume combustion,
assumptions made in the numerical analysis, and computation techniques are

given in Appendix IT1-A*, : .
L /'

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

of a photochemically ignited IIZ-Cl2 mixture. The variations of chemical
species an&l~tempcrhture are shown in the figure. An ¢qui-molar HZ-CI
mixture at 100 torr initial pressure and 298°K initial temperature, and a

3300 A (Qifpcorresponds to the peak C1, ab'sdrption) 5 KW/cm2 monochromatic

light beam, are considered in this case., The increase of Cl concentration

>

i}

in the early stages (till about 15 usec) is mainly attributed to the photo-

dissociation of Clz. During this stage, the photochemically produced Cl

atols are relatively slowly entrained in the chain:carrying steps and, as

v °

a result, the concentration of HCl and H and the temperature increase. The

rcaction changes from the photochemical phase to the thermal phase at about

»

20 usec. This may be indicated by the change of chlorine atom concentration.
After the temporary decrease, the Cl concentration increases again due to

_the chain reaction in the thermal phase**. The reaction rates of chain-

carrying steps are noticeably increased due to the thermal effect; the
production rates of H, Cl and HCl as well as the temperature increase very
.rapidly. The production rate of Cl atom by Cl2 ;&oto-dissociat‘lon becomes é

less significant.than that by the chain-carrying steps. After ‘this very

p . .
rapid chain reaction in the thermal phase, the rate of te)fnperature rise ~

begins to drop, and finally the reaction approaches an equilibrium state.

In Appendix II-A, some results concermng the comparison between the photo-
chemical and thermal ignitions of H2-C1 mixture-are also given. y
** The recent study on photochemical ignition of Hy-0; system by Cerkanowicz

. and Stevens (38) has also shown a similar behaviour of oxygen atonm concentra-
tion. )

*
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As shown in the figure, in the ?resent study, induction time is determjmed

by taking the intercept of the tangent to the maximum slope of the

a

temperature-time curve with the initial temperature line.

‘ I’ro;n the above description of the photochemical constant volume
combustién and LEq. (2-7), we can sce that the induction process prior to
the thermally accelerated reaction is primarily governed by the prodhction
rate of chlorine atom, thus, the radiation intensity. Thus, the ihduction
time decreases with increasing the radiation intensity. As will be shown

in Section 4, the developnents of pressurc waves in the same 1 -Cl, mixture

2 772
for different incident radiation intensities, are thecoretically analyzed.
" For a better qnderstandin'g of the results, it was required to estimate

the cffect of radiation intensity on induction time. The induction times

for different radiation intensities are listed in Table 1, and are plotted

in 'Fig. 3. . e

1

3 hL

3. Detonation Initiation Phenomena Observed by Schlieren Photography
(Based on the experiments by Professor R. Knystauta

A) Brief Description of Experiments
Two aifferehQ; experimental apparatu§ were employed to aob;erve

the phenomena of, photoéhemical detonation initiation by sch‘lieren photo-
graphy. _' | : -

‘ ’ Fig. 4 shows a photograph of the first experimental apparatus,
and Fig. 5 is a schematic diagram of the cross-section of the apparatus.
A stainless steel rectangular box chamber (75x75 mm of square cross-sections
and 15 cm long) was used. Four ultra-violet transmitting quartz plates
(75 mm. x. 150 mm and 6 mm thick) were piaccd on ‘ti\e four s;ides of the

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

At the center of each stainless steel plate, a piezoelectric preésure-

N
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A .
transducer was mountcd to monitor the ecxplosion pressure inside the

chamber, Two xenon flash tubes were placed about 3 cm from two opposite

N

quartz windows. Thé flash tubes were connected in series with a high

encrgy condenser. Two stainless stecel plate reflectors covered the flash
° tubes to redirect as much of thé flash irradiation as possible back into

the chamber. The schlieren photography was taken through the ofher pair

of quartz windows orthogoral to the direction of the flash irradiation,-

Due to the presence of the frames in which the quartz windows were mounted,
l£h§ total unobstructed schlierén field was 5 :312 cm, and about 12 mm

of the gas f;;h'the quart wigdows were not visible for schlieren photo-
graphic observation, \

)

The second cxperimental apparatus was designed to permit schlieren
observations of the phenomena occurring in the gas immediately adjaceat to

¢

the incident flash irradiation. Fig. 6 shows a schematic diagram of éhe
cross-section of the upparatus.- A stainless stecel cylindrical explosion
chaméer (10 cm I.D, and 10 cm long) was employed. The ends of the chamber
were closed by two quartz windows throqgh which a light beam for schliéren
photography passéd. A quartz window (85 mm giameter agd 6 mm thick) was
mounted on a cylinder (35.mm I.D.), and the quartz window was inserted inside
the chamber at right angles to the axis of the chamber. The flash tube was
the same one used in the.firsﬁ expérimental apparatus and was placed J cm

behind the quartz window. The gas mixture inside the chamber was irradiated

¢

through a 35 mm aperture of the window(hﬁf; this apparatus, an edge-on view

of the window of incident irradiation .cotld be obtained, and the initiation

\

phcnomena occurring at the window surface.were completely within the

schlieren field.

S

The flash tube used in both the experimental apparatus was found

to provide 250 usec lodg flash irradiation irrespectively of the flash energy
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v S

(energy stored in the condenscr). Detailed measurements of the flash

.

tube outpgf, such as, spectrum analysis or measurement of actual radiatiqc
intensity were not pursued.
Detailed descriptions of the radiation source system, diagnostic-

tolls and techniques etc. "are given ip Appendix I-B.

B) Experimental Results and‘Discussipns*

An equi-molar H2-C12 mixture at 100 torr ini}ial ﬁressureﬂwas

used throughout the .experiments.

»

At the start, although it seemed to be seif;evident that ;he
detonation initiation result$ from the combustion of thé mixture itself
and not from some shock waves which might be caused by strong phox;-dissoci-
ation of C12, this was carefullylchecked using the first experimental
apparatus. Chlprine gas alone (100 torr) was loaded in the rectangular
box chamber and irradiated by the' flash tubes. Fig. 7 shows typical records
of schlieren’photograph and pressure transducers. The black a;row-biye
marker in the schliercn photograph indicates the center of the explosion

x,
chamber. The first hump in.the pressure record correépondé’to the electro-

L)

magnetic noise generated by the rapid energy discharge inside the flash tubes.

The small interruption following the first hump corresponds to the noise

\

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

schlieren record nor the pressure records show any recognizable pressure

y

.
oy,

* The author was ifivolved in the early stage of these experimental studies.
Usiﬁg the rectangular box chamber and some pressure transducers, the
author observed the pressure spikes of detonation waves. However, the
author could not obtain schlieren photographs of the detonation initiation
phenomena. This is because the author pursued the initiation phenomena for
very high radiation intensity in which the detonation discontinuity was =
later found to disappear. Professor R. Knystautas refined the experimental
system and kindly carried out these difficult experiments with a great
patience. The author sincerely appreciates his kindness for his making the
schlieren photographs and the pressure records available to the author,

& -

o
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" technique. A scries of schlieren photographs and pressure records in Fig.

not generate any shock waves,

' fading or "washing out" of the detonation fronts in this case. Fig. 8-c

. vapn A
e gt LR IR W TTUTE ACH e, R AR = - s 2 e s i 1

waves, confirming that the photo-dissociation process of Cl, itself does

2

' The detonation initiation phenomena in an equi-molar HZ—CL2

mixture at 100 torr initial pressurc were obscrved by the above experimental

8 show thc effect of flash energy on detonation initiation. As shown in
I'ig. 8-a, when the radiation intensity is\abovc a certain critical Va{qe,
two fully—devéloped dctonation waves-emerge from the top and bottom irradiated
quartz windows into the—schlieren field. The reason for the wavy contours
of the dectonation fronts may be due to some non-uqiégrmity of flash
irradiation. The reason why the top wave is initiated earlier than the
bottom one may be that the radiation intensity of the top flash tube is
larger than that of the bottom onc. The abrupt jumps foilowing.the
schlieren spark signals,iﬁ the pressure records correspond to the reflected
pressures of the pr colliding detonatﬂén waves near the center of the
chamber*. “he time lag bétween the start of flash irradiation and the
collision of detonation waves is about 50-usec. Fig. 8-b corresponds to
the case when the flash ‘intensity is increased further; As far as the
pressure:records are concerned, in comparison with the previous case, no ’

salient change is observed. Howeve}, the schlieren’photograph shows some
~

.

corresponds to the case when the flash intensity is increased furthermore.
Since the schlieren photograph is taken in the early stage of the explosion,

in this case, only one detonation wave emerges from the top window into
. N ) .

o~
.

* The reflected pressure behind symmetrically colliding Chapman-Jouguet
detonation waves is theoretically calculated.in Appendix III. The
result shows that the pressure is 6.46 atm (94,9 psi)g i i
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the schlieren field, and the other detonation wave generated near the

¢
'

bottom window can not be secen. The pressure records show that the time
lag between the start of flash irradiance and the collision of waves
hecomes s};\Orter (v 40 usec), and that the pressure jumps are noticeably
rceduced in comparison with the previous two cases. These changes of the
appearance of dctonation wave front indicate that very high radiation
intensity does not necessarily result in formation of detonation wave in
this explosion chamber. If veryb high radiation intgnsit); is used, we
may expect that gas mixture inside the chamber is uniformly excitled, and

that the explosion phenomenon rather approaches uniform constant volume

combustion.

One of the most important conclusions obtained from the above

cxperiments is that detonation.is initiated directly using the flash
photolysis technique. 1t has been shown that fully-developed detonation

waves are cstablished within a distance of about a centimeter from the flash

irradiated windows. .

Since the interesting region immediately adjacent to the flash
irradiated window was not available for schlieren observations in the first

experimental apparatus, the second experimental apparatus was employed,

-

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

=g

when the flash intensity is not sufficient to initiate detonation.  The

¢

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

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

are approximately 5 usec. In the first frame of the figure, a dark region_

immediately adjacent to the quartz window shows the start of chemical
4

s

reactions. A roughly hemispherical reaction front propagates outwardly

from this dark region and, as shown in the fifth frame, a hemispherical

-

) e i
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(» shock wave is then formed ahcad of the reaction front. However, the shock

wave is not strong enough to induce rapid chemical reaction in its wake,

and consequently it decouples from the reaction front. /Thus, detonation
is not formed but rather a deflagration results.
Fig. 10 shows‘the phenomenon of detonation.inifiation when the
4 .

[lash intensity exceeds a certain critical value. The flash energy was .

about 700 J in this case. In contrast with the first frame in the pre;rious
\ _ figure, where the. dark reac;tinon zone is observed, ‘the first frame in this
figuré shows that t\;o hemispherical reaction-shock waves are already fome\d
at the window. It see;ms that two strong reaction spots are formed due to
some«\jﬁﬁomogencous excitation of the gés mixture, and that _the waves ¥
originate from the spots. In the later times, the waves expand and collide ! 3

f -
<

with each other, as shown in the second to fourth frames, and consequently
- ¥ . .

a fully developed detonation wave is forqu (fif%h frame) and .propagates. - 3

—

_ The above dctonation initiation phenomenon is divided into two:
stages. - The first stage involves the process of rapid formation of strong JUR :

. rcaction shock waves, while the second 'stage is governed by the three-

dimensional shock wave interactions. Since the time and spatial resolution

.,
)
K

of the schlieren Qhotography was insufficient to permit capturing the detailed L 2

S

process of the phenomcnon, it is improper to discuss which process is more ,

. ¢ N
significant. Nevertheless, we can conclude that the rapid formation of

the reaction shock waves plays a significant role in the photochemical

detonation initiation.

i
:
P
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4. Numerical Analysis of Flow-Field of Photochemically Ignited H --(312

2
Mixture R ‘

»

The flow-ficlds of photochemically ignited HZ-CI2 mixtures are

rﬁxmerically analyzed in this section. Although the present theoretical

analysis does not simulate the above experimental conditions, it neverthe-

5

less elucidates the basic features of the rapid shock wave formation

7

ohserved in the experiments.

)} -

have alrecady been presented in Section 2.

t

The basic chemical kinetic aspects of photochemical H —Cl;ﬁ_reaction

’

2
In the following analysis,

the coupled equations of gasdynamics and chemical kinetics are solved using

a finite differcnee mothod. -
The basic premise of the numerical analysis is that a 33004

monochromatic light beam continuously penetrates through a window into an

>

cqui -molar HZ-CI2 mixture at 100 torr initial pressure and 29{!;’\( initial
1 .

temperature. The flow-field is ‘assumed to be one-dimensional. The length

of the flow-ficld analyzed has been limited to about 3.5 cm from the
radiation irradiated window, because the costlof numerical computatioﬁ
otherwise would have become formidably expensive due to the compiex
computation involved in the coupled gasd);namic-chemical equafion;». The

numerical computation primarily analyzes the development of the reacting
' } o
flow-field for different radiation intensities.

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

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

¢

difference method, and procedures of the numerical computation are given

in /\ppendix’ I1-B,

In order to estimate the penetration of a 33004 Iight beam into
~

¢

an cqui-molar llz-Clz mixture at 100 torr, a theoretical calculation was

S Ak
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made using the absorption spectrum of chlorinc molecule and the Beer-

B

a

s

Lambert law. Fig. 11 shows\ the normalized radiation intcnsity I/Io

(IO; incident radiation intensity) with respect to the distance from
. { )

_the radiation transmitting window. The characteristic photon-absorption

length (Eq. (2-2)) is about 2.5 em. Thus, we see that the length of

/7
flow-field calculated in the numerichl computation (3.5 cm) is sufficient

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

N Figs. .12-14 show the development of pressure waves for incident

o

radiation intensities I0 = 5x102, 2.5x1§)$, and 7x103 w/cmz, respectively.

In each figure, five pressure profiles at different times are provided.

/

In order to indicate the development of the chemical reaction, positions
at different HC] mole fractions (5, 10, 20, 30, 40, 50 and 60%) are

given on the pressure profiles. Also, positions of the maximum pressure
hY

-~

point are indicated on the pressure profiles. Temperaturé and HCl mole
—~ .
fraction at the maximum pressure point are given in the upper part of the

figure.

Fig. 12 shows the development of pressure wave for the case in

which the radiation intensity is not high enough to generate strong wave

)

amplification. The first pressure profile shows that a pressure wave with
: \

relatively gentle gradient is developed near the window. Although the

pressure wave thereafter grows and increases its gradient, its amplification

-

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

in temperature and HC1 mole fraction at the maximum pressure point* (pressure

i

t
profiles 1-4 (time = 1Q1.0 - 115.6 usec)). As a result of this weak

amplification, temperature and HCl mole fraction at the maximum pressure

'

* The slight non-smooth behaviour ‘in temperature and {IC] mole fractign al\ the

maximum pressure point (profiles 1-4) may be attributed to some numerical,
instability.

-
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point start to decreasc noticeably (pressurc profile 5 (time = 118.3 usec)}),
indicating that the wave front may decouple from the reaction zone. Thus,

in this case, dctonation can not be formed, and a deflagration results.

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

incident radiation intensity. ' As shown in the first pressure profile, the

B

, )
pas mixture ahead of the maximum pressurc point is already in process of

. 1 ,
strong reactions (20% !IC1 mole fraction in front of the maximum pressure

point). As the pressure wave propagates forward into the reacting gis;\

the wave rapidly inérqases'its amplitude and pressure gradient. Also,

.

temperature and HCl mole fraction at the maximum preésurc point increase.

Two major factors should be noticed for the above rapid wave
‘qmplification process. One is that the wave can bc amplified by the
combustion energy release from the already reacting gas mixture. The wave
propagating into the‘reécting mixture is ecffectively amplified throﬁgh such
a mode of energy release. [n other words, the amplification is due to the
energy release in phase witﬁ the wave pro;agation. The other is that
the amplified wave itself is capable of ﬁroviding rapid chemical reaction
by the compression effect; the rate of combustion energy release is further
increcased fo enhance the wave amplification. Thus, as a whole, these two o
cffects result in a rapid wave amplification, which may eventually lead
to initiation of detonation.

Fig. 14 shows a development of pressure wave when radiation y
_intensity is further increased. Due to the very high radiation intensity, ~‘\>
very rapid chemical reaction starts near the window. Since chlorine molecule

/

concentration rapidly decreases near the window, the irradiance penetrates

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

chemical reaction proceeds faster and the amplitude of the wave itself is
/‘ N

~
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- T
higher in this case than in the previous casc, the fast reaction occurring
aheadl of the maximum pressure point rather prohibits formation of steep
prc§§urc gradient. This result indichtes that the position of formation
of ;teep pressure gradient becomes farther from‘the window with increasing
radiation intensity. Although the result is not quantitatively comparable
with the experimental results mentioned previously, it neverthelgss shows
the behaviour observed i? the experiments using the rectangular box
chamber.

The above results confirm that the radiation intensity is one of
the important factors which govern the amplification of pressure waves.
Furthermore, the results indicage the importance of the mode of combusion
energy release in the non-uniformly reacting gas. Very high radiation
intensity does not nccessarily result in formation of steep pressure gradient
ficld., Besides the results of numerical solution, one should notice that
idcal homogeneous exc{}atioﬁ of gas mixture results in uniform constant
volumé\combustion, in which no shock wave is formed. |

In order to illustrate the importance of the mode of energy

rclease in non-uniformly reacting gases, the results of numerical analysis

mentioned above are further examined. In Fig. 3 and Table 1, induction time

of cohstant volume combustion in an equi-molay H2-01, mixture at 100 torr
initial pressure, has already been shown for different radiation intensities.

Based on the Beer-Lambert photon-absorption law (see Fig., 11), fqor the

‘three different incident radiation intensities, radiation intensity at a

given distance x can be calculated. Thus, using the results shown in Fig. 3,
as shown in the x-t diagram of Fig. 15, we can plot the induction, time at
different positions for the above-mentioned three cases of numeérical

analysis. Trajectories of the maximum pressure point are also plotted in {

P

e ey

n
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3

the figure. Although, in rcality, the gasdf'nmnic-chanical goupling
effects become salient as the wave amplification proceecds, these effects

!
- can be ncglected in the early stages.

. It should be noted that rclation between the inziuction time

and the corresponding trajectory of the maximum pressure point differs
for the threc casecs. ;-‘or the casc of the weakest incident radiatic;n
intensity, the maximum pressure /point approaches the induction time curve.
As shown in Fig. 12, this case corresponds to a wcak ‘wave mnplifilcat{on.
Besides the fact that the chemical reaction rate is not sufficient for
wave amplification, we see that the volume of photo-dissociating gas.
mixture is not sufficient to amplify the wave. - For the case of the
strongest radiation intensity, distance between the trajectory of the

max imum pressurc point and the induction time curve increases in the very

7
early stages. This separation between the.two curves-is the reason for

the/relatively gentle slope of pressure profile in Fig. 14. For the case

of the intermediate radiation intensity, the trajectory of the maximum
. 2
pressure point is approximately parallel to the induction time curve.

)

We see that this relation between the two curves is important in the wave
amplification process. Indecd, one can recognize that the parallel motion
of the curves makes the combustion energy release in phase with the

pressure wave.

qQ
-Although the above argument on the relation between induction

time curve and pressure wave is valid only in the early stage of wave

amplification process, it elucidates the important role of induction time

gradient field in wave amplification phenomena‘ o

‘ —
i
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5. Conclusions and Proposal of SWACER ‘Mechani sm
From the results presepted in the preceding sections, we may

conclude the following important remarks on a qualitative basis.

a) From the Ex'perimcntal Rccords by Professor R. Knystautas
It is shown that*direct detonation initiation is possible by the

flash photolysis technique. In contrast with the blast initiation, where a
sufficiently strong shock wave is generated cxternally by a powerful
ignition source to initiate'detonation directly, in the photochemical

initiation, the direct initiation occurs/primarily based on the combustion

\ energy release of the gas Ipixture itself.
" Radiation intensity is one of the important factors which govern
For direct initiation of detonation, a certain

the photochemical initiation.
leyel of radiation intensity is required to induce sufficiently rapid

L]
chemical reactions in the irradiated mixtures.
The detonation initiation phenomenou observed involves two processes.

In the first process, the strong reaction shock waves are formed in’ the
In the second process, the shock waves
The rapid formation of

non-uniformly reacting mixture.
.V:’

“interact with each other to form a detonation wave.
the reaction shock waves plays an important role in the early stage of
S

=

the photochemical detonation initiation,

v
b) Theoretical Results ,

-

‘ i
The results of numerical analysis confirm\that radiation intensity
is one of the significant factors which govern the shock wave amplification.

P

4
A certain level of radiation intensity is required for rapid shock wave
i

amplification.
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The results indicate that the combustion energy release in

s
g &

-
W VEE S
o
.

|
( N . phase with the pressure wave can provide an cffective means of wave
~amplification. In- the early stages, an c{fectivc energy release is

,established l;y the induction time gradient ficld in the non-uniformly

T
—

. reacting gas, and the wave is amplified. In the later stages, the amplified -

wave itself is capable of enhancing rapid chemical heat release by the

. ' ‘ L

gasdynamic compression effects, and the wave is further amplified.

~ ¢) Propasal of SWACER Mechanism

The results of ‘the present numerical analysis have suggested that

&
e ATy Yo o R T VR ¢ R RS %

one of the most effective processes for rapid shock wave amplification is

P

such that the energy release from the combustion is in phase with the

propagation of the shock wave. Such an effective amplification process

- [

. can be sustained either by the induction timc gradient field generated in
non-uniformly reacting gas, or by the gasdynamic compression effects of - §
the amplified wave itsell"f.' This shock wave amplification th/rough the

. "coherent" encrgy release from the combustion is analogous “tosthe principle

\ A3

of a laser, where a photon flux induces stimulated emission-of radjation

ML (TAREIRT WA TR Mgl g v operef ety

3

1 ~ from excited molecules or atoms, and a very cfficient amplification of the

flux is obtained. Thus, we magy refer to the shock wave amplification mechanism

RN
-

as the "SWACER" mechanism* representing ''Shock Wave Amplificaiion through

Coherent Energy Release", in analogy to LASER which denotes "Light

&

. Amplificz;tién by Stimulated Emission of Radiation'.

4

. ~ AN

1

g ‘ ' T* A part of the results in this chapter have already been reported in
. thé recent paper by Lee, ‘Knystautas and the author (39), and the term
C‘) SWACER mechanism has been proposed for the first time in the: paper..

- \ . *

<
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- The SWACER mechanism can be one of the possible mechanisms ,
. ‘ .
= - ! ‘l’. L3 o -2 . J
which -enhance dctonation initiation. Effective shock wave amplification - 4

’ 2

depends on whether or not.a reacting flow-field maintains the SWACER
\ smechanism’for a sufficiently long duration. Various parameters, such as
the induction time gradient, rcactivity of gas mixture, or geometry of

flow-field, should govern the SWACER mechanism. In the following chapters,

: N ‘ .
the basic featurcs of -the SWACER mechanism are pursued through some-

numerical analyscs. ; :

- L4

4
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& R
L : CIIAPTER 3 ,
‘ PRI:SSURE WAVES GENERATED BY MOVING ENERGY SOURCES
\ . - - 0
1. Introduction : ’
In the preceding chapter, the concept of SWACER mechanism has 5

N

been proposed. It has been shown that the induction time gradient field

’ -

of thdxnon—gﬁiformly photo-dissociating gas mixture plays an important
role in the shock wave amplification. Although the importance of the

gradient field has emerged from the numecrical analysis in the preceding

v

chapter, the ‘analysis-has not fully illuminated the details of the
N\

"nmplification because of the complexity iﬁvoived in the éasdynamic-chemitai
couplings. .

- Perhaps one of the most interésting questions is whether or not
| . the gradient ficld can indeﬁendently provide sufficiently strong shock\
wave amplification without any support of the gasdynamic-chemical -coupling
effects, which may‘'also play a significant role in the shock wave a@plifi-
cation process. In this chapter, in order to fesolve this interesting
question and to illustrate the importance of the ind;ction time gradient
Fielé, pressure waves generated in.the gradient field are numerically

analyzed by introducing. a relatively simple theoretical model.

The basic idea of the theoretical model is illustrated by Sketch 1

/i helow. We consider an inflammable mixture filled in a tube with a semi- . |
infiniu§fength. The heat release of the mixture\is assumed to start right
nft;r the-ignition. ‘As shown in the x-t diagram of the sketch, we produce
. an induction time grad&ent field thfough such an ignition process. The ‘
(:;> ' inductiSn time 'gradient is varied by changing the velocity of the igniter.

-~

- el

t
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(: Using this theoretical model, we expect to investigate the basic aspects

of the SWAEER mcchanism.‘

Moviné Tgniter

]

. a * - - .
[ . . IO -,
‘. .
PN . C e . .
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v
»

x=0"

o

Induttion Time Line

" Sketch 1

‘\The above theoretical modél has already been considered in the
book by Zeldovich and kompaneets(40). H§wever, since a similarity
solution-has been used in their analysis, gasdynamic profiles only in the
steady p;Opagation regime of shock wave have ‘becn obtained. In this
chapter,; the non-steady flow-fields generated by the moving energy sources
are numerically analyzed using a finite difference methodl

<

2. Theoretical Model

The theoretical model considered here is a one-dimensional system

in which a fixed energy per unit mass Qo is released at a rate é,(k,t) by

1

a moving energy source. Thermal conduction and viscosity effects are

(:) ’ - neglected. The gasdynamic equations are written in the following form:

%
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Mass Conservation: %%—+ QE%EA- =0 B - (3-1) -
: oL, du, du_ 1 op
Momentum Consgrvatlon. v +u T "5 x ‘(3 2) d
. Con son: By g B, o _

Energy Conservation: 5t P UGS YD Ry p(y-1)q (3-3)
State of Gas: * p = pRT (3-4)

where x is distance and t is time} P, U, p; and T denote density; -
velocity, pressure, and temperatufé respectively; and,-y and R repf;sent
) the specific heat ratio and.the gas constant respectively. .
The solutions of the above equations depend on the parficular

form of the encrgy release function q fx,t), the initial state of the,

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

\

planar symmetrié system, initially at rest, is considered (x=0 corresponds
® to 'the symmetry plane). Thus, the boundary condition and the initial

conditions are written as follows:

/

Boundary Condition:! u(0,t) =0 (3-5)
I;nitiél Condition: u(x,0) = 0
. \ T p(x,0) = p, ~ - >
) o 0(x,0) = o, (3-6)
T(x,0) = T, = p,/p R

’

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

: The energy release function is chosen in a form, which can

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

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

Q, at a rate u, It should be noted that the induction time gradient dtind/dx
. - ) e - -

is expressed in terms of the velocity V_ as

— 3

-
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drind/dx = 1/V_ e
thscqupntly, q (x,t) may be written in the féllowing form: i
L4 o) = et - ) HE - ) [(3-7) :
‘ - e 'O_ [o] 1] o; . a
where w(r)(t= t - 659 satisfies the condition 4 , o '
0 i ) Bl
fuo d = , 3-8»
| {emdzg (3-8)
and where 11(1) is the Heaviside or step function
e . . .
H(t) = 0 1< 0
=1 1> 0 (3-9)

For mathematical convenience, we shall now select a functional form fo}N T

4

w(t) which-may bc integrated analytically and satisfies the conditiorf (3-8).

One such function is given as follows:

w(1)

and, as illustratcd in Fig. 16, R is the time required for w(t) to reach

its peak value.

- . \ . .
time T s referred to hereon as the "reaction time",

energy source

Using

conditions p;, Py’ To, and o (initial sound velocity: /ypolpo), we can

\

introduce the following dimensionless variables. O

The tatal cnergy per unit cross-sectional area deposited by. the

is denoted as E, and it is given as follows:

Q1 i
_ o ~ 2 2
- e () G-10
X
1T = £ = == (3"1‘1)
Vo .

N -

L

In apalogy to the combustion problem, this characteristic

~

b

o PPy g

i
2
({ (;‘_—1—' + 7 pu”) dx (3-12)
gt 1% (x,t) § (x,t) dx dt , (3-13) -

the characteristic time rthogether with the initial

v

» -
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) t - t/T R)
P* = p/D,»
p* = O/Uo/:

x* =

. -

u* =

T

[

L
, '35
x/cQ-rR
u/e, (3-14)
T/To

We obtain the following normalized equations by substitating the above

variables into the equations (3-1)-(3-4).

Ip* . +/3 {p* u*) -

N

3t %7 0 @
\ ¥
au* u* 1 ap*
Bt*' + u* ax* = - -;)—;— 5.5*. (3_21)
8 * 3 *’ au* . N
Ve -5%; + u* -si,—* 3 ‘Yp*\ ax* = Y(y-l)p* q* ‘(3_3|)
p* = p* 'I'* . (3’4')
where - )
. . R
q* = Q* (t*-x*/A) exp(- %{t* - %r)z)'ﬂ(t* - %T')
‘ 2
* = -
Q= Q,/q, 3-14)
A= Vo/co .

In a similar’ﬁanneﬁg the boundary and initial conditions (3-5) and (3-6),

and the total energy E in
follows:

L u* (0,t*)

u* (x*,0) =

, p* (x*,0)
p* (X*,O)
N

- T*

(x*,0)

E* = E/copoTR = g

' = ,t
. ’ . g

*

Egs.-{3-12) and (3;13) can be normalized as

]
=

i
=)

[}
[y

= ]

f?
0

i

1_

T E e Lor?) axe

Yo *q* dx* dt*

.

(3-5")

r)

(3-61)

. .
. ’ﬁg'

{3-15a)

L ‘ (3-15b) \

where E* is the normalized total emergy per unit cross-sectional area.
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»

-

¢

¥

MR




’

30

The above normalized governing eqiations show that the parameters,
the specific heat ratiofy, the normalized energy releasc per unit mass Q*,
) i
and the Mach number of the energy source A, determine the amplification

process-of pressure waves. In this analysis, v = 1.4 and Q* = 10 are

. A
assumed, and the flow-fieldsgcnerated for different energy source Mach

"~ . w.iiwww o« -numbers arc numerically analyzed, using a hybrid version of the Van Leer's
finite difference scheme (42)* and, the Boris-Book's antidiffusion method
, (44-46)**, Details of the numerical,pomputdtion are given in Appendix IV.

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

»

the Chapman-Jouguet detonation wave and the constant-volume combustion.

Thus, we assess the strength of the pressurec wave obtained through the

s

— ’ ' .
numerical analysis, in comparison with these values. The Chapman-Jouguet
‘ o :

R

detonation Mach number MCJ and the shock pressure of the detonation (i.e. :

IR
‘

& . 'so-called von Neumann pressurc)pv N, are obtained using the Ra;kine~Hugoniot
3 " A ,a . . N 9
1 relations (41): ' . 4
; : ) 2 : : z
1 Mg = J1e 5@ v = (3-16) :
' 2
Py.N My - vl
— = (3-17) )
P, +] k B g

The constant volume combustion pressure‘pC y. is given by the following

\

equation: N

L4

\

* The author is grateful to Professors Taki (l'ukui University, Japan) and
Fujiwara (Nggoya University, Japan) (43) fo%/pointing out this finite
difference scheme to him.

** The author would like to thank Professor G.G. Bach (McGill University)
for helpful discussions and suggestions on this method. -
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=1 + Y(‘(Qizl)_\q‘* X (3-18)

y Pec.v.

' Po \

For-Q* = 10 and vy = 1.4, we. btain Moy = 4.60, py v /p, = 24.9, and
pC.V./po = 6.6. .

£ /

/ -~
3. Results and Discussions

The flow-fields generated for cnergy source Mach numbers
A=0.5,1,3, 3.5, 4, 4.25, 4.5, 5, .and 6 were numerically analyzed. In
s . e . .
particular, Figs. 17-26 display the pressure profiles and the x-t diagrams .
for A = 0.5, 1, 3, 4, and 5,

. ‘ : In Fig. 17, the development of pressure wave for A = 0.5 is
illustrated. In the figu?e, the "'energy source' représen&;the dom}nant
region of energy relefse\\ More\precisely, it ;overs from the front of
energy source to the point where the volumetric energy release rate (pq)
is 10% of the maximum of (p4). In the figure, we can notice the early
formation of a shock wave which immediately runs away from the energy
source. The third pressure profile shows that the peak pressure has
decreased after the detachment of the shook wave from thﬁhgggrgy saurce..
The shock wave propagation soon approaches a steady state regime, and the
quiesceﬁi fie}d right’behind the rear edge of the energy source is indicated
by the flat pressure profile.* The interaciion betﬂeen the pressure wave
and the energy rclease for this case is more clearly illustrated ih the x-t
diagrap of Fig. 18, where the trajectdries of the point of the maximum

volumetric energy release rate (pc‘;)ma and the maximum pressure point (p

max

)

X

are shown. The coherent energy release to the pressure wave lasts only

* 1t was observed that |u*| ~ 1072~ 107° right behind the rear edge of
the energy source. . g

°
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t* ~ 4, and after the decoupling, the amplification immediately decreases,

The trajectories of Prax

qné (pﬁ)max showsthat the shock wave propagates
at a constant velocity after t* ~ 8.5. Figs. 19 and 20 correspond to

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

‘ the cxccpt}on that thq shock detachment occurs later and a larger peak
‘,prcssure_results. In both cases, weak shock wave amplification is observed
with peak pressure far below that of the constant volume combustion

AN

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

PRI Py SN

(rg.y. /Py = 6-6)

-

e

strong shock wave amplification. -Fig. 21 shows the pressure profilés for

the case of A = 3, while‘Fig. 22 is/the corresponding x-t diagram. We

g

observe a strong shock wave amplificatigh over a time t* ~ 8. During this
period, the energy source remains in c&gse proximity of the shock wave to
provide a coherent energy release. Furthermore, tﬁe shock wave produces
~a roéibn of high density. Thus, the volumetric energy release rate (pq)
maintains a high magnitude, apd a peak‘p?essure far above that of the -
. constant volume combustion results. After this amplificati%n process, the
shock wave st;rts to decouple from the energy source, and a stecady
propagation regime of.the wave results. Figs. 23 and 24 corresponds to
the case of A= 4y ‘In this case, the shock wave travels closely withngﬁgf
eqfrgy gource for a longer period than in the previous case, and this
‘results {n d higher peak pressure. As shown in the pressure profiles,

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

Figs. 25 and.26 show the development of press&re wave for the

, case of A = 5 in which the energy source Mach numer exceeds MCJ (=4.6).

In this case, no shock wave is formed but rather a broad compression wave

propagates. Fig. 26 shows that (pq) point is always ahead of the‘pmax

max

-
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peint, and this is in contrast with the previous cases of A < M.,.

Since the energy rePcase becomes less coherent in this case than in
the previous case, a lower peak pressurc results. As shown in Fig. 25,
the compression wave broadens as the time goes on, and finally the

compression wave starts to propagate in a steady -state regime where

the velocity of Phax point is less than the Chapman-Jouguet detonation
Ey
velocity. As we increase A, the effect of the wave broadening becomes

more salient, and the energy is distr&bﬁtcd more evenly, thus the amplifi-
cation dgcreases. In the limit A + «, the energy relcase becomes, of
course, completely uniform, and the constant volume combuétion results.

In ordcr‘to properly evaluate the efficiency of various energy
sources for shock wave amplification, the following two parameters are

/p .. The other is E*,

considered. One is the peak pressure ratio Puax’ Po

which is the normalized total energy deposited by energy source (see Egs.
(3-15a) and (3-15b)). Fig. 27 shows the variation of the peak pressure
ratio pmax/pé, with respect to.the enerpy source Mach number A and the

normalized total energy E*. We can evaluate which energy source provides
/

@

the maximum value of p /po for a given value of E*. In other words,

max

-

we can assess the reclative efficiency of various cnergy sources. It is

shown that the optima} source Mach number is in the range 1 < A < MCJ’

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

The curves in this region intersect in such a way that a given source

‘

remains optimal only temporarily as it becomes immediately superseéded by
a faster source. Consequently,\the optiQ?I Mﬁch numberimonotonically
increases with E* and approaches MCJ as E* + =, indicating that the
Chapman-Jouguet detonation itself is:the most efficiently amplified wave

in the steady ﬁropagé@ion regimes.
- . /
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The results of the present numerical analysis have illustrated

) the basic aspects of the SWACER mechanism, It is clearly shown that

cffective shock wave amplification requires that the energy source and the

pressure wave travel in close proximity to cach other. The unison between .

the two cstablishes the coherence and determines the resulting amplification
process. Furthermore, due to the resulting local increase in density, the

volumetric energy reclease is increased, which in tuen further enhances the

Loy g ey

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

énergy source occurs, the coherent energy relcasc immediately breaks down,

ey g 2o

and the shock wave amplification ceases. Thus, the generation of strong

LRS-

shock wave depcnds on whether or not the coherent energy release can be,

maintained for a sufficiently long period.

n

Within the framdwork of the present thcoretical model, the

results have confirmed that the induction time gradient field has the
‘ j

‘potential of rapidly amplifying a shock wave to a strength above that of

T RSty s N mes

constant volume combustion to that of a Chapman-Jouguet detonation with
comparable heat release. ‘Thus, it is now obvious that a detonation
jnitiation can be triggered in the gradient field if a non-uniformly
. - - . E

reacting gas mixture can provide a coherent energy release to the shock wave

for a sufficiently long duration. One may notice that the following

T R R k. it % i Sk T

conditions must be satisfied for detonation initiation. Firstly, inside

v

the volume of the reacting gas mixture, a certain non-uniformity of reaction

must provide a proper induction time gradient field as well as the i

Lo il

3 - \cohofence between the energy release and the resulting shock wave. Secondly,

1
‘1

the volume of the gas must be sufficiently large to generate a shock wave

c:} which is strong cnough to auto-ignite the gas outside the volume. The

/
volume required for gencrating an auto-igniting shock wave dependson the

[y

W

A >




RO BRI B EGEIITIR P r S LIRS A R ] A S

c4X

R R ST R A R

- B Y . we B e e

LS
- f 3 -
¥

rghctivity of the gas. The present results indicate that gas mixtures

with larger recaction times, thus, weaker gas mixtures-require a

corresponding larger volume of the gas mixtures. It has been shown that
the length of gas required for, strong shock amplification is propd}tional

- , - . - .
to the reaction time TR If these conditions are satlsflcq, an auto-

o
N E

ipniting shock wave can be generated, and finally a detonation wave may

propagate outside the volume.

-

v



CHAPTER 4

SHOCK/WAVE AEPLIFICATION IN NON-UNIFORMLY PREHEATED ‘

GASES
1. Introduction

In the preceding chapter, the results have suggested that

J

detonation initiation can be triggered in a non-uniformly reacting field

if the SWACER mcchanism is sustained for a sufficiently long time. Indeed,

as mentioned in the introduction of this thesis, the recent experiments

by Kn;stautas et al. (15) -have demonstrated rhur,’by means of ghstacles,

the non-uniformly reacting field of intense turbulent mixing can generate

a rapid shock wave amplification, which lcads to a formation of dctonation.
-There are éome previous theoretical works which investigated

-

the detonation initiation in non-uniformly rcacting gas mixtgres. Zeldovich
et al. (47) h;vé investigated the formatioq“of detonation waves in non-
uniformly prehcated gases. In their analysis, a finite length of gas is
considered, and at the end of this lenggh a still adiabatic wall is assumed.
The* injtial témporature distribution is assumed such that temperature
decreases limearly from a high temperature at the wall with a constant
gradient. "The flow-fields for different initial temperature distributions
have beeh numerically analyzed. They have dcmonstrated that, for certain
initial temperature gradients, detonation waves are formed via a rapiﬁ

shock wave amplification. x ‘

Barthecl and Strehlow (48) have morc tecently studied the formation
and propagation of épherical shock waves occurring when the reactivity of
explosive gas is non-uniformly enhanced inside a sphere of gas mixture.

1

Their analysis have shown that detonation transition is possible through

a rapid shock wave amplification. Thus, it is shown that the detonation

{?k - !

J ¢
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{'t , | -
i C
L initiation through a shock wave amplification occiirs in three-dimensional

‘ . , gecometry as well. : N

+ - - L4
¢ .

In this chapter, the shock wave amplification in ndn-uni\‘formly

© +, prcheated gases is numerically analyzed in connection with the detonation
o N

transition. A theoretical model similar tothe above-mentioned model by

-

; " Zdldovich et al. is pursiied in the present study. The present analysis

particularly emphasizes the importéﬁt role of the gradient field in the

P ) w:xvcyampli‘fication as well as the effects of important factors, such as
¢ - ’
rcnct1v1ty of gas mixture or gasdynamic parameters, As mentioned in the

prevmus chaptcr, the m‘Lnlmum volume of non- unlformly reacting pas

3

wqun'od for detonation initiation should depend on the rcantx\nty of gas. In

oA e 3

the following analysis, the induction and exothermic processes of reacting
: gas mixtures arc described by a relatively simple model. We shall investi-

‘
pate whether or not the toherent shock wave amplification is majntained

SR e

- in the preheatéd volume for different combinations of parametei‘s which are
: ) involved in the chemical reactions and gasdyl;ami‘cs. Final{y, we shali
% * | . ' seek for the conditions for d,etoﬁgt:iop initiation in terms of the dominant
Et‘ pa'ramgters-. )
| ‘ )
2 A ~~ 2. Theoretical Model ‘ ' : ’
I . We consider a non-uniformly preil“eated f;as mixture in the space ‘
) x > 0, in a onc-dimensional planar ‘sy'mmetric system. The initial tempera-
F ture distribution is assumed as follows: (see Sketch 1 below):
S . T, -T :
Ve , T(x,0)=’l‘w- 0 X (0 < x <L)
‘ . . ' : {4-1)
- =T, - : (x > L)




L

NS

: ‘ , a4
: .y N
where T, is the initial temperature of the gas at x=6; ,‘Tol is the .

* /
temperature outside the prfheated region; and L is the length of the

preheated gas. The field is assumed to be quicscent injtiall);, that

is, \ o . .
p(x,0) =p,,  u(x,0) =0 ‘ (4-2)
T A /
/ _ o
T
- w
Sketch 1
|
0 | > X '
L

The rcaction of each gas particle is described by a simple

/ . : . . .
Arrhenius induction time law and a heat release fum‘z(lon. The induction

‘process is exprcssed by the following equation: ~

dx " - :
4t = - ko exp (-E___/RT) (if T‘ETig) (4-3)

where d/dt is the substantial derivative; A represents the progress of

| A
induc tion process\ﬁ\\ A =1 and 0 correspond to the start and termination
of induction proceéks respectively; pre-exponential factor k and activation
encrgy Eact are constants; and‘ Tig is the ignition temperature below .
which- the induction process does not proceed. The above equation indicates
that the induction proc\ess largely depends on the temperature of gas.
From the initial temperature distri\l’)ution, we see that the induction timq

nd.w, is the minimum. The induction time Tind.w.

5

‘ s
of the particle at x=0 ty

" is given by the following equation:




RO ARy

g,
1
!
J\.’L
- 'S:_'
;
&
i
B
%
é
i

M SE LR ET R sty

\ . 4s

& ) s .

“ind.w S ko P Gace/RT (4-4)

\

. - ,
where Pu is the initial density at x=0. The induction times of other

gas particles may deviate from thé initial ones due to the develoqnent

of the gas expansion starting at x=0.

“

in

The gas starts to liberate heat after the induction process.
_According to the heat release function used for the analysis in the

preceding chapter, we express the exothermic reaction of each gas part{cle

as follows:

Q.
. _ 0 2,, 2
q = TR—Z- exp (-\ T /ZTR) . (4—5)
" T =t -t

. A=0

where 1 is the characteristic reaction time at which § approaches the

maximum heat relcase rate, and ty oo 1S the time when the induction process

terminates. . -

v £

In order to follow the reaction of each gas particle, in the
present numerical computation, the governing equations of gasdynamics are

written in the following Lagrangian form:

\
Mass Conservation: - %—‘;—-= 0 - o \ 4-6)
B . Momentum /Conservation; ‘ g—z + %% = 0 (4-7)
Energy Conservation: ?—% + %%‘Q. =4 (4-8)
: N ’State_o‘i)’ Gas: P = pRT (4-9) .
where v = 1/p o T - (4-10)
. .. pv 1.2 : o ‘ |
) ) - e = Jg-ryu _ . “ T (4=11)
dt =

px-udt) - S (4-12)’

]

—
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C¢ ) and where ¢ is the independen; variable in the lLagrangian coordinates, and
£, = 0 corresponds to x = 0. The boundar}’conciition at -the wall (£20)

is given.as follows: . " ‘
: ' u(0,t) =0 (4-13)
Using “the initial conditions outside the preheated regionm,

4n;'npc'1y, Py Py T,» and sound \ielocity c, s together with the length L and

0 the characteristic gasdynamic time Tg (=L/co), we introduce the following

-—dimensionless variables:

PEEY

et o= t/-tg, x* = x/L
v* = v/vo(V°=1/DO). p* = P/PO
.. Y (4-14)
T T/Tol u* = u/co
de* = (dx* -'u*dt*)/v*

We can obtain the following normalized equations by substituting the above

vatiables into the original dimensional equations.

* *
Mass Conservation: gz* - -g—%; =0 {(4-15)
o A , * K * A
Momentum Conservation: gltj* + 5—%—; (EY—) =0 . (4-16)
- % oyr % . !
Energy Conservation: . %—E—; + -é%;‘ (B-\jl-l—-) =49 . (4-17)
*y ¥ 1,2 -
* 2 ok . -
where ¢ oot T . . ‘ | (4-18)
qQ* = at* Q*. exp (- —;— azr*z) , (4-19)
- \ ] . ~ ’ 2
s ! . = * = pR_p¥ * = <
ind .where o 'tg/‘[R, T th-tl o and Q '\Qo/co . | .
’ v E* > .
*
Induction Parameter: -g—%-; = - %;— exp (- ."’I‘.ﬁt) ] (4-20)

(4F 1% 2 TE) _— \

LR = ) * = /
where k* = kp_T = E_../RT,,and Tio T/ To

) C E* ) .
Yo g’ ‘act , Tact -
IIP. y t . ; R

‘
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o Position of Gas Particle: x*(g*,t*)=é‘£*v*(5*,t*)d€* (4-21)

Initial Conditions: T*

un

T; - (T; - I)x*(x* < 1) (4-22)

=0 (x* > 1) v

~

1
—
e

»

()

(=]

p* (4-23)

* = ’ ’
where Tw TQ/TO. ‘ V{A

0

Boundary Condition: u*(0,t*) =0, - (4-24)

From the above nommalized equations (4-14)-(4-24), we find
v

the following dimensionless parameters, which govern the chemical-

-

, /
gasdynamic process occurring in the preheated gas mixture:

' * * * * ,
- 'Tw, Tig»‘ Q » Eactl Y

a(= tngR) and B(= Té/Tind.w.)

In the following analysis, the effects‘of the length of preheated
e

gas and the reactivity of gas are particularly emphasized. For this
reason, the first five of the above parameters are to be held constant

throughout the rumerical analysis: T; =4, T; = 8/3, Q* = 20, E;C = 50

g t

and y = 1.4, while the remaining parameters o and 8 are varied so as to
determine their. relative influence on the shock wave dmplification process.

The parameter o denotes the ratio of the characteristic gasdynamic time to

the characteristic heat release-time, while the parameter B is the ratio -

of ‘the characteristic gasdyna@ic time to the characteristic induction time,
- \

For Q* = 20 and vy = 1.4, the coriesponding Chapman-Jouguet
detonation Mach number MCJ‘@nd the von Neumann pressure jump Py.N /po,

are given by Eqs. (3-16) and (3-17): Mj = 6.35 and py  /p, = 46.9,

»
R o

I
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. AN :
‘?: : The finite differcnce method employed in the present numcrical

analysis is a hybrid version of MacCormack's\secogd—oéder explicit
o, scheme (49,50) and Boris-Book's antidiffusion method (44-46). Dectails
of the finite difference method and procedure of the numerical computation °
are given in Appendix Y.
In most computer runs, the computational grids for £ covered
the iength 0 <x*< 1.0~ }.3 so as to discern whether or not the SWACER

¢
~ k]

mechanism is .sustained in the prcheated length for various combinations

4 £- g g, ¥ I SRR AR S e[l g T S0 o 3R T

of the parameters o and B., - /

3. Results and Discussion

o

T PR At P II Kt s 4 B s AT RIS G oMMy T o S T

Fig. 28 shows the pressure profiles for the case of a = 45.45

and 8 = 27.58. We observe a strong shock wave amplification which Has :

the potentiai of forming a detonation wave. In the figure, we can see that

-

" the reaction front propagating in phase with the pressure wave is

-

(5

1 responsible for such a strong amplification. "Fig. 29 is the corresponding

, ¥ " x-t diagram which shows that the amplification process is divided into

three stages. In the early stage of the_dmplificati;n brocess (t* < 0.06),

the reaction front follows the trajectory prescribed by the initial inéuction ‘

time curve (which is calculated based on the initial distributions of
\ L "
temperature and density). A compression wave is formed as described in

v“‘/ -
the previous chapter. In the second stage (0.06 < t* < 0.15), the wave

g ) then propagates into neighbouring hot gas which is under the induction
i : process. Although the amplitude of the wave is relatively small, the
induction time of the neighbouring hot gas is reduced by the compression

(:) 'effects. The resulting heat release, in turn, reinforces the amplification

!

of the wave. Finally, a strong shock wave is established, and the perfect

- #

v
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coherence betwecen the wave and the reaction front continues to accelerate
the amplification further. The wave amplification in this stage pay be
.called self-coherence, Because the shock-heati/ng of the wave itself becomes
thc most dominant. We\ﬁan consider that the first two stages of the
amplification process provide certain condit’ions for establishing the
sclf-coherent amplification mechanism, When the shock passes through the

cdge of prehcated region at x*=1, the shock over-pressure is about 40% of

the von Neumann spike. Since the shock wave is sufficiently strong

4

inducing rapid heat release, the wave will eventually grow-'into a detonation

,

wavce.

~

Fig. 30 shows the p{essure profiies for the case of a-= 11.36
qzmd B = 27.58, and the corresponding x-t diagram is given in Fig. 31,
In comparison with the previous case, this case has a ;ma}ler value of o~
and the sdme vdluc of 8. We can see that an increase in the characteristic ’
reaction time relative to the characteristic gasdynamic time reduces the

" rate of wave amplification and re:\sults in a weaker amplification. A
compression pave with a gentle slope is formed, and the waye propagates
with increasing its strength. Although the initial induction time curve
is identical to that of the previMo a slower reaction rate
(a larger ratio of the characteristic reaction time éo the charactcrist:flc
pgasdynamic time), the distance between the wave front and the reacti;n
front is relatively large. . This prevents effective energy release to

the wave., A shock wave is then established at time t* ~ 0.35. However,
the wave is not strong enough to rapidly induce heat release from the gas
mixture.ahead which is at a relatively low tempgrat(xre. Thus, Ias a result,

the reaction front starts to decelerate, and the distance between the shock

- . . L} . .
and the reaction front progressively increases. As shown in the last

- ‘e
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pressure profile of Fig. 30, the shock pressure ratio is only about 4,
L .. N

which is insufficient even to induce induction process of the gas

mixture outside the preheated region. Therefore, the shock wave decays |

outside the preheated region.

it

Figs. 32 and 33 respectively show the pressure profiles and

the x-t diagram for the case of a« = 45.45 and B =2.207. In comparison

with the case of a = 45.45 and 8=

2

27 .58, in this case, B has been

rcduced to a lower value. We observe that the initial induction time

gradient has become larger. It is shown that an increase in the character-

- +

istic induction time relative to the characteristic gasdynamic time

o

prcvents strong shock wave amplification. The trajectory of the reaction

front deviates from the initial mductlon t1me curve in the very early

" stages. The reaction front and the maximum pressure point travel in

unison for a relatively long duration (0.5 g'\t* N 0.7). However, the

cffect of the large induction time becomes salient as the time goes on,

¢

and it prevents wave amplification. 1In particular, this is clearly shown

in the noticcable deceleration of the reaction ‘front after time t* = 0.8.

As a result, we observe a rapid increase of the distance between the shock

»
I

wave and the reaction front.

‘

From the above thrce cases, we see that increase in either of

' the parameters o or g enhances the shock wave amplification. For certain

combinations of the parameters, the SWACER mechanism is maintained and
r

rapidly amplifies a8 shock wave to a certain strength which is capable of

triggering the onset of detonation. The amplification process is divided

into three stages. In the first stage, a pressure wave is amplified

AN

primarily due to the energy release from the prescribed initial induction

time grédicnt field. In the second stage, the amplified wave itself starts

e

3

I8

4
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to induce the heat release of neighbouring preheated gas. Finally, in

the third stage, a shock wave is formed, and a self-coherent amplification

is established by a strong shock-}ieating effect. We can consider that
the establishment of the self-coherent stage depends on the first two
stages. If a prcssure wave is not developed to a certain strength in the

.

first two stages, the self:coherent stage will never be established, a_nd
consequently the wave sftarts to decay.

Table 2 summarizes the results of computer runs for various
combinations of the parameters o and B. In the table, for each computer
run, the shock prcssm;re ratio ps/po near the edge of the preheated r‘egion,
the position of the shock wave xg/L, the position of the reaction front
xr/L, and the normalizéd time t]rg are given, and the criterion for the

wave amplification is also provided*.

The criterion for the wave amplification is based on the fact that

the shock wave and the reaction front must propagate in unison for sustaining

the coherent encrgy release in- the entire preheated region of gas mixture.
. ¢

Quantitatively speaking, though it may involve some arbitrariness, the

case, in which @ shock wave is followed by a reaction front within the

@

distance of 0.02 L at the edge of the preheated region, is considered to

have the potential of detonation formation through the coherent shock

wave amplification. Such a case is referred to as ''coupled" in the table,

based on the relation between the shock wave and the reaction front. If

* The case of Run 20 is an exceptional one. Because the criferion could
be easily obtained from a salient decoupling between the shock wave,and
the reaction front in the early stages, and’ because quite a large number
of mesh points werc required to resolve the -reaction zone accyrately,

further computation was not carried out to ayoid unnecessary cost
of the computation.

&
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»

the coherent shock wave amplification is not sustained, the shock

decouples from the reaction from;. This case is referred to as "decoupled".
In the above tablé, we notice that, in all the com;pled cases,
the shock pressure ratio is at least above‘12.7. One may easily veriéy
that the value is above that of tﬁe shock wave which has the minimum
strength required for triggCt-ing induction process of the non-heated gas
p:nrt;clcs outside the preheated region. Fr\om the well-known Rankine-
Hlugoniot shock wave ,relation, we see that the shock Mach number for

providing the ignition temperature T;g is 2.99. The corresponding shock

pressure ratio is 10.3.y Thu« the shock pressure ratios in all the .
5 -

v

coupled cases arc certainly above this value.*
The criteria for shock wave amplification in Table 2 are plotted

in the o-B plane of Fig. 34. The regime of the coupled cases is separated

‘from that of the decoupled cases’ by the clirve AE In .the range 2 < 8 ¢ 140,

v A

the minimum length of the prcheated gas reqllired for sustaining the coherent
ES

sHock wave amplification increases from about 20 ¢t

tod45 c T
. o

R R ith

decreasing theKValue of B. “In the range 8 0 the minimum length required
sharply increases, while, for very large value of B, we notice that the
minimum length must be at least greater than about 10 CoR .

The present relatively simple model has served well to elucidate
the basic features of the shock wave amplification phenomena ocourring in

the preheated gas mixtures. The present parametric study has also emphasized
1 i

!
T

* Runs 9 and 12 are critical cases. Although the shock pressure ratios
are above 10,3, the distance between the shock and the reaction front
is greater than 0.02 L (xs/L - xl'./I: > 0.02) for both the cases. Thus,

{

these cases are referred to as decoupled in Table 2.
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the relative importance of the characteristic gasdynamic, inductioﬁ,
and reaction times in the amplification phenomena. The results show that
the reactivity of explosive gases is one of ‘the important factors/involved
in the shock wave amplificétion, which has already bgen pointed out by
Mecyer and Oppenheim (21). As mentioned in the introduction of the present

thesis, the transition process induced by obstacles occurs in the non-

N »

uniformly reacting turbulent field which-is similar to the preheated field
considered in the present theoretical model. Thus, the préscnt results

suggest that the above-mentioned parameters are also significant in the

-. transition phenomena. -
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CHAPTER 5

CONCLUDING REMARKS AND RECOMMENDATIONE FOR FUTURE WORK

The basic dspécts of the rapid shock wave amplification, which
occurs in nonm-uniformly reacting gases, have been the main theme of the
prcéent thesis. The important concept of the SWACER mechanism has cmerged
through the numerical analysis of the flow-ficld of photochemically ignited
gas mixtures. The research has been extended to the theoretical aﬂalysis,
which has aimed to clucidate the basic aspects of the SWACER me¢hanism
nnd‘to show the importance of the amplification mechanism in some of the
detonation initiation processes.

fn Qhe following, the important results of the present research
are summarized (as numbered 1 to 5) and some recommendations for future work ’
are also provided. ’ 5

e Chapter 2 -

In the preliminary investigations, the basic aspects of the
photochemical constant volume combustion and the photochemical detonation
@nitiation, ha&e been studied (Appendices I and I1). The schlieren photo-
graphs obtaincd by Professor R. Knystautas have shown that the rapid formation -
of the shock waves in the photochemically ignited gas mixture plays a
significant role in the photochemical detonation initiation. b
1.' The results of the present numerical analysis have shown that the

_radiation.intensity is one of the important factors which govern the shock
wave amplification. If the radiation intensity is not strong enough to
induce sufficiently fast chemical reactions, the pressure wave can not be
amplified strongly, and the decoupling of the wave from the reaction zone

b

results in a deflagration. The results have also suggested that very

v
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: high intensity of radiation does not necessarily result in rapid

formation of shock wave. . It is shown that the explosion rather approaches

rhAZT {

uniform constant volume combustion.

P

e

2. The cxamination of the results has suggested an important aspect’of

Pl iy

the shock wave amplification. It is shown that the coherence betwecen the

pressure wave and the energy release from the combustion is one of \the

PRI AN

most effective means of shock wave amplification. It is found that the
coherent shock wave amplification can be established either by the induction
time gradicent field, or by the compression effects of the amplified wave

itself. The concept of "SWACER'" mechanism has been proposed.

Chapter 3 L

—

v . o

3. A theoretical study on the cohercnce phenomenon between energy.release

«and pressure wave has been carried out.c Such a study has stemmed from a

LA PTRSRGrIN

2
1

consideration that the real gasdynamic-chemical coupled shock wave amplifi-
cation is, in essence, the phenomenon of the interaction /between the pressure
wave and the temporal-spatial sequence of energy release. The flow-fields
giencrated by moving energy sources, which are governed by the induction

time gradicnt field, are numerically analyzed. Within the framework of

ap b W, AT IATE AT SR B e,

the theorctical model, the optimum Mach number of the moving source has

P

been searched so as to assess the strongest shock wave amplification. It
is clearly shown that effective shock wave amplification requires

that the energy source and the pressure w:;we travel in close proximity of
3 " each other. The optimum source Mach number A* is in the Tange 1 < A* < M

CJ
and depends on the total energy deposited by the source. With increasing

e

) the total cnergy, A* approaches MCJ and the corresponding shock over-

.pressure increases. If the source Mach number A is in the range A > MCJ’
- N . A
N .

e g e g A S

Ak,
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3

no shock wave is formed and a compression wave results. Therefore, at
) B ]
the steady propagation regime, the energy source travelling at the Chapman-

¢

Jouguet detonation velocity corresponds to the optimal condition for the

pressure rise among all the possible energy sources. .

Chapter 4
4. The shock wave amplification in non-uniformly preheated gases has

heen numerically analyzed in connection with the detonation transition.
The results of the present numerical analysis emphasize the important roles

of the characteristic gasdynamic time Tg’ the reaction time TR* and the

induction time <.

ind.w' Increase in either of the non-dimensional parameters

o

n{ rg/rR) or B(= Tg/Tind'w.) enhances the shock amplification process.

ily certain combinations of these parameters allow the coherent shock
wave amplifiéation to be sustained. It is found that sufficient sustenance
of the SWACER mechanism requires that the length of the preheated gas L ’ g
must, kroughly speaking, satisfy the condition L > 20 ¢ Tr
5. When the SWACLR mechanism is maintained in the preheated region of gas
mixture, the wave amplification process can be divided into three stages.
In the first stage, the wave is amplified due to the cnergy rclease from
the préscr'ibed initial induction time gradient field. In the second stage,

the wave dcviates from the induction time curve and starts to trigger the

Y

heat releasc of ncighbouring hot gas mixture. Finally, a ;strong_ shock
wave is established in the thirld stage, and the shock wavg is capable ,
of providing the self-coherent amplification process, in which the shock

wgve and the reaction front travels in the perfect coherence by the strong

shock-heating. The establishment of the self-coherent stage depends on

¥

—t .
whether or not a certaifi strength of the wave is ensured through the energy

Wy

rglease in the first two amplification stages. \

.
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Recommendations for Future Work '

‘1. In the numerical analysis of Chapter 2, the influence of the temporal

variation of radiation intensity has not been considered. This should be

—
3

igxcstigated systematically. 1In the present study, hydrogen-chlorine

e

mixtures are analyzed. Perhaps, more quantitative and refined invcstigation

ciane be carried out by analyzing 03-02 mixtures. The chemical kinetics of
‘ i L
O§'02 system is well-established, and the cheimical species involved are

only 0, 02, and 03. Thus, we ‘can expect to carry out the numerical analysis
more easily. - In addition to thes¢ theoretical works, some experimental
.’ 1]

works should also be performed: Detailed spectroscopic measurement of

12
4 [

the flash radiation should be carried out as well as the schlieren photographic

.

obhservations. . N
2. The theoretical study in Chapter 3 has been limited to the planar
symmetric gecometries. Studies should also be carried out for cylindrical

ahd spherical symmctric geometries. "Ihrough such studies, we can obtain
!

the important information concerning the effect of area divergence on the
wave amplification process.

3. The analaysi‘s of the shock wave amplification in the temperature gradient
\ .

field should be more systematically carried out. Studies for cylindrical
. \
and spherical symmetric geometries should yield some interesting results.

Also, some improvement may be made concerning the modelling of the chemical

—
\ -

N - N . N
reactions of gas mixture. A more realistic heat release function may be
expressed ﬁf‘ terms of an empirical formula which includes the thermodynamic

pnrumetefs and the concentration of fuel, oxidizer, and radjcals. Such

’»

/ . .
an empirical formula may be obtained through a systematic study of the
' ’
chemical kinetics of t;he real reaction systems such as 03'-02, HZ-CI2 or

N ,
. s

Hz -02 systems.

o
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- 4. In addition to the abovesmentioncd theoretical works, some experi-

|

mental works should also be carried out. We can gencratc a temperature

gradient fieid, using an imploding cylindrical shock wave and a circular
cylinder whose axis is at the implosion center. The imploding shock
reflects at the surface of the cylinder, and the reflected shock wave
starts to decay by the area divergence effect. Thus the iemperatugg of

. the shocked gas decreases in the radial direction. The observation of
- N

\,

the shock amplification phenomena in such a gradient fiéld should yield -

some interecsting results.
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CHAPTER 6

- STATEMENT OF ORIGINALITY AND CUNTRIBUTION TO KNOWLEDGE

. Prior to the preésent research, thé basic featureé’s and mechanisms
of the shock Qave,amplificationhin explosive éases have not been clearly
clucidated. In fact, the rapid shock wave formation phenomena hgve been
sometimes rcgarded as the phcnomena governed solely by th? expansion of
the localized explosion center,‘and the process of the shock wave ampli-
fication has not ‘been precisely analyzed.

' The author believes that the concept of the SWACER mechanism
introduced in the present rescarch is quitc' important for a better under-
standing of the‘§hock wave amplification phenomenal It is shown for the
f}rst time that the coherent energy release generated by the. induction time
gradient field plays a significant role in the shock wave\pmplifiéation
phenomena. The author exﬁects tﬁét the results presented in this, thesis
are a distinct contribution to the knowledge in the field of gasdynamics

of cxplosions.
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APPENDIX 1 ' [

PRELIMINARY EXPERIMENT AND DETAILS OF EXPERIMENT OF SCHLIEREN

OBSERVATION OF PHOTOCHEMICAL DETONATION INITIATION

A. Preliminary Expcrimeﬁt

‘The main aim of the preliminary experimént was to confirm the
feasibility of photochemical detonation initiation. Gas mixtures of
('2”2 -02, CZHZ-O2
feasibility of photochemical initiation for these mixtures was investigated

—NO2 and.llz—Cl2 were mainly tested. The relative

by measuring the induction times for detonation initiation.

The photon-absorption and photo-dissociation of molecular oiygen

N
-

and nitfogen dioxidec are bricfly described in the following, while those of “

molecular chlorine are given in Chapter 2. E

-

e -~

A-1 Photon-Absorption and Photo-Dissociation of O, and NOE

The absorption spectrum of oxygen molecule in the range of 1200-
2600 R is given in Fig. 35.’ A salient photon-absorption starts at 2000 R

and below this wavelength the absorption coefficient noticeably increases.

The absorption bands from 1759 to 1950 A is called Schumann-Runge bands,
where the dissociation of one oxygen molecule generates two normal oxygen

atoms:

0, Cr) +hv > 200P) (1-1)-

The photo-dissociation process changes below tﬁe Schumann-Runge bands. In~
the continuum absorption range of 1290-1750 X, one photo-dissociating oxygen
molecule generates one excited O(ID) and normal O(3P) atoms.

,@2(32;) e v+ o('p) + o3Py C L 1-2) -

* The details of the molecular physics oflthe photo-dissociation processes
are provided in the book by Calvert and Pitts (35). ‘

. )

i e
. @
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Although molecular oxygen has strong photon-absorption below

Y
)

1800 R, it can not be easily achieved to generateta sufficient amount of
oxyéen‘atoms, due to the difficulty in producing intense far ultra-violet
radiation;w‘ln fact, the maximum radiation strength of most light sources
lies in the range above 2000 R. The available far ultra-violet radiation

is quite weak. Thus, somc photo-sensitizers are sometimes added to the fuel-

oxygen mixtures in the flish photolysis experiments. In particular, NO

14 ~

2 L

-is one of the strongest photo-sensitizers.

4

The absorption coefficient of NO2 is shown in Fig. 36. The bond

energy of NO, is about 71.8 Kcal/mole corresponding to 3945 A. Below this

2

wavelength, the photo-dissociation becomes possible. Between 2537 and

3945 A, the dissociation of one NO
» .

2 molecule genecrates one oxygen atom in
ground state and one nitric oXide in ground state:

NO, + hv + NO o?m + oM (1-3)
Below 2537 A the dissociation process chaﬁges, and one excited oxygen atom

is generated instead of normal one:

3 NO, + hv + NO (x*n) + o('D) (1-4)

A-2 Details of Experimentation\
A-2-1 Flash Cavity .

The essential part of the Experimental apparatus is illustrated_
in Fig. 37. An existing solid state laser cavity was easily converted into
the flash cavity for the experiment. The upper photograph in the figure,
displays the inside of the &;lee elliptical silver-coated flash cavity
(16.5 cm long and 11 cm wide) wherein a quartz explosion tube (14 wm ID,

1 mm wall thickness and 42.5 cm long) was inserted along the central axis.

v

The tube was irradiated by two xenon flash tubes (EG § C FX47C). The lower

schematic .diagram illustrates the cross-section of the flash cavity. A




e . ’ . - L. oy - - e e e 1

s g
N IR reeasd R o ph e o e 3 X

62 w

(:} large portion of the energy discharged in the flash tubes is converted

into thermal cnergy. A wntcr-cdbling syétem was used to protect the
exﬁlosion tube, the flash tubes, and the silver coated surface of the
fiash cavity . from the heat. The flow of nitrogen gas was used to avoid

loss of far ultra-violet radiation of the flash tube, otherwise oxygen |

in air would have completcly absorbed the far ultra-violet. The photon

' transmission of the quartz explosion tube Qsed in the experiment cuts off

sharply at aboqt 1650 A, Th&s, due to the ﬁitrogen flow, the far ultra-

violet down to 1356 R was available 'to dissociate oxygen molecules. In

fact, although the available far ultra-violet radiation intensity was .
o .

supposed to be re}atiVely small, it was found that CZHZ—O2 mixtures detonate

without any addition of NO,. “"?

A-2-2 Flash Tube

The.flash tubes were connected to an energy suppI? system (Maser
Optics Inc.) which consisted of a 2250‘pF capacitor bank, a DC power supply,
and a trigger unit. The capacitor bank could be charged to about 4 KV, and
the gorresponding maximum energy was about 18 KJ. Fig. 38 shows the .
radiation output of the flash tubes for different flash energies (e;ergy
stored in the capacitor bank). This was monitored by a ﬁhoto-tube (RCA 929).
Tho‘tube was charged with/gﬁi;so V DC supply. The outputs were measured

e
across a 2 MR resistor.. It was found that the irradiation duration is

., about 2 msec irrespcctively of the flash energy. The trace of the flash
irradiation was sometimes smeared with the noise caused by the strong

electron discharge in the flash tubes. ‘Since the experiment aimed only to

- -

\ . 113 . . PR
. - investigate the relative feasibility of photochemical detonation initiation

for some different gas mixtures, the actual radiation intensity of the flash
1

]

A
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irradiation was not measured. The relative radiation intensity was
expressed in terms of the flash energy.

°

A-2-3 Diagnostic Techniques - <

e

A detailed schematic diagram of the entire experimental system
is illustrated in Fig. 39. A pressure transducer was placed at onc end !
of the quartz explosion tube so as to dctect the abrupt pressurc jump by
a detonation wave. The ahove;mentiongd photo-tube monitored the flash
irradiation. A sodium-chléride plate was placed in front of the photo-
tube to reduce the radiation intensity to the tubc. The outputs from the
pressure transducé€r and the photo-tube were pluggcd in one channel of an
oscilloscope (Tektronix Type 555): In the resulting superimposed t£écé,
the induction time for detonation initiation is defined as the timc lag

ir t

hetween the start of the flash irradiation and the abrupt jumﬁ of the

p:essﬁre output.
The pressure trﬁnsducer used was designed by Knystautas (519 and
is shown in Fig. 40. It consisted of a barium titanate-zinc rod combination
and é brass housing case. The'positive face of the barium titanate element
(6 mm long and 6 mm diameter) was jointed to the zinc rod (4 cm long and
6 mm diameter) with silver epoxy glue, wh@le the negative face was grounded
by soldering a copper wirc between the element and the brass housing case.
The output from the pressure transducer was directly connected to the
oscilloscope wiihout any emitter follower circuit:'
The quartz explosion tube was ‘connected with a pyrex glass tube
(14 mm ID, 1 mm wall thickness and 120 cm long), and a streak camera was

employed to observe the propagation pf detonation wave fo% C2H2-02 oT \_

CZ“Z'OZ‘NOZ mixtures. The iuminosity from these gases was strong cnough -
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to be recorded on a film. Streak records were obtained on Kodak Tri-X

type 475 70 mm film. The writing speed of the camera was kept about

R gt et R DS O R

6cm/msec..  The contact switch of the camera could provide a signal to

the trigger unit for the flash tubes, so that the flash tubes were fired

simultaneously with the shutter opening of the camera. The duration of the
: -
shutter opcning was set’'at 2 msec or 5 mscc.

oy v

&wwmammag?ﬁﬁwmm

A-2-4 Preparation of Test Gas Mixtures
Gases of commercial purity werc used without any additional .

. purification. The gas mixtures werc preparced in two 5 liter capacity

B

m&vﬁn‘rg it st R A

" stainless steel tanks by the fiethod of partial pressuré . The tanks were
filled to 300-500 torr of the mixtuye. Adequate mixing wés obtained by

allowing thengaseg to diffuse for 12-24 hours prioi to the e;periments.

Oxy-acetylene mixtures were sometimes sensitized with nitrogen dioxide

(NOZ) which was made by mixing nitric oxide (NO) and oxygen. Due to the -

rapid reaction NG + % O2 + NO,, at room temperatures, NO2 could bc obtained

within an hour after the mixing of the gases. . ;

?

PRI R

A-2-5 Test Procedurc ' © .

To prepare for an experiment, the explosion tube and the lines
connecting the tube with the storage tanks of the test mixtures were first ‘

evacuated to a pressure lower than about 0,02 torr. The explosion tube was

then filled with the gas mixture at a higher pressure than the desired

initial pressure. The tube was then slowly evacuated until the required
pressure was obtained. Thereafter, all the valves were closed.: The lines
_between the valves of the explosion tube and the storage tanks were evacuated

again to prevent ahy possible danger of detonation feedback. 7
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The range of initial pressures of the gas mixtures was between

~

20 to 100 torr. The upper limit was determined by safety considerations
from detonation overpressures in the explosion tube. Since the wall
thickness of the tube was only 1 mm, a higher initial pressure wbdld have
caused damage to the experimental system. \ \
. .
The oscilloscope and the photo-tube circuit were switched on at least
20 minutes before the experiment, so that the measurement systems were

sufficiently warmed up. The streak camcra was kept running about 1 minute

before the experiment so as to ensure a steady rotation of the drum, “

-

Rapid gdctonation initiation was observed for the mixtures of

»
C,l1,-0,, Czllz—OZ-NO2 and HZ-Cl2 in the initial pressure range 20 - 100 torr.
The top photograph in Fig. 41 is a typical pressure trace superimposed on 3
the photo-tube output recording the radiation of the flash tubes. The
sudden pressurc jump indicatcs that a detonation wave is formed with an . ]

induction time of about 600 usec (as indicated by ti in the figure). The
bottom .photograph is the streispgeéord for the same experimental condition.
The record shows that a fully developed detonation wave emeréés directly
from the flash cavity after the delay time of about the same as that from - i

the pressure record. This result indicates that the direct initiation is

achieved inside the flash cavity. Fig. 42 shows the pressure record for
anHZ-Cl2 mixture. It is also shown that a fully developed detonation wave
is already established at 10 cm from the flash cavity.

The induction timec was found to depend oA the particular‘mixture

used, its initial pressure and composition, as well as the flash energy .and

NO2 concentration. The induction €imes measured by the combination of the



T AR Y g ST N Y

T e

W T s PR s

=

T e A

R

BT I g P e T W U B w AR {*‘-‘p"%cﬂﬁ%?@

66 '
, / \ .

?

pressure transducer and the photo-tube are plotted in Fig. 43. fhe

- results show that the induction time decreases with (1) increasing

initial pressure, (2) %ncreasing flasﬁ energy and (3) increasing NO2
concchtration. These bechaviours are to be expected. In addition, in
comparing the irnduction times for fhe tes; gas mixtures at the flash \\r
cnergy'of 6 KJ, we may notice that, as the mixtﬁre be;omes less feasible

to detonate, the dcpcndcnqe of in@uction timé on the initial pressure

-~

as well as the fluctuation of induction time increase.
/
B. Details of Exper}mcnt of Schlieren Observation of‘Photoéhemical
Detonation Initi;tion
B-1 Flash Tube
Fig. 44 sﬂows the schematic diagram‘of the radiation source
system. Powerful xcnon fiash tuBes (Xenon Corp. FPA-8-100C) were employed.
The flash energy was sﬁpplied from an 8 uF cap;;itor '(Tobe Deutschmann Lab.
Mode 1 ESC-%?S B, 5 nano Henry inductance, maximum allowable energy 2.5KJ),
which was charged with a high voltage DC power supply (0-60 KV DC, Hipo-
tronix). The flash tubes were fired by a “home-made" switch and a trigger
modute (EG‘& G T™11-A). The electrodes of the switch were of polished
stainless steel 2.5 cm in diameter with a flat face. Gﬁe of the electrodes
had a central hole to accomodate the trigger pin through whiéh a +30 KV
pulse from the trigger module fo the electrode induces the main discharge
between the electrodes. © Thé distance between the elect;odes was adjustable, -
and the inside of the switch was presghfized with dry nitrogen gas, so that
the discharge was controlled to provide a reliable switching function. The
electron discharge inside the switch could be detected by a current transformer

’

+
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- (Pearson Electronics, Model 1025, 0.025 v/amp). The signal from the
transformer was used to trigger an oscilloscope (Tektronix 556) which
' )
recorded the pressurc inside the explosion chamber: The spark light unit
for the schlieren photography was also triggered by the signal.

\,

Fig. 45 shows a typical oscilloscope\record of’ the radiation
/ . .
from the flash tube. This was monitored by an RCA 929 photo-tube whigh
was charged with a +150 V DC, and the output was measured across a 2 MQ

resistor. It was found that the flash.duration  is about 250 psec irrespectively

of the flash energy. .

/
B-2 TPressure Transducer

In the experiments using the rectangﬁiar box chamber, two calibrated
piezoelectric pressure transducers (PCB 113A24, 1 V output/200 psi) were

.

mounted on the stainless steel plates which were about 12 mm apart from
both .the end sides of the chamber. E;ch pressure transducer had a built-in
amplifier and was powered by a battery unit (PCB Model 480A). The output

" from the unit was plugged into the ‘oscilloscope and recorded on Polaroid
type 47 film.
li:s Spark Schliereﬁ Syspem

The spark schlieren system consisted of a Spa;k light munit, two

schlieren mirro?s, and a camera. Fig. 46 shows the schematic di&gram of
the spark lighf‘thf;//The signal from the current transformer in the
radiation source system was sent to a declay pulse generator (Rutherford .
Electronics' Co., Model A2). Two capacitors (Condénser Products Corp.,

EB 502-50 MP, 0.005 uF) in parallel connection were charged to 20-25 KV .

with a DC power‘supply (Hipotronix). The main discharge was triggered

o
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inside a switch (EG & G Model GP 12-B) by a +30 KV pulse from the

trigger module with a desired delay time, and the spark liéﬂzj;as generated
in a 5 mm gap between two clectrodes. The spark light was focused at a

pin hole on a metal ﬁlate by a 75 mm focal length lens, and a point

Light source was obtained for the schlieren photography.

The schliercn mirrors were parabolic mirrors of 1.5 m focal
length and provided a undistorted field of view of 15 cm diameter. In
front of the camera, a razor-knife edge was placed. The caméra itself
consisted of an integral iris diaphragm and shutter, a 180 mm focal length

lens, an éxtensible bellows (up to 1.5 m), and a Polaroid film holder.

The alignment of the schlieren system was obtained using a steady light

" source (Tungsten arc lamp) placed near the schlieren light source.

B-4 Preparation of Test Gas

-

1

llydrogen and chlorine gases of comme;cial purity were used to

“make equimolar hydrogen-chlorine mixtpres. The mixture was prepared in
a 27 -stainless steel fank by the method of partial pressures. The mixture

at 1-2 atm filled the storage tank, and the mixture was stored at lcast

24 hours prior to the experiment so as to obtain a sufficient mixing by

the diffusion.

B-5 Test Procedure

Prior to the loading of the mixture into the explosion chamber,
first the switching functions in the “radiation source and spark light

systems werc checked. After a sufficient evacuation of the explosion
p

chamber and the lines connectiﬁg the chamber with the storage tank, the

gas mixturc at a higher pressure than the desired initial pressure was

gy s W R Y pmgn B Tk s (180D VAR ke R PRI LAY T ARy e T ne, g gl MDA 5 B aeTS Wam P IS S0 T 8w N T e sttty
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introduced to the chamber. The chamber was then slowly evacuated"till

the requircd pressure was obtained. ereafter the mixture between the
. \ . ) , -
valve of the %hamber and that of the storage tank was evacuated to avoid

/
any possible danger of detonation feedback, The explosion chambers were -
found to bec sufficiently strong to endure the detonation pressures of '

2—C12 mixture initially at 100 torr.
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APPENDIX II

NIMERICAL ANALXS[S OF Hz—Cl2 EXPLOSION

~ . *

A. Constant Volume Combustion
A-1. Governing Equations and Computation Techniques

The governing equations for H -Cl, constant volume explosion

2
) are expressed as follows: ’
Chemical Kinetic Equations:
. - Wi i-= HZ,CIZ,H,LI,.and HC1) (Iljl)

Energy Conservation Equation:
dT

\

o {>_1:([ij (Cpy - ROD) G = - : W, (b, - RoT) + eflcl] -
. ' (11-2)
Conqervation of Atoms:
Tmy « Ymey « g = gl - (11-3)
2 2 2 2°0 o
\1 [c1] + L [ue1) « [cL] = [C1.] : (11-4)
- 2 7 2 2l

.o

where [i] concentration of chemical species i

7

~ . . -
wi : production rate of species i

.
: constant pressurc specific heat of species i (energy/mole/deg)

’

C .
pi
Ro : universal gas constant

T : temperature,
. hi : specific enthalpy of sPecies i (energy/molé) .
~£I[C12] : radiation energy absorbed by Cl2 per unit time(pefﬁunit
" volumé (see Eq. (2-3) in Chapter 2) . ‘ )kl ,
[il, = initial concentration of species i - y

o
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In the above,governing equations, W, and W

2 2

can be expressed by the fol‘lowing equations using Eqs. (I1-3) and (11-4):

Ly 1 T
Wa: = - 7% - 7 ¥4y o (11-5)

_ .1— -1- . ) : 2 ‘I\
Yor” T 7% 7 7 Mhed (11-6)

T he éonccntratiOn [l12] and{C1,] can be obtained using Eq. (Ii-3) and

. o

(11-4). <Thus, by the elimination, we have now four\non-‘linear "

di fferential cquations, ‘which are three chemical kinctic equations for

& !

11, Cl-and HCl, and the energy conservation equation.

In the present study, the chemical reactibn rates were mainly

N

taken fram the paper by Cohen et al. (36), and the data are summarized

in Table 3. In Eq. (IL-2), Cpi and hi are the functions of temperature *

of thie polynomials were taken ‘from the rcL\pqort by Gordon and McBride (53),

alnld those ‘are listed in“Tablc 4,

The f(;urt}}-ochr Rungé-l(utta method” has b{een used toA integrate
the differential equations. In each iteration prooedvure between t and
t+At, the time step At is repcatedly adjusted to satisfy the' followiﬁg

condition imposed on the incrcase.of temperature:
4

i

| T(t*A;)(tS T(t) és’x 107? ©(11-7)

-

If the above condition is not satisfied, the computation is redone by

reducing the time step size to 75% of the previous one.

The above criterion was set based on the following results:
N M / 7

when the time sécp is about 10 times larger than that obtained by the above

»

‘critcgionl, some numerical instabilities are observed. On the other hand,

when the time step is further reduced by a factor of 2~ §- from that’
. - \

obtained by the .above criterion, very 1it‘tle“change in the resutts is
a i . , i \ : +

1 ~ -
— . & ¢ .

¥

\

Y
¢

1

i

a

xpressed“in terms of the polynomial§ of temperature. The coefficients

“F
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found. (For example; the relative error of the temperature is less

than about 0.1%). Thus, the above criterion for the time step is sufficient.

N . for obtaining rcasonably accuratc results.

~ } . .

A-2 Distinctions Between Photochemical and Thermal Explosions
. //j : The main purpose of tho numerical analysis in Chapter 2 has
e been to elucidate the-basic features of the shock wave* amplification in
photochemically rcacting gas mixtures. In this scction, the basic als;')ects

of the photochémical explosion mode are discussed in, comparison with the
thermal explosion mode. 'h
Rice (55) has calculated the induction times of photochemically

uAignited H2—02-C12 reactions. Cerkanowicz and Stevens (38) have also
. - P - ¥

theoretically studied the reactions of photochemically ignited H,-0,
mixtures. However, the distinctions between the photochemical and thermal

explosions have not been studied in their works. In the present research,

the distinctions between the two explosion modes in Flz--Cl2 reaction system

have been studied through a humerical analysis.

e

-

Equi-molar H,-Cl, mixtures initially at 298°K have been considered
t_hroughodt the numerical computations. The basic premisc of the theoretical
thermal explosion model is that the mixture is instantaneously heated up

to a higher temperature, and the subsequent chemical reactions are calculated.
/ -

For photochemical explosion; two theoretical models have been considered.
' \
. ) In the first model, the photo-dissociation process of C12 has not been

considered, and it is assumed that a certain amount of chlorine atoms is

instantaneously produced. In the second model, a 3300 A monochromatic light

o w

beam has been assumed, and the ploto-dissociation process has been taken;
into account. One typical Tesult obtained for this model has already. been

presented in Section 2 of Chapter’ 2.
& . ’

]
N '
"

_( I‘ * . * ‘ ) ) 4 . - \

ne
i
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Fig. 47 shows one of the results for the first model of v

photochemical explosion. It is assumed that about 9% of C1, is

b a

instantaneously dissociated into chlorine atoms. The figure shows the

changes of chemical species concentration and temperature. The chlorine

atom concentration decreases during the initial 12 psec, due to its

rapid consumption in the chain-carrying steps (i.e. H2 + Cl—+ HCl + H-

and 11 + (‘,12 -+ HC1 + C1), and at the same time temper‘ature is increasing

due to the exothermicity of the chain-carrying steps. After passing the
: g \

minimum point in ‘the early stage of the reaction, the chlorine atom
concentration increases due to the thernra“liiy enhanced chain-carrying ; A

reactions. In the present study, the induction time is determined by taking

the intercept of the tangent to the maximum slope of }he temperature-time
e
curve with the initial temperature line. The induction times so calculated

for different degree of Ciz dissociation in equi-molar HZ-CI2 intially
r

1

at 100 torr are summarized in Table §5-A.

.

/
Fig. 48 shows one of the results for the thermal explosion. It

is assumed that an equi-molar HZ'C12 mixture dinitially at 100 torr and,
298°K is instantancously heated up to 1800°K. In contrast with the previous
case, the concentration of HEI%is always much greater than those of H and

Cl atoms in the entire process of the rcaction. Right after the very early

stage of the reaction, where a very small-amount of H and C1 atoms is

= produced via the‘thermal dissociation of Hz and Clz, the chain-carrying

steps are cxtremely accelerated due to the higher temperature, and they

are dominant in the entire combustion process. The induction time is

determined as ‘before, and the results obtained for different initial
3 )

conditions are summarized in Table 5-B. - o,

‘
‘ - {
.

3
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: ( In order to further elucidate the basic distinctions between

: ' the thermal and photochemical explosions, the results of numerical analysis

, (computer runs A-2 through A-7, and B-1 through B-3 in Table 5) are 1

plotted in the T-log[C1] plane of Fig. 49. Such a phase plane analysis

ey A

was introduced for the first time by Yang and Gray (56, 57) in their {

g

studies on the oxidation of flydrocarbons. Berlad (58) discussed the

distinctions between the thermal and photochemical explosions on a quali-

R P

. tative basis, using this phase plane. 1In the figure, the curves show how

S e

. the rehction proceeds in the phase plane for different initial conditions.

'One t‘.lh sec that the phase plane is sharply divided into the domains of

L)

thc thermal and the/photochemlcal explosions by the separation curve S.

o N RS R, o

, The cffects of initial pressure on the induction time for both " %
| St

the thermal arid photochemical ignition modes are also studied. For the

photochemical intiation, radiation intensity of 1.5 KW/(:m2 at 3300 R is
considered; and the induction times determined as before are smﬁna;ized
n Table,5-C. The results of the thermal explosions have already been

given in Table 5-B for the comparison (computer runs B-2 dnd B-4 through

B-7). Fig. 50 displays the calculated inducgdion times as a function of

v A3

initial pressure. The-figure shows that the induction time incrieases with

decreasing initial pressure for both the ignition modes, and that\ the '

I~

induction time sharply increases for initial pressures less tha'n 106 torr.
The induction times have been normalized with respcct to the mduc ion time
at 1 atm in order to make both the modes compatible for companson.
“result is shown in Fig. 51. The normalized induction time for the pzoto—

chemical explosion becomes much ledf{ than that_ for the thermal explosion

with decreasing initial pressures. This indicates that the phbtochcmical

ignition is capable of providing more stable ignition than the thermal one.
\b »

In fact, Cerkanowicz et al. (59-61) have demonstrated experimentally that

AN
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g (l the relative mininum ignition energy in sub-agmospheric fuel-air mixtures
1 - : —

¢ is much less with the photochemical ignition than with the spark (themal)

ignition. ' Moreover, the cxperiments of detonation induction time measure-

ments for }12-C12 mixtures in the presentn research (Appendix I-A) have

S o

o shown that the dependence of the induction time on the initial pressure
is relatively small in the photochcmicafinitiation' mode. Thus, from the
results of the present study and the above-mentioned Cerkanowicz's work,

\ -
we can conclude that the.photochemical ignition technique is more efficient

K4

and stable than the thermal ignition technique.

s AP B Rl i 1D

-

P

; B. A Modified Version of Leap-Frog Finite Difference Methad ) ) . i
: . s
The governing equagions of one-dimensional flow-field of the

-

reacting H:’_,-Cl2 mixture are expressed as follows:*

o
-

; Mass Conservation: % + 3(pu =0 (I1-8) n
at X .

H . - -

4 ; . du du 1 ap

; ; ; . : P — — = - — -9 .

- Momentumg Conservation 5t * sy - > (11-9) .
U U du -7

. E C ion: — % = - il
) ) nergy Conservation: pz= + puz— P 5%

tee QY. aY,

+ eIfCl,] (I1-10)

. . s o . . i RN S _
| Chemical Kinetic Equations: PRT t PU 3% Miwi (I1-11)
) i-= Hz, i, Clz, Cl,and HC1)
N r Y.
Equation of State: P = pRoT z-ﬁ-‘— “(11-12)
il
’ i Boundary Condition: ufo,t) =0 (11-13) N

where U is the specific internal energy of the mixture (energy/mass);

~ * For mathematical sxmphclty of the boundary conditions, the symmetric
] ) f-‘low field is assumed.

v
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51[612] is the radiation energy absorbed by chlorine molecules (see Eq.

(2-2)); Yi is the weight or mass fraction of the species i; M; is the
molecular weight of the species i Wi is the molar production rate of the
Species i (mole per unit volume per unit time); .and Ro is the universal
gas constant, V

The leap-frog scheme has been gpplied to the above mass, momentum,
and energy c.:onservatior{ equations. The scheme has second-order accuracy.
In this finite difference method, both the time and spatial differentials "

arg approximated by the centered differences, and the unknown values at

time t = t, + tare obtained from the values at t = t and t = to - t,
as shown below:
Mass Conservation: ‘
\
n+l_ n-1 At n
Py = Pp LG U) - (pu), 4] (11-14)
Momentum *Conservation '
nl_ n-1_ At n .n _ n At 1 -'n
U F U T Um Gnel Tl T A h (pm+} m-1)
P P
(I1-15)
+
Energy Conservation:
n+l _ .n-1 Atn n . pyn At . n n
Un = U caxVn Wna - -1) & )m X WMper - Ypop)
,, ‘ el YC12 ) X
. . + 2At ("—'ﬁ“*—') (11-16)
. \ m
C).2 .

-

where the subscript m denotes the mm spatial mesh point, wh11e the super -

script n denotes the nth time me‘QSh ﬁomt, and, Ax mé At denote the spatlal

mesh size and the time step size, respectively. The .radiation intensity

I at a given mesh point X =n Ax can be obtained by numerically integrating

the following -equation: : ; ' ;
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% I =1 ex - J - dx) . (I1-17)
i: P o p ( 0 MCI -t
§ 2 ‘
i‘ N ~
%ﬁ where Io is the radiation intensity at x=0, and the above integration has
j‘} been approximated by the trapezoidal rule.
b |
= - ‘ . The chemical kinetic equations (II-11) are rearranged as
¢ \
: follows: . ~
oY, WY,
B - . 1 - 1
b 5t 5 Miwi u 5t (II-11")
1 Since it was found that the time integration by the leaiﬂ-frog method is
¥ ‘
’; inappropriate to integrate the rapid chemical reactions; it was nec\essary
1 to use a scheme that can evaluatc the time change of the chemical species
more accurately. The following scheme has been employed to integrate
§ the above cquation. ‘:7 '
First, only the urider-lined part of the equation is considered,
and the third-order Runge-Kutta scheme is applied to the part. With the
_assumption that the temperature and the density—are unchanged during the
time interval betwcen time t,and t + At, the increment at mth spatial
A mesh point AY, m is obtained. The spatial differcntial in Eq. (II-11') is
4 N
F; then approximated by the centered \difference. « the solution Y;Hl
i N ’
) is obtained as follows: o
TN+l _ N 1 At n _.n
’ Yi,m - Yi,m * AYi,m 7 ax Um (Yi,m+1 - 1)
(i =,H2. H, Clz, C1, and HGQL) (11-18) i >
The values p, u, U, and Yi‘at the boundary x=0 were computed -

by the following equations, based on the symmetric conditions of the - -

flow-field:
p(Ax,t) = p(-Ax,t). p(&x,t) = p(-Ax,t) 5
U8, ) = U(-8x,8), Y, (8%, t) = Y, (-8%,1) - o
( u(dx,t) = ~u(-~Ax,t) (I1-19) : !

1
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" where & denotes the number of the iteration.

In each jteration of the.computation, the temperature and the

pressure at cach mesh point are cvaluated from p, Yi’ and U. First, the 1

temperature is obtained using the following relations:

) Y.
= . - ! _}. ‘ -
U= | i (h,*Y;/M.) = Rol 21; T (11-20)

where hi is the enthalpy of the species i, and whose polynomial fitting

coeffic/ients are listed in Table 4. Equation (I1-20) is rearranged into

the following form
CI W (MY /M) - U

T = . , (11-20')

. . M,
. i
The tempe‘rature was evaluated by an iteratior/x method, in which the tempera-

ture calculated on the right hand side of the above equation is being

re-substituted until the following convergence condition is satisfied:

+1 2 .
__T.‘...._Q'__'...I. | < 0.1%
T .

(11-.21) -

t -

The pi‘essure is then obtained

using the equation of state (II1-12): °

-
- ° ‘

‘ Y, :
p = pRoT I ﬁi . : (11-12)
- i i ’ . -
In the present research, about 70 spatial mesh points were used —

to cover the length of -3.5 em. Through a"préliminai'y e‘stﬁmtion on the

' L4

time step, it was found that the minimum time step x;equu'Ld for the
mtogratwn of the chcmlcal kinetic equatmns is much smaller than the time
step determined by the standard Courant-Friedrich-Lewy cntcrlon for the

/

non-reacting flow-fields. Thus, the time step is determmed by the chem:cal

,
=

k]netlc equations, and the step size has been 0.01 ~ 0.05 pusec in most

¢ Qmputer Tuns.
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The finite difference method presented here has worked

AN

rcasonably well for analyzing the reacting non—s;'teady flow-fields.

Perhaps, one of the defects involved in the computation method is that

.

the method is unstable to the discontinuity waves such as detonation .

\ . ) . . )
\ ,waves or shock waves. However, since the research has aimed only to

analyze the .carly stage of the shock wave amplification phenomena, the
numerical instabilities have not saliently appeaied in the results of

the computation.

‘ i
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‘.: © REFLECTED PRESSURE BEHIND SYMMETRICALLY COLLIDING CHAPMAN-JOUGUET

DETONATION WAVES

o
i ’
#
§ i In Chapter 2, the reflected pressure behind the photochemically
: initiated detonation waves has becen m;ag,ured. In order to check the -
i ‘ experimental results, the reflected pressure is theoretically calculated. i
: The basic assumptions of ti\e theoretical model are as follows:
{
‘ Two symnietricallly colliding Chapman-Jouguet detonation waves are considered; :
f . the waves are assumed to be siméle discontinuity waves (i.c. the structure
% of the wave is not considered); and the chemical reaction is neglected !
; ,
‘ behind the reflected waves. ) ) , ’ '\‘.
- 1

The condition for the symmetrical reflection of two gapman-Jouget "f

| detongtion waves is equivalent to that for the reflection of one dctonation

wave at the wall. Sketch 1 below illustrates the condition:

\

TRTE

t b
i 1‘ !
P N .
e . u P Tr :
Reflected Detona- 2 p p i
tion wave C:I 2
‘ {Velocity Dr’) Py )
—1' 1
‘ Pcy u raxd > u, (=0) *
% \ CJ uCJ uz 2 ‘:
. v,
: . Tes Ty
[ncident Detonatio
Wave h h
. p : CJ 2
‘< < (Velocity D(:J) o , ,
N v

a)} x-t Diagram b) Condition across the reflected wave

4 (in wave co-ordinate)

Sketch 1 ‘ 5
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where 'the subscripts "O", “CJ", and “2" denote the initial conditions,

the conditions for the Chapman-Jouguet. detonation wave, and the conditions

for the refliected wave, respectively; DCJ is the velocity of the

incident detonation wave in the 1§boratory co-ordinates, while Dryis
, the velocity of the reflected wave in the same co-ordinates; Ueg and u,
represent the particle velocities in the laboratory co-ordinates, while
u&J and ?5 arc thc}velocities in the wave co-ordinates; and h is the
specific enthalpyu(energy/mass).

The relations between the velocities in the laboratory

co-ordinates and those in the wave co-ordinafes are given by the following

. S
equations: R ¢

? - -
ugy Dr + Uey (I11-1)

Y - - ) -
uy = D, (u2 o) . QIII 2)
where the boundary condition at the wall provides u2=0.

The conservatioh equations across the reflected wave are

o)

0

given as follows: - :

Mass Conservation: PeVes = p,u} (111-3)

Z 2
Momentum Conservation: Pcy + DCJuéJ = Pyt pzu:'z2 (I11-4)
Energy Conservation: hCJ + %—uég = h@ + % 52 (I1I1-5). )

Assuming an jdeal gas with the constant specific heat ratio v,

we -can express the specific enthalpy h by thebfollowing equation

hedp B ' C (111-6)

The ‘energy conservation equation (III-5) is now given by the following

equation:




AR

et

R tes o

RGO T O g LSO e 2Rt R

Ry

i

. obtained

82
_i_. ?9ﬂ.+.l atl = X E§.+ 1.2 (111-51)
T ogy 20 y-1 Z°2 . ;

02

Eliminating ul.; and u} in Eqs. (I11-3), (I111-4), and (I1i-5),

. I
we obtain’ the relation between pZ/DCJ and p2/pCJ’ a's shown below:

¢

\ ‘ ) .Y.t.]; I_)—z_ + 1 ,
0 y-1 p
2 . CJ : (111-7)
D/CJ li.]‘_+ ?_2‘ ) -
., v-1"Pey

On the other hand, by substituting Eqs. (III-1) and (III-2) into Eq. (III-3),

pz/pCJ is also expressed as follows

Iy

p D +u -
2 x O 5 cJ ' (111-8)
pCJ T .

Thus, from Eqs. (IIL-7) and (III-8), thc following equation for p,/p., is
. 2'YCa

Y+l
P, 1 ®

. R
p 2.p -
“ 7-1 Pr " Yy

(I11-9)

Usiég Eqs. (I1I-8) and (III-9), we can eliminate P, an? 0, in
the momentum conservation equation (III-4). The rearranged Eq. (1I1-4)
includes ués and “é' Using Eqs. (1II-1) and kIII-Z), we finally obtain
the equation for D;. | |

\ P
2,2 3 2y Pegy |

2 3Y p . ol e 2
v A S e A s

Solving the ahove equation, we can express Dr in terms of vy, Ucg» Peye
i

0 . (111-10)

and pCJ:

y-3 -3, 2,8 2, 2 Fa -
y-1 ‘c3 *ﬁ,-x Yo T Mes t¥T b,

| \ (111-11)

where the other solution provides a negative value. Thus, once D_ is

»

’obtained, the reflected pressure bz can be obtained using Bq. (III-9).

v
\ -
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\ Y . ’ a .
The properties of the Chapman-Jouguct detonation wave have

becn obtained using the computer program written by Gordon and McBride

(53). For an equi-molar HZ—CI2 mixture initially at 100 torr.and 298.15 K

- {i.c. the gas mixture tested in the experiments), the results are - 4
summarized below. ' A .
N n

Pey = 2:52 atm, TC‘L: 2886°K ‘ .
Pey = 3.5653 x 1074 grec,

Dé’J,(detonation v‘elocity) = 1656.1 m/sec,

W ¢

uCJ .= DCJ - CCJ n(CCJ: sound velocity; CCJ = 910.9 m/sec) .

4

= 745.2 m/sec’

[y v

b

by /
H: 0.01746, H2 i 0.06455,
HC1: 0.77228, Cl1 : 0.14485,

0. 00086 .

Since the'computer program has not provided the specific heat
ratio vy, the polynomial fittings for Cpi shown in Table 4 are used to

¢

obtain the value of y. Since the mole frqctic}ns of the chemical species
asgwell as the temperature havealready been provided, we can calculate
the value of y. The result obtained by the calculation has shown that
y = 1.36. Substituting the values of y, Ueys Peye and Py into Eq.
(IT1-11), we obtain D_. Thus we can’get the reflected pressurc by
substituting the value of Dr into Eq. (III-S;JTL

The results have shown that D, = 774.1 m/sec, py/pcy = 2\.57‘, -
and p, = 6.46 atm (94.9 psi). . . '

i e
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In addition to the above theoretical calculation, a detailed
calculation, in which the chemical equilibrium is taken into account,

has been made in the present rescarch. The results are summarized below.*

6.213 atm (pZ/pCJ = 2.47) .

bORTEE R Qe Y

w-,,
S
=
[ )
]

7.5711 x 107% g/cc

<
-
1]

3199°K, Dr = 663.3 m/scc

e o
-_
<
~N

" Mole Fraction

B

.

1, : 0.03244, ll2 :0.08377

0 ‘ Hel @ 0.70119, Cl : (1.18143,

. Cl, : 0.00117 " . o |

The reflected pressure calculated shows a goc;d agreement with the value

* obtained by the simple theoretical model mention’f:d previously. °

-

The reflected pressures calculated by both the theoretical

o

models are lower than the pressgfe recorded in the experiments. This may

be attributed to the following effects:- the effect of” the von-Neumann ’

[

. spiT’c of the detonation wave; thg three-dimensional structure of the-

. detonation front;  asymmetric collision of the deontation waves; and the

P £ «
effect of the intense radiation.

f
° . ® -

@ * The details of the computation technique are not shown here.
£ { . .
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\ ZAPPENDIX IV

4

A HYBRID VERSION OF VAN LFER'S FINITE DIFFE}{ENCE SCHEMC AND BORIS*BOOK’S

* -

ANTIDIFFUSION METHOD-

s

The fini_t\a differcn‘ce,nibthod ompl’oycd for \the analys“‘is in

i

(‘.hnptex: 3is a hybrid version of Vdn Leer's scheme (42) and Boris-Book's
. ~
‘ C antidiffusion mcthod | (44,46). Th/e"Van Leer's scheme*is‘ a simple onec-step~
) é‘x[)licit method with first-order accuracy. Taki and Fujiwara (43) have
o ] analyied two-d‘imensional'ndnst;ead): detonations using this finite difference
‘llf\schcme,‘ and their results show that the scheme works quite well for the
~ sup‘crsoni.cﬂ profi’iem‘s in;:rolving shogk waves. "I‘.h-e Boris-Book's antidiffusion

method can provide accurate resplution of steep pressure gradient fields

such as shock waves.

\

. The normallzed mass , momentum, and energy conservatlon equatlons

i

(3- 1 )- (3 3') are rearranged in the following flux forms for the numerical

@omputations:

N
of 3
. et L =5 (IV-1)
¢ )
/ [ p* \ b p* u* . 1
where £ = p* u* P g = RY u*” o+ P;*_ .
- . *
' L P;* 7 (y-1)p* u* , _u*(p* + 5 (y-1)p* u*?)
S ‘ L ‘ >
) 0 °,
N \ \ s = 0 (1v-2)
. ~ p*(y-1) q* ' ! .
v \ N ) >
<::> . and where §* = Q*(t*-x*/A) exp (- % (t*-x4/A)?)‘n'ft*-xr/A) ) {
*
. . Q* = Q/c, , . \

i

’ - | - (3-14
A A =V /e . IR ,"’(' ).
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(t} The above differential equations arc fi#st approximated by ~
S c8’ . . : . - ., I
. the Van Lerr's scheme as follows: .w . ) .
: Y - v
3 ntl 'on 1 At* _.n 1,0 n| At*.2 -
- - fm - fﬁ 2 (gm+1 ,gm~1) *3 m+1/2( mﬁl - £, ) (Ax*) )
5 \ .
] : ’ ' 1 -n*. .n _n At* 2  At* nl n n -
& "2 MmO T Gy 2t Spld) P
3 ® ] ' ] ‘ (1v-3)
A ~ i A +
\
‘ 2 | n ,2
n - o 4 i
&k . Ame1/2 I{(c*q+ |“*|)m+1 35 e (e + |u}])m’} ] (1v-4)
1 . , T e =\c/c % X (Iv-5) &8
3 . ) } ) ’
where Ax* and At* are the 5pat1al mesh size and g?& time step size, B
! rospectlvely, m dcnotes the dlstance mAX*; and nldenotes the nth iteration. .
E .
- 'The Boris-Bbok"s antidiffusion method«ﬂs then applied to ?g*l
&
. as shown below: ]
1 ! n B -l
] s+l o n+l n _ oy L n _
fm tT fm * {"m+1/2(fm+1 ’fm) "m~1/2 fm! fm 1)} (v ﬁ)
. 1 -
. _ o+l o+l L .
Am+1/2 = a1 " I . ‘ ‘ (IvV-7)
|
; . bna1/2 = me1/2 Pmer/2 - E (1V-8)
k: ) R I
: l
Kna1/2 = SBM Ay so max {g: min [Am—I/ZfSEn A%+1/2’l¢m+1/2’
' ' [
. i
4 ) ' ém+3/2 SEn Am+1/2]} ! , (1v-9) ‘
- 1 [ 3
" n+l _ =+l . : ' _
R N S VR Y . (1v-10)
: . . . D eins o n+l ..
where Mna1/2 is the dlffusipn-ant1dif£u51on cgeff1c1ent,land fm Ts - \
i the solution.’ )
, In all the computer runs, Ax* and Me1/2 have been ke¢pt 0.2

and 1/8 respectively, while At* has been determined by the Courant-Friedrich-

‘- | /
N ., lLewy criterion:
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At* = A Ax v (1v-11)

N E (c* e ]u*[)max

w
© v

where A is the Courant humber, which has been set at 0.85 in the present =

-
-
[

computation. . [ . ) . ’ o

In order to check the accuracy of the computation, the normalized

- ’ ] . .
total cnergy deposited by the energy. source E* in Hgs. (3-13a) and (3-15b)

was calculated by the integration of both the equations. The relative

crror, as defined by Eq. (IV-12), was found to be less than 0.2% in all

~

the computer runs. |
t*
-] *_ ! o0
\ ]é (B“Tl‘ + :2{- p*u*z)dx* - [ I yo*q* dx* dt*]
Y- 0 0

% error = P : . (iV—lj)

17 yer g dx* dt*.

' -

This indicates that the time step At* is sufficiently small to atcurately

v
“

integrate the heat release function q* at each mesh point.

a . ¢
The actual computation procedures in each iteration between t*

and t* + At* are as follows: ' ' !
i

i) The mass conservation equation is first solved by the

Van Leer's scheme and the Boris-Book's antidiffusion method;
2,

-..1i) Similarly, the momentum.end energy conservation eéluations

are solved; N
- ]

iii) From the solut/ion, g and S in Eq. (IV-2) are.computed for

-~

‘the next iteration step; . - " .

iv) The time step At* is determined by Eq. (IV-11), and the

total energy E* is also calculated.

o

The canp}itational method has worked quite well, In particular;

the Boris-Book's antidiffusion method has provided excellgnt resolution of

\

shock wave profiles. The shock digcontinuity has béen successfully resolved

o ! [
P
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¢ into two or three mesh points without any fumerical igstabilities, and

it was found that the Rankfﬁe-Hugoniot shock relatidns are satisficd

Kl

. . y . by
across the few mesh points.- Since no complicated chemical reactions are

' ~involved in the thcoretical model, the Vanchcr's firsf-order schenme has

also accurately integrated the gasdynamic equations with the heat .
- P . ’ . (\
- releasc term. s
N s
N ~ \ ;
- ‘,‘
Q N - L e
” '. [ -~
- I b -
A - 4
B .
't - - b <
e ;
. e
e - N - -
.
N .
4 N
‘ t
. ,
¥
. ) )
* H - —
- " - ¢ ﬁ
» . 4 vt . . i s
f ’ [ ' h
o
N ) / \\ =
-
' g
a ! v
. . ‘ } . /
- . . /
N - o . ‘ ’ g
’ \ . , b \ N
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. APPENDIX J
- A IYBRID VERSION OF MACCORMACK'S FINITE DIFFERENCE SCHEME AND BORIS-’

) . BOOK'S ANTIDII USSION METHOD ) .
- a N . s ) ’ ¢

i The MacCormack's second-order explicit finite difference method

. (4%,50) has been used_with\the Boris-Book's antidiffusion method for the

analysis in Chapter 4. The MacCormack's schcﬁe is a predictor-corrector -

o type two-step schemé with non-centered spatial differences.

# The normalized governing equations are expressed in the follg\:ring

flux form. - .
- of ,0p __ N )
© : at* *age T S V-1
® ‘ 4’
g0 ve ) [ u* W [ 0 ‘
u* p*/Y N , 0
| £ = e* g = prut/y | S = q* .
. * .
x : 0 - ox exp(- —25%)
“ e “ 7 L Py
\EV—2)

In thé/prcdictive step of the MacCormack's scheme, the forward

spatial difference is calculated, as shown in the followiﬁg:

- , . .

Y 8
- n+l _on At . n n no L. _
fm,l = £ ZET'(gm+1 gy * S, At (v-3)
: (f wherc m denotes mAt*, and n denotes the n? jteration. The predicted
/ s
\ . . . R
jy value of fn i is then corrected in the second step of the sclieme with
i ’

(7& the backward spatial difference:
/

- \y

4"
. n+#l _ 1 . .n _©.n+l At* n+1 n+1 . .
2 =7 Un * 01 - 357 g ’gm 1,0+ Sy bt v-4)
ool | o “n+ 1
where B 1 and S l have already been obtalned from the predicted value f 1
] ) ‘

1

/
{
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The Boris-Book's antidiffusion mcthof is then applied to th¢

N o )
my'ss, momefitum, and encrgy conservation cquationsso as to obtain accurate
pressure profile of shock wave. The method does not apply to the

di fferential equation for the induction paramcter,

v
o gn+l n+1

! - n _ ¢en - ‘ n _.n }
"2 ez Bner )t etz Gy - G D) N
_ Fh+l —n+] -
_ Mmerz S Fwer E0 w-e)
' 7‘ . . ) N ) . ‘ (W
- . A _ N
*me1/2 T "mer/2 * Gmerjz » (v-7)

Fme1/2 = sgn Am+l/2 max {0, min IAm-l/Z sgn Am+1/2’|¢m+1/2] s

sgn\A 11 T (V-8)

A @
m+3/2 m+l/2

\ y - v 4
n+l _ =n+l ‘ - ] . .
T T fme1/2 t fme1f2 (V-9)

°

/
where F3+,,1 is the solution, and the diffusion-antidiffusion cocfficient

rlm+1;2 is given by the. following equation:

poow e “ 1 .
¢ ez = 1z Um ol Sm D A g, <) “
- ‘mtl m s
' .1 (if n >k (v-10)
6 : m+l/2 6 A

where c¢* is the normalized local sound ‘velocity (c* = c/co).

In the present analysis, the mesh size At* has been chosen

small enough to cover the reaction zone with at least 10120 mesh points,

“The number of mesh points inside the region-of preheatcd gas has been
from 200 to/SDO. The criterion for the time step at* is given as follows:
. & * ' 'lR .
at* = g min (A&, 0.05 =) ‘ (V-11)
g
where the first value in the bracket of the. equation provides the Courant-

Fredrich-Lewy stability criterion, while the second value Eorresporinﬂs to

© 2




weoa [P

O S -

»

e o AT T o SRR MGG Yo e o

-

W e La ¥ Ay FEre

.
.
R

4
"5% of the characteristic reaction tin‘xe)\* which ensures sufficient time

14

resolution of the hcat release function. The Courant number A has been

kept 0.75 throughout the computation.

t* + At* have been carried.out in the following manner:
)

¢

The computation procedures in cach itetation between t* and

"
1

i) 'The predictive step ef the MacCormack's scheme is applied
to the mass, momentum, and energy conservation equations

as well as the equation for the induetion parameter A (Eq.

N,
(V-1)), and f:ri is obtainea;

u n, "\;
ii) gml and Sn+~,l are calculated from the predicted value fn+1;
. m,1 m,1 ; m,1

.

iii) The diffusion-antidiffusion coefficient nm+l/2 is calculated‘

/
n, / Iy e
irom f!“' “ ] ) .
fn+1

‘iv) N2 is obtained by the corrective step of the MacCormack's
b . B

‘'
o ’

scheme;

~ & ’

a

v) The Boris-Book's antidiffusion scheme is applied to the mass,

momentum, and cnergy conservation equations, and the solution
s !

ny
fm‘l is gbtained (frrn]-(:I = f£+§ for the induction parameter A);
3 '

\
vi) The position of each/gas partl\cle is obptained by the

integration of the specific volume v* using the trapezoidal

3
rule (Eq. (4-20});

vii) For the next iteration step, g;” and Sl:*l are-calculated
from f;”, and the time step At* is determined by the

criterion equation (V-11).

The Boris-Book's antidiffusion method has worked well for the
.,

resultion of shock wave discontinuity. \'I“he reason for using the sccond-

order MacCormack's scheme is that 'the induction and heat release processes

of the reaction must be aceurately integrated. In fact, in a preliminary

o

s
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test, ‘a few numerical schemc% were tested,'and it was found that the s '

N e
: ks

. 1 o .
first-order scheme: presented fn Appendix 1V fails in solving the theoretical
1 ’3‘ A} 0

model. This is not only because of its accuracy, but because the first- -

order method is nét applicable to the initial temperature gradient field

S

1
\

in-the theoretical

] /
odel. Through the preliminary te%t, the second-order

H v /

MacCormack's schemc%was found to be the most reliable one among the
- \

computational methods tested. The accuracy of the computation hag been ‘

cvaluated by calcylating the energy integral, which is similar to the
evaluation mentioned in Appendix IV (see Eq. (IV-2)). The results have C. "

shown that the error is less than 1%, indicating that the computational

method is sufficiently accurate. ° _

ERY
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TABLE 1

4 RN — e Mt e b
Y ’ N i
- f
\ .
;
1 N
s

VARIATION OF INDUCTION TIME wITH RéSPECT\TO THE RADIATION INTENSITY
A ) -~

t

o
(3300A) IN EQUI-MOLAR HZ'— Ca

at 100 TORR (CONSTANT VOLUMB EXPLOSION)

, \‘3‘\3 \
RADIATION INTENSITY _ INDUCTION TIME
(w/en?) " (usec)
1 x 10 | X 168.0
2 x 10° e Curs 6
3 x 10° N -
4 x 10° 80.9°
5 x 10° 2.7 . .
7.5 x 10° . T8
A el x 105 \ ’ 49.4
125 10° | \ 43.2
1.5 x 10° 38.8 al
2 x 10° ' 32.9 4
2.5 x 10° 28.9 ~
3x10° 26.1
4 x 10° 218
5 x 103 19.0
6 x 10° 16.9
C7x108 7 15,2
)\ 4 ’ » ]
LI
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TABLE 2

HNFLUENCE. OF o ’QD B ON SHOCK WAVE AMPLIFICATION

.

Shock § Reaction

Run No. a 8 U?s/Po’ XS/L, kr/L; t/Tg) ook
1 11.36 6.90 2.70  1.006 0.675 0.730 _nec6qp1ed
2 11.36 27.58 5.89  1.004 0,837 0.519 X
3 11.36 137.9 "5.87  1.009 0,929 0.422 "
4 11.36 - | 2.758x10%2 3.56  1.018 0.955 0.313 "
5 18.18 55.16 7.03 1,009 0.972 '0.502. t
6 18.18 137.9 10.2 1.025 0.999. 0,357 o
7 , 22.73 6.90 5.99  1.003 0.852 0.535\ ™
8 22.73 13.79 9.46  1.004 0.954 0.453 "o
9 22.73° 27.58 10.8 1.013, 0.984 0.394 "
10 22.73 | 137.9 12.7.  1.011 1.001 0.327 Coupled .
11 30. 30 4.137 6.23  1.011 0.843 0.680 Decoupled
12 '30.30 '6.895 12.7 1.016 0.985 0.512 "
13 30. 30 27.58 15.0 1.011 1.003 0.358 _Coupled
14 36.36 6.895 15.6 1.008" 0.995 0.479 "
15 45.45 |  1.379 ‘1.88.  1.001 0.389. 1.320 Decoupled
16 ¥ | 45.45 2,207 4.24  1.006 0.656 - 0.925 "
17 ' 45.45 2.758 18.3 1.004 0.994%.0,733 Coupled
18 | 45.45° 27.58 20.0  1.008 1.008 0.319. T
19 45.45 | 2.758x10'%| 18.2. 1.002 0.993 0.732 "
20 90. 91 1.379 1.65  0.494 0.305 0.974° Decoupled

-~ &

i
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- TABLE 3.- -
REACTION RATE CONSTANTS OF H,-Ce SYSTEM
- REACTION RATE CONSTANT )
Elementary Stép n Third Body Efficiencies
- R *
\ W k = AT exp( Eact/RT)
A n ) /
. . 2 e K+ (4.072c10*%)  (-1.008) (mfn) M= (CL, CLy, HCL)\ 1
k- k- 1018 -1 0.0 M = (H,) 2.5
M = (H) 20
kt k+ 6.15x10°L. - _2.087 57.08 M = (HCZ, H, H,, C2) 1
Ce, +M < 2C2+M 1o _ '
k- k- (4.168x10"7)  (-1.691) (-0.020) . M= (C8,) 1
U K+ (1.896x10%Y)  (-1.942) ( 1.134) \
LS M= (H, CL, H, CZ, HCR) 1
~Hr G My HR M k- 6.776x10°t -2 102.2 ' 2
- - k+ 4.8x10%° 0.0 - . 5.26
H, + Cy + ‘ ) .
2 %- HC +H ™ k- (5.88x10%%)  (-0.088) (4.528) ,
ke . . k+ 1.6x1012, -0.05" 2.62
CL *H > HCL + C2 10
K X- s.17x10%%) v ( 0.258) (48.13)

3

* k is in cc/mqle/sic or (cc/mole)z/sec, T'in °K and E.

i

Mumbers in parentheses have been computed using the relation k+/k- = K., where K. 1s equ111br1um consta
and has been calculated from the data of JANAF Thermochemical Tables (54)

-
)

k+ has been’ obtained from the paper by Benson et al.
efficiencies have been obtained from the paper by Cohen et al.

act

in Kcal/mole.

(36)

{52), and other reaction rates and the thlrd body
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TABLE 4

st S evada s e

COEFFICIENTS OF POLYNOMIAL FITTING FOR CP and h OF HZ-CQQ SYSTEM (from.Reference 53)  , ¢
| EE-= a, +a.T+a T2 +a T3 + a T4 ' ‘ k
%) 1 72 3 4 S - -
‘ g;% = 3, + az/z T + a3/3 T2 + a4/4 T3 + aS/S T4 + 36/T (R :univer;al’gas constaht)
o - . o
Chemical a ) a é ) a - a a
Species ) 1 e 2 ’ 3 4 5 6,
. 30574 E+01 ,26765 E-O% + -.58099 E-05 .55210 E-08 -.18123 E-11 _-.98890 E+03
H ,
2 .31001 E+b1 .51119 E-03 .52644 E-07 -.34910 E-10 .36945 E-14 ~.87738 E+03
A
. .25000 E+01 ) .0 . 1. .0 . .0 .0 .25472 E+05
H ) o - .
, .25000 E+01 .0 ! .0\ .0 o .0 .25472 E+05
.31317 E+01 .48998 E-02 -.69411 E-0S .44786 E-08 -.10622 E-11 -.10980 E+04
Ce N .
2 .43078 E+01 .31183 E-03 -.15311 E-06 44512 E-10 -.43058 E-14 -.13458 E+04
.20888 E+01 .28676 E-02 -.41906 E—dS .22409 E-08 -.33259 E-12 .13836 E?OS
CL . o _
,«29595 E+01 -.41900 E-03 . .15981 E-06 -.28103 E-10 .18674 E-14 .13659 E+05
.35248 E+01\ . .29985 E-04 -.86222 E-06 .20980 E-08 -.98658 E-12 -.12151 E+05
HCe ’ ) - . )
l 27666 E+01 l L14382 E-02 ' -.46993 E-06 .73499 E-10 ; -.43731 E-14 -.11917 E+0S

* The values in the upper column is for 300<T<1000 °K, while the.lower column represents the values-«
for 1000<T<5000 °K.
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. TABLE § ' . ' .
INDUCTION TIMES OF H,-CP, CONSTANT VOLUME EXPLOSION .
. | R
A. Ideal Photochemical Ignition - . ) Sk
1 Run No, Initial Céndition CL Atom Concentration Induction Time
A-1 Equi-molar H)-Cs, 2.5x10"° mole/liter 0.6 ysec”
(100 torr, 298 °K) (46.5% of initial [C2,])
N : A-2 . " 1 x10™° mole/liter 3.6
. 3 - t
1 / (18.6% of initial [czzr)
1 . . L - . .
A-3 " 5 x 10 4 mole/liter = . 9.7~ "
( 9.3% of initial [CZZ])
S U R Co 1x 107 mole/liter 48.6
L. ° )
‘ { 1.9% of initial [czzl) - .
{ A-5 "o | 6 x 10°° mole/liter 75.4 "
‘ j ( 1.1% of initial [CZ,])
E Ao | "o 1:5 x 10”2 mole/liter 160
( 0.28% of initial [C%Z])
A-7 . " 1x 10-5»m01e/liter ’ 370 v
° ( 0.19% of initial [C2,])
. - 4
:
:
e %
*
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TABLE § T
- “ ; .
_ INDUCTION TIMES OF- H,-Ce, CONSTANT VOLUME EXPLOSION . . , )
¢$t ) ' « ’ . & :
B. Ideal Thermal Ignition :
Run No: Initial Condition Temperanfe Induction Time
. B-1 Equi-molar H,-Ct, . 1400 °K 78.5 usec
. (100 torr, 298 °K)
“B-2 . 1600 *K 23.8 ",
v "
|, B3 [ "o 1800 °k  ° . 9.2 M
_ ' - )J f ¢ N
i nd - ~ 'r\;"
N n ‘ 1600 °K 123 "
/ o - -
' ( 20 torr, 298 °K)
. B-5 ) " 1600 °k |- 46.2 "
* ( 50 torr, 298 °K) ' _ ‘
B-6 O 1600 °K 6.3
(380 torr, 298 °K) - ‘ : o
B-7 ‘ "o 1600 °K 3.1 0"
| (760 torr, 298 °K) ’
NN !
° — :ﬁ;’
\ | ’
AN
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TABLE §°
BN ¢ s a o . . .
INDUCTLON TIMES OF H2 -C9.2 CONSTANT VOLUME EXPLOSION ~ -7
2 N ~ L] "
C. Photochemical Ignition / !
i
Run No. Initial Condition ] lj(’&diation\lnténsity Induction Time
C-1 Equi-molar H,-CL, 1.5 KW/cm? . 83.% psec
° - .
. (20 torr, 298 °K) (3300 A) /|
C-2 , 1 " ‘ ;57.6‘ "
s 1 (50 torr, 298 °K)
C-3 1" t" " ! ' 38.8- "
(100 torr, 298 °K) B -
., ‘ ,
C-4 1" . " 23‘_7/ "
(380 torr, 298 °K) o
C-5 , o " 17.7 "
’ %
~(760 torr, 298 °K) -
]
\ _
/
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